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Kurzfassung

Der Hunger der Menschheit nach immer mehr Energie dauert an. Um diesen Bedarf
auch in Zukunft decken zu konnen und dabei das Weltklima nicht noch mehr zu
beeinflussen, ist die Forschung im Bereich Kernfusion unverzichtbar. Leider gibt es
noch viele physikalische und technische Probleme zu |6sen, bevor das Prinzip der
Kernfusion in einem Kraftwerk eingesetzt werden kann. Insbesondere die Innen-
wand eines solchen Reaktors, welche die erste Grenze zwischen dem Fusionsplasma
und dem Reaktorkessel darstellt, muss extremen Bedingungen standhalten. Die
hohe Warmebelastung, die Neutronenstrahlung und die Zerstaubung durch Teil-
cheneinschlag fiihren zu Erosion und verkiirzen die Lebensdauer der Wandkompo-
nenten. Die vorliegende Arbeit konzentriert sich auf die Untersuchung der Erosion
von Fusions-relevanten Wandmaterialien durch loneneinschlag. Unter prazisen La-
borbedingungen wurde die Zerstaubung diinner Filme aus Wolfram, Eisen und Be-
ryllium sowie Eisen-Wolfram-Mischfilme unter Deuterium- und Argonbestrahlung
mit der hochempfindlichen TU Wien Quartzkristall-Mikrowaagen-Technik (QCM)
untersucht. Dariiber hinaus wurde die Erosion von nanostrukturiertem Wolfram
(W-Fuzz) unter Argonbestrahlung untersucht, wobei hier die QCM in 'Auffanger’
Konfiguration eingesetzt wurde. Obwohl fiir W-Fuzz eine hohe Erosionsrate ver-
mutet wurde, kann im Experiment gezeigt werden, dass solche Nanostrukturen
nur etwa 5% der Zerstdubungsausbeute von festem Wolfram haben.

Die in-situ Messungen der QCM Methode in Kombination mit Ober-
flachenuntersuchungen mittels Atomkraft- und Rasterelektronenmikroskopie sowie
Messungen von Elementtiefenprofilen mittels lonenstrahlanalysemethoden zeigen
den dynamischen Prozess der Erosion unter lonenbeschuss sehr detailliert. Dies
ermoglicht den Vergleich und das " Benchmarken” der Erosionsmodellierung durch
neu entwickelte dynamische Codes, die Oberflachenmorphologien, Elementtiefen-
profile und sogar Nanostrukturen beriicksichtigen konnen.

Diese Arbeit zeigt, dass oberflachensensible MC-BCA Programme, wie SDTrimSP-
2D und TRI3DYN, in der Lage sind, das Ergebnis von Experimenten vorherzu-
sagen, wenn prazise Oberflichenmorphologien und elementare Probenzusammen-
setzungen verfiigbar sind. Dariiber hinaus wurde zum ersten Mal der 3D-Code
TRI3DYN erfolgreich zur Reproduktion der Erosion einer nanostrukturierten Ober-
flache eingesetzt. Die physikalischen Grenzen der Modellierungsmethoden miissen
jedoch immer beriicksichtigt werden.

Im Laufe der Arbeiten wurden auch Anstrengungen unternommen, die TU Wi-
en QCM zu verbessern. Eine quasi gleichzeitige Anregung mehrerer Eigenmoden
ermoglicht die Kompensation von Frequenzanderungen auf Grund von Tempera-
turdnderungen von bis zu 700 K. Mit dieser neuen Technik konnte gezeigt werden,
dass in Beryllium implantiertes Deuterium bereits unterhalb von 500 K vollstandig
desorbiert.
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Abstract

Mankind’s hunger for more and more energy does not stop. In order to satisfy this
demand and not to influence the world climate even more, research on nuclear
fusion is indispensable. Unfortunately, there are still many physical and techni-
cal problems to be solved before the principle of nuclear fusion can be used in a
power plant. Especially the inner wall of such a reactor, which is the first boundary
between the extremely hot plasma and the reactor vessel, must withstand harsh
conditions. The extremely high heat loads, the excessive neutron radiation and
severe sputtering by particle impact causes erosion and reduces the lifetime of wall
components.

This thesis focuses on the investigation of the erosion of fusion relevant wall mate-
rials by projectile impact. Under well defined laboratory conditions the sputtering
of thin films of tungsten, iron, and beryllium as well as iron-tungsten mixed films
under deuterium and argon irradiation was investigated using the highly sensi-
tive TU Wien quartz crystal microbalance technique. Furthermore, the erosion of
nanostructured tungsten (W-fuzz) under argon irradiation was investigated, using
the quartz crystal microbalance in catcher configuration. Although W-fuzz was
suspected to have a high erosion rate, it could be demonstrated experimentally
that such nanostructures show only about 5% of the sputtering yield of bulk tung-
sten.

In situ measurements with the quartz crystal microbalance method, in combination
with surface investigations using atomic force microscope and scanning electron
microscopy, as well as elemental depth profile measurements via ion beam analy-
sis, reveal the dynamic process of erosion under ion bombardment in high detail.
This allows the comparison with and benchmarking of erosion modelling by newly
developed dynamic codes, which can take into account elemental composition,
surface morphologies and even nanostructures.

This work shows that surface morphology sensitive MC-BCA codes, like SDTrimSP
2D and TRI3DYN are capable to forecast the outcome of experiments, if precise
surface morphologies and elementary sample compositions are available. Further-
more, for the first time, the full 3D code TRI3DYN was successfully used to
reproduce the erosion of a W-fuzz. The physical limits of the modelling methods,
however, must always be considered.

During the work also efforts were made to improve the TU Wien quartz crystal
microbalance. A quasi simultaneous excitation of two eigenmodes allows to com-
pensate for frequency changes due to temperature changes up to 700 K. With
this new technique it could be shown, that deuterium implanted in beryllium
completely desorbs already below 500 K.
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Introduction and Motivation

This chapter presents the background of this doctoral thesis and clarifies the
motivation. After a short overview of the current problem of climate warming
(section 1.1), a possible solution to it is presented in the form of thermonuclear
fusion (section 1.2). Subsequently, the principles of a magnetic confined fusion
device will be presented and the problems still to be solved in order to be able to
actually use this form of energy production (section 1.2.2). In particular, this work
should help to bring a nuclear fusion power plant a small step closer to realisation.
At the end of this chapter an outline of this thesis is shown (section 1.3).

1.1 Global Energy Demand and Climate Changes

The need for energy is continuously growing in our modern society as well as
in third world countries. The consequences of burning fossil fuels are slowly
becoming visible in form of weather and climate changes due to global warming
of the earth’'s atmosphere. In figure 1.1 the world's total energy supply by source
from the International Energy Agency (IEA) is shown from the year 1990 to 2017
and clearly indicates the substantial increase [1]. A small increase in hydro power
as well as wind & solar power is observable, but unfortunately the energy sources
producing carbon dioxide (CO;), like oil, gas, coal were increasing the most. This
trend can also be seen in the CO, concentration in Earth’s atmosphere (figure 1.2),
measured at the Mauna Loa Observatory on Hawaii [2, 3].
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Figure 1.1 — The world total energy supply by source in units of tonnes of oil
equivalent (toe) (equal to 11.63 kWh), from the year 1990 to 2017. Based on
the IEA data from the IEA World Energy Balances 2019 [1].

As CO; is an important heat-trapping or greenhouse gas, it's increase in the atmo-
sphere raises also the global surface temperature, as can be seen in figure 1.2 [3,4].
Since 1990 the global surface temperature increased by 0.7 K which is suspected
to be responsible for the increased occurrence of extreme weather conditions.
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Figure 1.2 — The concentration of CO; in atmosphere from the year 1990 to 2018
and the global surface temperature relative to 1951-1980 average temperature.
The zigzag pattern is related to the natural annual variation of vegetation [2,4].
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Figures 1.1 and 1.2 clearly demonstrate that this trend will not stop if mankind
is not willing to take action.

The expansion of wind and photovoltaic power is a necessary step in the right
direction, but with this form of energy alone it will not be possible to completely
cover the world's energy needs [5]. Situations are possible in which no energy can
be produced, if lack of wind and darkness occurs simultaneously for a longer period
of time (designated in German as "Dunkelflaute”) [6]. To cover such situations
huge energy storage facilities are necessary, which cannot be built so far [5].
Nuclear power could be a possible solution to this problem, as it can generate enor-
mous amounts of energy without releasing any CO; or other greenhouse gases.
One method of obtaining nuclear energy is the fission of very heavy nucleus, like
uranium (?°U), thorium (#2Th) or plutonium (**?Pu) fragmented into two or
more lighter nuclei. These nuclear fission power plants are well established since
the 1960s and provide a continuous contribution to the world energy balance
(compare with figure 1.1). Nevertheless a major disadvantage of fission power
plants is the fact that the fission products are highly radioactive and very toxic
to humans. For example the resulting elements, like caesium ('3”Cs), strontium
(%°Sr), iodine ("3'l) and zirconium (*°Zr) must not be released into our envi-
ronment and need long time storage facilities, due to the high half-life of some
thousands of years of some isotopes as well as their decay products [7]. Although
the Egyptians have successfully constructed buildings that are more than 4600
years old and still standing [8], the long-term storage of nuclear waste is still an
unsolved problem, since it has to be ensured that the radioactive isotopes do not
enter the groundwater or the atmosphere.

Accidents at the nuclear power plant Fukushima Daiichi in Japan 2011 and in
Chernobyl in Ukraine 1986 led to long-term contamination of the environment
with radioactive isotopes and therefore the surrounding area uninhabitable for
decades. Obviously this leads to a massive reduction in public acceptance of fis-
sion power plants.

Although electricity generation by nuclear power plants hardly impacts the climate,
a complete conversion of the world's entire energy supply to nuclear fission power
is inconceivable anyway, since uranium is not sufficiently available worldwide [9].
Research into alternative energy sources such as nuclear fusion is therefore essen-
tial.

1.2 Nuclear Fusion Research

An alternative method of obtaining nuclear energy is by thermonuclear fusion,
which is shown to us every day anew by our sun. As the binding energy per
nucleon below masses of iron (*°Fe) is not saturated according to the Bethe-
Weizsacker formula, the fusion of two or more very light nuclei into a heavier one is
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energetically favourable [10]. As the mass of the fusion product is lower compared
to the sum of the starting materials, the so called mass defect Am is transformed
into energy, according to Einstein's famous equation: £ = Am ¢? [11,12].

To ignite the fusion process the reactants need to get below a distance of about
107" m, where the strong interaction force gets dominant. As every atomic
nucleus is positively charged they repel each other due to the Coulomb interaction,
which makes extreme temperatures (= mean kinetic energy) necessary to bring
the reactants so close together. Inside the sun the enormous gravitational forces
in its center confines the nuclei sufficiently long for fusion eventually to happen
via the quantum tunnelling effect and the weak interaction [13].

To bring the power of the sun to earth a different approach is necessary, as the
gravitational forces of the sun cannot be reproduced. Lawson et. al. defined in
1956 the criteria for a power producing thermonuclear reactor: The triple product
of ion temperature T;, ion density n; and confinement time 7. must surpass a
certain value, in order to realize a self sustained nuclear fusion reaction [14].

On Earth the most favourable fusion process is the reaction of the hydrogen
isotopes deuterium (°D) and tritium (°T), as it has the highest reaction rate at
lowest temperature. The fusion reaction is shown in equation 1.2.1, where the
fusion product is helium (He) and one neutron (n). The energy released during
this process is equal to 17.6 MeV and distributed as kinetic energy between the
two fusion products [13, 15].

D + 3T = 3He + {n + 17.6MeV (1.2.1)

The necessary temperature to fuse D and T into He is still extremely high and in
the range of 100 — 200 x 10° K [15].

A nuclear fusion power plant would have the following advantages:

e The hydrogen isotopes deuterium and tritium are in principle available world-
wide in almost unlimited quantities. Deuterium is a natural isotope and can
be produced from sea water. Tritium is an unstable element with a half-life
of about 12.6 years, therefore it is not naturally available. Nevertheless it
can be obtained by neutron bombardment of lithium, which is also available
in sufficient quantities [13].

e The D-T fusion process does not produce any long living radioactive iso-
topes, due to the underlying physical principle. Some of the used materials
in the reactor chamber, however, will become radioactively activated due to
the neutron bombardment from the fusion process, or by implantation of
tritium in the reactor wall. Nevertheless, the radioactive waste of a fusion
power plant will consist of relatively short-lived isotopes only and most of
the activated material will be recyclable after an intermediate storage of
about 30 — 100 years only [16].
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e The fusion reaction is inherently save, because the fuel inside the reactor
only last for a couple of seconds, which makes runaway reactions like in a
fission reactor, or a meltdown impossible [13].

e There is no risk of terrorist groups stealing key material to build nuclear
bombs, as the fuel is readily available and the fusion process is extremely
difficult to sustain [13].

While these advantages would make a fusion power plant an ideal source of energy,
many technical and physical issues need to be overcome. The enormously high
temperatures required to maintain the fusion process, which are even higher than
the melting point of any available material, make it necessary to keep the fusion
fuel floating as plasma, by using strong magnetic fields.

1.2.1 Tokamak Principle

The currently most advanced idea for a magnetic confined thermonuclear fusion
device is the design called " Toroidal Chamber with Magnetic Coils (russian: TO-
pongansHas KAmepa ¢ MArunTHeiMn Katywkamu) (tokamak)”. As the name
suggests, the reactor chamber is torus-shaped, where toroidal field coils are ar-
ranged along this chamber, as shown in figure 1.3. The fusion fuel is inserted into
the chamber as gas, up to a density of about 10?° atoms/m3. Thermal energy
will be applied to the gas by electron cyclotron resonance (ECR) and/or neutral
beam injection (NBI) heating, until it is completely ionised and forms a plasma.
This plasma can then be held in place by strong magnetic fields [13].

A toroidal magnetic field alone would not be sufficient for a confinement, as the
curvature and gradient in radial direction of the magnetic field causes a drift of
the ions and electrons of the plasma in opposite directions. This charge separation
causes in turn an electric field and in combination with the toroidal magnetic field
an E x B drift, increasing the charge separation. An additional magnetic field is
necessary to compensate for that. In the center of the tokamak a central solenoid
is placed and acts as a primary transformer circuit, which induces a current through
the plasma. This plasma current generates then a poloidal magnetic field and in
combination with the toroidal magnetic field a helical magnetic field is formed.
This twisting of the magnetic field constrains the ions in the plasma to certain
paths and allows a confinement for a certain time 7. Unfortunately this time
is limited to some seconds, as the maximum induced plasma current is limited.
Therefore a tokamak can be operated in pulsed mode only [13,18,19].
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Figure 1.3 — Magnetic field configuration of a tokamak. Figure taken from [17].
@ - poloidal magnetic field lines
% - central solenoid (primary transformer circuit)

- auxiliary poloidal field coils (for plasma shaping and positioning)

(4) - plasma current (secondary transformer circuit)
(5) - resulting helical magnetic field lines

- toroidal magnetic field lines

- toroidal field coils

An alternative configuration of a magnetically confined plasma is the so called
"stellarator” design. The idea is here to use complex 3D shaped field coils which
generate a helical magnetic field from the beginning [20]. A main advantage of
this concept is that inducing a plasma current is no longer necessary to keep up
the confinement, which means that theoretically an infinite long operation time is
possible. The extremely challenging design and manufacturing of the 3D shaped
field coils makes this concept less well explored as the tokamak design. The
biggest stellarator experiment today, called Wendelstein-7X, started operation in
2016 and already showed very promising first results [18, 20].

In order to gain more power from nuclear fusion than necessary to heat the plasma
and keep up the magnetic field, all magnetically confined thermonuclear reactors
available today are too small. The so far biggest machine is Joint European
Torus (JET), at the Culham Center for Fusion Energy (CCFE) in the UK. It still
holds the world record and reached a factor of Q(= Py,s/P;) ~ 0.62 only, where
Q is the relation of fusion output power (Ps,s) to the necessary input (heating)
power (P;,) [21]. As the confinement time T is largely dependent on the plasma
radius and therefore the machine size, larger fusion reactors are necessary to get
a Q > 1, which is technologically extreme challenging and expensive [13].
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In the south of France the world largest nuclear fusion experimental reactor is
currently being built, called International Thermonuclear Experimental Reactor
(ITER) and follows the tokamak design. It should demonstrate for the first time a
self sustained nuclear fusion reaction and should deliver a factor of Q > 10 [19].
A cross-cut through the reactor chamber of ITER can be seen in figure 1.4. With
a height of the reactor chamber of 11.4, m and a major plasma radius of 6.2 m it
will be nearly twice as big as any other fusion device [13,19].

1.2.2 Plasma Wall Interaction Issues

One of the most challenging parts in a fusion device is the first wall, which faces
the ultra-hot plasma. These plasma facing components (PFCs) are constantly
eroded by ion and neutral particle bombardment originating from the plasma and
must withstand tremendous heat loads, which limit their lifetime. Figure 1.4
shows, next to the cross section of the ITER tokamak, also the main PFCs.
ITER will have a full metallic and active cooled first-wall, where the blankets on
the side wall will be made out of beryllium and should withstand heat loads of
2 — 47MW/m? [19]. The divertor cassettes are located at the bottom of the
torus and it's armour will be made out of tungsten [22,23]. Such a divertor is
exposed to the highest possible heat loads, as the magnetic field lines touch the
wall here. The divertor also serves to divert the fusion product helium out of the
plasma. It will be designed to be capable of withstanding heat loads of 10 MW /m?
continuously and 20 MW/m? for some seconds [19].

Tungsten is the plasma facing material (PFM) of choice, as it has the highest
melting point of all materials available and also a very small sputtering yield un-
der low energy hydrogen isotope impact. Still the eroded, or sputtered particles
from the wall can enter the plasma and get ionized too. In the case of high-Z
materials, like tungsten, the strong radiative cooling effect of these impurities
deteriorate the plasma performance and can lead to a breakdown of the fusion
process. Therefore the amount of high Z impurities in the plasma need to be kept
to a minimum [13, 25, 26].

Beryllium, on the other hand, is also a high-melting material, but with a signif-
icantly higher sputtering yield on hydrogen isotope impact. As a low-Z material
beryllium causes radiative cooling only in the plasma edge, which is advantageous,
as plasma instabilities resulting in edge localized modes (ELMs) are still expected
to occur in ITER [13,27,28].

As an example of an overloaded PFC, a defective armour can be seen in figure 1.5.
It shows images of beryllium blankets of the fusion experiment JET, which were
directly exposed to the plasma that exceeding the thermal design. The damage
in form of melting at the edges is clearly visible [29].
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Figure 1.4 — Cross section of the ITER tokamak and the main PFCs. Figures
taken from [19, 24].

- cross section of the toroidal vacuum chamber, showing the typical shape of
the plasma
% - side wall blanket module with beryllium armour (green)

- steel vacuum chamber with a height of 11.4m
(4) - divertor cassette modules, placed at the bottom of the vacuum chamber,
with tungsten armour (dark grey)

Figure 1.5 — Blankets from the upper part of the fusion experiment JET after
direct plasma exposure. In (a) an overview image and in (b) a zoom in to one
beryllium blanket can be seen. The damage is clearly visible in form of molten
material. Figures taken from [29].
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To avoid local overheating of the PFCs, radiative edge cooling is an advantage,
as the head is spread over a bigger area. At the fusion experiment ASDEX-
Upgrade at IPP-Garching, successful injection of nitrogen was performed, causing
a reduced local heat load on the divertor and avoids melting of it's tungsten
armour. Furthermore it was found out that a small amount of low Z impurities in
the plasma can improve the plasma performance and its confinement [30-32]. For
bigger machines, like ITER, the radiative power of nitrogen will not be sufficient
and therefore somewhat heavier elements, like noble gases like argon need to be
injected into the plasma [30].

The plasma exposure of the PFCs causes also implantation of the fusion fuel into
the wall material, a process which should be kept to a minimum, especially for
the case of tritium, as it is radioactive [33-36]. Implantation of the fusion ash
helium or the seeding gases nitrogen or argon can influence the erosion behaviour
and is under continuous research [37-39].

One is also already looking further into the future to the time after ITER and
researching more advanced materials. For DEMO, which should be the first en-
ergy producing nuclear fusion power plant, a calm and stable plasma can be
assumed [40]. This assumption would allow the use of so called tungsten en-
riched steels, like EUROFER as PFM [41]. It is well known, that high-Z materials
have a lower sputtering yield compared to low-Z materials under low energy ion
bombardment. This effect can be used to enrich the surface of such steels with
a high-Z material, like tungsten, causing a reduced erosion rate. Furthermore
steels are cheaper, easier to process and have less weight compared to pure tung-
sten. The interaction of the plasma with such steels is currently under investiga-
tion [38,42,43].

1.3 Thesis Outline

In section 1.2.2 the main issues of the plasma wall interactions were presented
and the need of further research was pointed out. Many of these plasma surface
interaction problems can be reproduced in small scale and investigated with high
precision under well defined laboratory conditions.

In this thesis a regular sputter gun was used as particle source, to mimic the
particles originating from the plasma, in combination with a quartz crystal mi-
crobalance (QCM) technique to measure the erosion of different PFMs with high
precision. After a recap of sputtering theory in chapter 2 the used experimental
methods are presented in detail in chapter 4.

These accurate erosion studies also allow the benchmarking of erosion modelling
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codes such as SDTrimSP and TRIDYN, as well as newly developed surface mor-
phology sensitive codes like TRIDYN in 3D (TRI3DYN). Theses codes are intro-
duced and described in chapter 3.

Since tritium is radioactive, the investigations in this thesis concentrate on the
interaction of deuterium, helium, as well as the seeding gas argon with different
PFMs, like beryllium (see chapter 8), iron and tungsten (see chapter 5), as well
as iron-tungsten alloys (see chapter 6). Furthermore the interaction of argon with
nanostructured tungsten (so called W-fuzz) was investigated and will be presented
in chapter 7. The final chapter 9 summarizes the main conclusions of this thesis.

10
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Sputtering Theory

Parts of the following chapter have been published in
references [44] and [45].

Sputtering by ion bombardment is one of the major topics of ion-surface inter-
actions and has a wide range of applications, such as surface cleaning, thin film
deposition, etching or surface analytical techniques. Sputtering plays also a major
role in space weathering by solar wind ion impact, which was observed on lunar
or planetary surfaces, but most importantly in the erosion of wall material in a
nuclear fusion device [41, 46, 47].

In this chapter a short recap of sputtering by particle bombardment is provided.
After a preface in section 2.1, a short overview of physical sputtering is given
in section 2.2. In section 2.3 the focuses is layed on the influence of surface
roughness and nanostructures.

2.1 Preface

Sputtering is the phenomenon when one or more atoms of a solid are ejected from
its surface by the impact of a projectile. These projectiles are usually energetic
particles, like ions originating from an ion source or a plasma. The impact of
such a projectile on the target initiates a collision cascade in the solid target and
spreads its kinetic energy (a model of such a collision cascade can be found in
chapter 3, figure 3.1). If the recoil cascade extends back to the surface, a target
atom can gain enough kinetic energy to overcome the surface binding energy Esg,
it can leave the target and is then considered as sputtered [48].

Besides this form of sputtering, which is called physical sputtering, there are also

11
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effects like chemical and potential sputtering: Chemical sputtering involves chem-
ical reactions between the projectile and the target that allow the surface binding
energy Esp to be changed, thereby increasing or decreasing physical sputtering,
or to overcome it completely, directly by forming molecules that desorb from the
surface [48-50]. Potential sputtering instead, uses the potential energy of the
projectile ion in the form of high ionization states to enhance the sputtering. The
neutralization process, which begins near the surface, can significantly increase
sputtering, especially in the case non-conducting materials [48,51-53].

In this thesis the focus was put on experiments and modelling of physical sput-
tering, in the kinetic energy range from 0.1 — 5keV/ion which will be explained
in the following in more detail.

2.2 Physical Sputtering

The definition of the sputtering yield Y, as shown in equation 2.2.1, is the mean
number of emitted particles per impinging projectile. This yield is dependent on
many parameters, like the mass of the target atoms as well as the projectiles, the
kinetic energy of the projectile, angle of incidence, target composition and the
surface binding energy [48,54].

v — sputtered atoms

221
projectile ( )

In figure 2.1a sputtering yields of typical plasma facing materials (PFMs) under
D bombardment are shown, evaluated with the modelling software SDTrimSP.
A pronounced energy dependence is observable. The D projectile must exceed a
certain threshold energy E;,, in order for sputtering to occur. In the case of W
an Ey,, of about 229 eV was found and for Be an E;,, of only about 10eV is
necessary [48]. The reason for this is mainly the more efficient elastic momentum
transfer with less mass differences between projectile and target. With increasing
projectile energy the sputtering yield is increasing too, until a maximum is reached.
Further increase of the projectile energy causes the sputtering yield to decrease
again, as the resulting collision cascade propagates very far into the target and
hardly returns back to the surface [48].

12
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Figure 2.1 — Sputtering yields of typical plasma facing materials (PFMs) cal-
culated with SDTrimSP and assuming pure elemental targets and perfectly flat
surfaces. In (a) the energy dependence of Be, Fe, Mo and W under normal inci-
dence (0°) D irradiation can be seen. In (b) the angle of incidence dependence
of the sputtering yield is shown for W under D and Ar irradiation at different
energies. Note the different scaling of the ordinates.

Figure 2.1b presents the angle of incidence dependence of the sputtering yields for
W under Ar and D irradiation at different energies. At angles of incidence close
to the surface normal (0°) and up to about 45° a rather constant behaviour with
a slight increase can be observed. After further increasing the angle of incidence,
an energy and projectile dependent maximum can be found. The reason for this is
that the expanding collision cascade stays closer and closer to the surface, which
increases the probability that a surface atom will gain enough energy to leave
the target. A further increase of the angle of incidence, up to grazing angles of
incidence, leads to a decrease of the yield again, because the reflection probability
of the projectiles increases significantly [48].

The results in figure 2.1 show the ideal case, which rarely occurs in nature, since
surface roughness and also the composition of the target play an important role,
especially if precise absolute sputtering yields are of importance [43-45].

As a good approximation the interaction of ions with solids can in most cases be
reduced to a series of independent and elastic binary collisions.
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2.2.1 Binary Elastic Collision

In the energy range used in this thesis the assumption of fully elastic collisions
between two nuclei are fulfilled, as the mechanical energies in the keV/ion range
are too low to ignite nuclear reactions. The principle of binary elastic collisions are
well understood and give a good insight into the sputtering behaviour [46,48, 55].
As these principles are also a basis for erosion modelling a short recap is given
here.

Figure 2.2 shows the used reference frames, where the laboratory system (LS)
and the center of mass system (CMS) are usually distinguished. In the LS the
target atom (2 in figure 2.2a) is at rest. After the collision the projectile (1 in
figure 2.2a) is scattered by the angle ©, where the target undergoes a recoil angle
of ®. The same system transferred into the CMS (figure 2.2b) allows to define
the CMS scattering angle U and the impact parameter p. The CMS system has
the advantage that the two body system can be reduced to the kinematics of a
single particle with reduced mass [55].

(a) laboratory system (b) center of mass system

Figure 2.2 — Reference systems. In (a) the laboratory system can be seen, with
the projectile (1) scattering angle © and the target (2) recoil angle ®. In (b) the
center of mass system (CMS) can be seen, introducing the impact parameter p
and the scattering angle U.

When energetic particles collide, an momentum transfer takes place. The maxi-
mum of the linear momentum and therefore kinetic energy can be transferred if
the relation of masses of the two partners are close to 1 and becomes worse when
the masses are very different, as can be seen in equation 2.2.2.

ELS N (ITI1 + I‘l‘lz)2

AE 4mim, 5 (g) (222)
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For O = s this equation represents the ideal case of a direct knock on with an
input parameter p equal to zero. AE represents the energy transfer from the
projectile atom 1 to the target atom 2. mq and m; represent their corresponding
masses and £ s the total energy of the LS which is for the first collision equivalent
to the kinetic energy of the projectile.

After a short calculation equation 2.2.2 can be transferred back into the LS, where
the result can be seen in equation 2.2.3.

AE _ my cos*(®) (22.3)

Eis my (1+ﬂ)2
my

The recoil angle ® is limited to < 90°, because of linear momentum conservation.
This concludes also that sputtering under normal incidence and a flat target needs
at least two collisions to occur. Such an event is also called 'single knock-on
regime'. If significantly more collisions are necessary to trigger sputtering, the
process is called a linear collision cascade [46, 55].

The scattering angle O can be evaluated by solving the scattering integral, which
will be presented in the next section 2.2.2.

2.2.2 Classical Scattering Integral

As a basis for understanding the interaction of ion with solids the so called 'classical
scattering integral’ is very useful and is also the basis for modelling of sputter
erosion [55,56]. It follows from the assumptions made in section 2.2.1, were
binary collisions are assumed. By including the inter atomic potential V/(r) as well
as linear and angular momentum conservation, the classical scattering integral
can be derived. (A precise derivation of the scattering integral can be found in
references [46] or [55].) In equation 2.2.4 the formulation of this integral in the
CMS can be seen.

dr

JT P /r,,,,-,, ,Az\/1 - y ~ (B)Z ( )

cms

The variable U represents the scattering angle of the projectile in the CMS, p the
impact parameter, r the the distance between the two reactants, where r;, is
the minimum distance that projectile and target atom can reach (compare with
figure 2.2b), which also depends on the form of the potential V/(r) used. E,;s
represents the total mechanical energy of the system and V/(r) the inter atomic
potential, which is assumed to be spherically symmetric. Especially this potential
is of high importance and needs to be chosen appropriately.
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Very popular potentials are the Ziegler—Biersack—Littmark (ZBL) universal in-
teraction potential and the Krypton-Carbon (KrC) interaction potential as they
deliver good results for a wide range of projectile target combinations. Solving
formula 2.2.4 is not straight forward and needs usually numerical methods. Here
a very fast solving method is widely used, which is called the MAGIC integra-
tion formula. For more information about interaction potentials and solving the
scattering integral the reader is refereed to references [46, 48, 55-59].

2.3 Sputtering of Rough Surfaces

Most theoretical descriptions and simulations of sputtering usually considers per-
fectly flat surfaces only [60,61]. Such an assumption is, however, an idealization,
and although it is possible to produce reasonably flat films for some materials, it
often leads to discrepancies with the actual experimental conditions [43, 44, 62].
The deviations can be even more significant if the surface is additionally nanos-
tructured [45]. In figure 2.3 a schematic sketch shows how the roughness and
nanostructures of a surface can influence the sputtering process.

122822222222

ion beam

reflection

Figure 2.3 — Schematic sketch of a rough and nanostructured surface, hit by an
ion beam. A global angle of incidence of 0° (normal incidence) does not corre-
spond to the local angle of incidence a which is strongly dependent on the exact
point of impact on the surface. Reflection of the projectiles can trigger further
sputtering, whereby sputtered particles can also be redeposited. Nanostructures
on the surface lead to shadowing of underlying structures and can enhance rede-
position because the path to the surface is narrower. Figure adapted from [45].

An ion beam hits a target surface at a nominally 0° angle, which would be equiv-
alent to normal incidence on a perfectly flat surface. However, due to the rough
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surface condition the local angle of incidence « is different, with its value being
strongly dependent on the exact point of incidence [44]. This fact already causes
a different sputtering yield, as presented in figure 2.1b. The partially strongly
varying angle of incidence o also leads to projectiles being reflected and hitting
the surface a second time. Although the energy of the reflected projectile is lower
than the incident energy, it could still be high enough to cause further sputtering.
The angular distribution of sputtered particles is sometimes approximated by a
cosine distribution [54]. Different experiments revealed, that the sputtering yield
as a function of emission angle B can be better described by a cos¥(f) distribu-
tion, with a parameter y greater than 1 [48].

Figure 2.3 indicates also, that not all of the sputtered atoms can escape the sur-
face, as they hit other parts of the morphology and may be redeposited there
or are even reflected with a certain probability. Evidently, all these effects show
clearly that a theoretical description of the sputtering of rough surfaces becomes
extremely complex.

Kiistner et. al. tried to use scanning tunnelling microscope (STM) images as
input for a simple model to describe redeposition effects and achieved very good
results [63, 64].

To get a better understanding of the erosion behaviour of rough surfaces, numer-
ical methods, especially modelling methods, are of increasing importance. High
performance and cluster computing in combination with new developed codes al-
lows to model the erosion of nearly any target and will be presented in the next
chapter 3.
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Sputter Modelling

This chapter presents the sputter modelling codes used in this thesis and summa-
rizes their basics. After a short introduction (section 3.1) the modelling approach
of choice will be presented (section 3.2). This is followed by an overview of the
common available MC-BCA codes (section 3.3) and their surface morphology sen-
sitive extensions in 2D and 3D (section 3.4).

3.1 Introduction

Computer simulations of sputtering are of great importance to get a better un-
derstanding of fusion relevant ion surface interactions. Next to modelling of the
erosion behaviour of a PFM also sputtered and scattered particles distribution are
of interest. Furthermore investigations of the projectile range in matter as well as
implantation of the fusion fuel into a PFM are of great importance.

Different modelling approaches are available for ion surface interactions. A simple
and well established approach is the molecular dynamics (MD) technique. Here
every target atom in a modelled sample is placed in an appropriate interaction
potential and then a projectile atom shot on it, with a certain kinetic energy Ey;,
and impact angle a. The impact of this projectile ignites collision cascades. Ev-
ery trajectory is calculated continuously, by solving Newton's equation of motion
and also the interaction potential updated, according to the target atoms actual
position. This numerical manybody interaction approach lead to precise results,
but needs also a lot of computation time. The chosen timesteps to solve New-
ton’s equation of motion need to be very small (typically 10-"°s) and a huge
amount of atoms (at least 10°) needs to be calculated in order to get realistic
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results [65]. This approach is suitable for timescales in the sub-second range, but
for modelling erosion effects of fusion relevant materials, which are exposed to
high fluences over a days and months, the MD modelling approach is not feasible.
Alternatively, fast sputter modelling can by done by using the so called monte
carlo (MC)-binary collision approximation (BCA) approach, which will be pre-
sented in more detail hereinafter.

3.2 The Monte Carlo - Binary Collision Approximation

The BCA approach models the history of the incident projectiles and the devel-
opment of the collision cascades as a series of binary collisions. An illustration of
such a collision cascade can be seen in figure 3.1.

Ar projectile (2keV)

x (depth) [A]
1

_40 _20 0 20 40
y [A]

Figure 3.1 — An exemplary Ar on W collision cascade, at 2 keV/Ar under normal
incidence, modelled with SDTrimSP. The red line shows the history of the Ar
projectile above and inside the W target. The black trajectories represent the W
recoils, directly scattered with the projectile (1st order) and the green trajectories
the W recoils scattered with other W recoils (2nd order). Above the surface line
(x = 0A) 5 W recoils are visible, which are sputtered during this cascade.
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For modelling these two-body collisions the classical scattering integral, with the
impact parameter p is solved (compare with section 2.2.2). Between two colli-
sions the projectile is assumed to travel on straight paths, where the length of
this path and the impact parameter of the next collision event is randomly cho-
sen, according to a probability distribution which depends on the density of the
target. Different models of electronic stopping can be included too. Every atom
involved in the collision cascade is followed until its kinetic energy drops below
a certain value, where it is considered as stopped, in order to avoid unnecessary
long calculation times. If an atom or the projectile reaches the surface and its
momentum perpendicular to the surface p is sufficient to overcome the surface
binding energy Esp (equation 3.2.1), it is considered as sputtered (or scattered
in the case of the projectile).

Pl E (3.2.1)
2m B o

The surface binding energy Esg is a crucial input parameter. As surface binding
energy Esp of mono-atomic targets the sublimation energy is usually used. Only
for a few mixed or compounded target literature data are available (for example
reference [66]). For other targets with mixed elements, the surface binding energy
can be approximated as a concentration-dependent mean value of the individual
binding energies, which usually leads to good results. This can also be too low in
cases of oxides, a fact that needs to be taken into account [44].

The MC-BCA modelling approach allows very fast sputter modelling, because a
complex many-body problem is simplified to many binary collisions, which are
easy to calculate. The implementation of this method usually uses the principle
of " pseudoatoms” as projectiles, each representing a certain number of real pro-
jectiles. A higher statistical accuracy can be achieved with a high pseudoatom
number, but at the cost of computation time. For a more detailed review of its
principle the reader is referred to [57,58,67-69].

3.3 Overview of Common MC-BCA Codes

Various implementations of the MC-BCA principle are available today. The most
well known one is " Stopping and Range of lons in Matter (SRIM)", by Ziegler et
al. [57], because of the useful graphical user interface (GUI) and its good documen-
tation. It uses the ZBL universal interaction potential [57] and for fast solving the
scattering integral the MAGIC formula is used [58]. SRIM allows also to include
elemental depth distributions of a sputter target (1D), but dynamic changes and
fluence dependent effects cannot be modelled with this entirely static approach.
Therefore " Dynamic Transport of lons in Matter (TRIDYN)" by Moller et al. was
developed, which allows modelling of ion implantation, atomic mixing and also
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preferential sputtering [68,69]. It uses also the MAGIC formula for solving the
scattering integral, and uses the KrC interaction potential [59, 68,69]. The dy-
namic approach was implemented by subdividing the target in depth-dependent
layers with different elemental composition. After certain projectile history cal-
culations the density of the layers are checked and if it gets to low, the residual
material will flow into the underlying layer, resulting in a vacuum layer. Projectile
implantation can also be included and can cause a swelling of the target, creating
additional layers [68].

Alternatively " Static and Dynamic TRIM Sequential and Parallel (SDTrimSP)"
is available, developed by Mutzke et al. [60, 70]. This modelling approach is
extremely flexible, because integration method, interaction potential, screening
function and model of electronic stopping can be selected appropriately. In addi-
tion, every parameter used can be inspected and, if necessary, adapted [60, 71].
Recent developments allow also including thermal induced material diffusion ef-
fects [70].

3.4 Surface Morphology Sensitive Modelling

In chapter 3.3 the most common MC-BCA codes were presented, which allow
modelling of static as well as dynamic changes of a sputter target, but are lim-
ited in modelling in one dimension (depth). Therefore, only the modelling of flat
surfaces is possible, so that effects caused by rough surfaces or nanostructures
cannot be considered. For this reason new codes were developed which can in-
clude surface morphologies.

SDTrimSP-2D represents a first attempt to include surface effects. The layers
were subdivided here in rectangular cells in one lateral direction with a defined
elemental composition or as vacuum. In the dynamic mode of this code these
cells can shrink or swell, which allows modelling of dynamic morphology changes
of a line surface [72,73].

In order to include the influence of realistic surface morphologies, which may have
complex shapes or even nanostructures, an extension into the third dimension is
unavoidable.

"TRISDYN" by Mdller et al. [74] represents an enhanced version of TRIDYN [69]
and is able to model realistic 3D surfaces. In TRI3DYN the layer principle has
been extended in the third dimension by using small cubic volumes (so called vox-
els) with a predefined elemental density, or vacuum. By stacking many of these
voxel-cubes on top of each other almost any surface including substructure can be
created and modelled. An expansion of SDTrimSP in 3D (SDTrimSP-3D) follows
a similar approach, but is still under development [75].

The size of this voxel is an additional important parameter and should be at least
smaller than the expected length of the collision cascade to avoid falsifications
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caused by discretising a real surface. On the other hand, a large number of voxels
considerably increases the computing time, so that the lateral expansion of the
object to be modelled is limited [43,44,75].

A high importance of the three dimensional dynamic erosion modelling is given
to the relaxation procedures of every single voxel. After a certain amount of cal-
culated pseudoatom histories the elemental density of every voxel is verified. If
it becomes to high, material will flow into an adjacent voxel which has a lower
density. Inversely, if the density becomes too low, the rest of the material flows
into an neighbouring voxel and the original voxel changes to a vacuum voxel.
For a more detailed explanation of the relaxation procedures and the precise func-
tion of the TRI3DYN code, the reader is referred to [68, 69, 74].
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Experimental Methods

The contents of the following chapter have been partially
published in references [43-45] or are in preparation for publishing.

This chapter presents the experimental techniques and laboratory setup configu-
rations used for this thesis. After a detailed explanation of the TU Wien QCM
technique (section 4.1) and the dual mode technique, developed during this thesis
(section 4.1.2), the measurement principles in different configurations are shown
(section 4.1.3, 4.1.4). Subsequently, the sample analysis techniques are described
(section 4.2).

4.1 The TU Wien Quartz Crystal Microbalance Technique

A QCM is based on the the piezoelectric effect and allows measuring mass changes
with high precision. This is based on the fact, that the resonance frequency of a
quartz can be measured very precisely [76-78]. It is used nowadays as device to
monitor thin film growth in material deposition applications or it can also be used
the other way round, to evaluate the recession of thin films in order to evaluate
sputtering yields [79].

Sauerbrey in 1959 developed the fundamentals of the QCM technique. The basis
for this is the fact that the resonance frequency of a quartz crystal is dependent on
the thickness of the crystal itself plus the thickness of any layer on top of it [76].
Sauerbrey found out, that a relative change of thickness Ad/d is proportional to
a relative change in the resonance frequency Af/f, which is in turn directly pro-
portional to a relative change in mass Am/m, as can be seen in equation 4.1.1.
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Equation 4.1.1 holds true for film thicknesses significantly thinner than the quartz
thickness. Usually this is a difference in size of 3 orders of magnitude, therefore
the initial mass m can be assumed to be the mass of the quartz itself [76].
Quartz crystals are also very sensitive to temperature, stress and pressure varia-
tions, which need to be taken into account in order to reach a high sensitivity.
On the other hand, quartz sensors can also be used to measure these quanti-
ties [77,80-82].

The Sauerbrey equation 4.1.1 can be extended to be able to evaluate mass change
rates, by including the time derivative of the frequency, as can be seen in equa-

tion 4.1.2.
Am mo Af

; [amu/s] = ~ At (4.1.2)
fo and mg represent the initial resonance frequency and the initial mass of the
quartz crystal (in atomic mass unit (amu)). The TU Wien QCM allows in situ
measurements of mass changes, therefore this form of representation is more
suitable.

In order to evaluate sputtering yields by particle bombardment information of the
projectile beam need to be included in equation 4.1.2. This is done by including
the projectile flux ® and the surface area of the quartz sample A,, wherefrom the
sputtering yield Y can be determined, according to equation 4.1.3 [79, 83].

B 1 moAf
dA, fo At

Y [amu/projectile] = (4.1.3)

In order not to have to consider the non-uniform radial sensitivity of the quartz
disc, care must be taken to distribute the projectile flux evenly over the entire
surface of the quartz sample [79, 83].

4.1.1 Electronics

The highly sensitive QCM electronics was originally developed by M.Schmid [78]
at TU Wien and is described in detail in Hayderer et. al. [79]. It allows to measure
the resonance frequency of a quartz crystal at around 6 MHz up to a precision of
some mHz. The precision is limited by a quartz drift of about 2 mHz and a noise
of the electronics of about 5 mHz. This allows to measure mass changes in the
order of 10 pg/s, which is equivalent to about 10~* W monolayers/s [79, 83].
During this thesis the electronics setup has been improved in order to be able to
excite overtone modes as well as to reduce the size of the whole setup.
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Figure 4.1 — QCM electronic schematics. A so called Phase-Box checks the fed-in
frequency from a function generator if it deviates from the resonance frequency
of the quartz crystal and adjusts a frequency control output accordingly. This
output is read via an analog digital converter (ADC), connected to a personal
computer (PC). A controlling script on this PC then adjusts the function gen-
erator output frequency to keep the quartz crystal exactly in resonance. Figure
adapted from [79].

Figure 4.1 shows the schematics of the QCM electronics, driving the quartz crystal
at its resonance frequency. The quartz crystal is operated in series resonance, in its
fundamental mode at around 6 MHz. The so called Phase-Box includes the main
parts of the driving electronics and is located outside the UHV chamber. Electrical
feedthrough in combination with a high quality UHV coaxial cable (coax) connect
the quartz crystal sample to the Phase-Box. A precise sine wave is generated
by using a PC controlled function generator and is fed into the Phase-Box. The
electric circuit in the Phase-Box checks if this frequency is the resonance frequency
of the quartz crystal, by using a phase comparison technique between current and
voltage. In resonance the phase shift is zero, leading to a zero voltage output of
the frequency control. In any other case the frequency control output is increasing
or decreasing, meaning that the actual supplied frequency is too high or too low.
A more precise explanation of the function of the Phase-Box circuit can be found
in [79].
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The frequency control output voltage is read by using a fast ADC and forwarded
to the PC. Thereafter a controlling script written in Python adjusts the function
generators output frequency to the control voltage input, to keep the quartz crystal
exactly in resonance.

Hayderer et. al. used an voltage controlled oscillator for feeding the sine wave
voltage to the Phase-Box. The actual resonance frequency was then measured
by using a frequency counter [79]. Unfortunately both of these devices are quite
large. By replacing these by a high precision and PC controlled function generator
the size of the whole QCM electronics could be reduced and allows more flexibility.
The function generator can be read by a digital interface, making the use of an
frequency counter unnecessary. Furthermore the operational frequency range is
not limited any more to 5.9 — 6.1 MHz, allowing for the first time operating the
TU Wien QCM in overtone modes, up to 20 MHz. The use of a PC as controlling
device also allows a quasi simultaneous operation of two or more frequency modes.
This technique will be presented in more detail in chapter 4.1.2.

The high sensitivity of the TU Wien QCM is also due to the use of high quality
stress compensated (SC-cut) quartz crystals. This quartz type has a lower sen-
sitivity to thermal and mechanical stress, compared to the most commonly used
AT-cut quartz crystals [77,79]. The TU Wien QCM uses plano-convex SC-cut
quartz crystal resonator discs with the product specification XA-3641 from com-
pany KVG Quartz Crystal Technology GmbH [84]. A thickness of about 0.3 mm
lead to a precise fundamental mode frequency of 6 MHz. In figure 4.2 an image
of a typical quartz crystal sample can be seen.

L
PTG

Figure 4.2 — Image of a typical SC-cut quartz crystal disc used in the QCM.
The crystals have a diameter of 14 mm with gold electrodes of a thickness of
140 nm on both sides. A quartz thickness of 0.3 mm lead to a fundamental
mode frequency of 6 MHz.
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4.1.2 Dual Mode Technique

The new TU Wien QCM electronic setup, developed during this thesis, allows to
excite any quartz crystal modes up to 20 MHz. Of interest are the main C-modes
only, due to its radially symmetric oscillation form [77,78]. The C-1 main mode
is the resonance frequency used in the single mode technique, as described in
reference [79]. Due to the huge frequency range of the used function generator,
care must be taken not to excite any secondary modes of the quartz crystal, which
have a different sensitivity to mass and temperature changes [77,78]. The principle
used is described in section 4.1.2.1. Only odd overtone modes are excitable,
therefore the second mode of interest is the C-3 mode. The C-1 and C-3 modes
have the same sensitivity to mass changes, but a different response to changes in
temperature. By knowing the frequencies of both modes, a temperature insensitive
QCM can be realized [80]. The technique used is described in section 4.1.2.2.

4.1.2.1 Principle of Dual Mode Controlling

The improved TU Wien QCM technique quasi simultaneously excites the ground
mode (C-1 mode) and the third overtone mode (C-3 mode) of a quartz crystal
sample. Every 5 seconds a software controller switches a sine-wave frequency gen-
erator between both frequencies. The ground mode frequency can be measured
up to a precision in the mHz range, while the 3rd overtone mode is limited to
about 100mHz, due to increased noise and damping at this frequency range of
the electronics.

The frequency control output of the Phase-box allows a simple and linear control-
ling (as described in chapter 4.1.1), but only in a small frequency range. The C-1
mode frequency can be found rather easily, because of the very strong response of
the SC-cut crystal in this frequency range. Here the Phase-box and the controller
are able to find the precise resonance frequency over a starting frequency range
of Af =~ 100kHz [79].

In contrast it is more difficult to find the C-3 mode frequency, because the res-
onance response is lower and the frequency damping of the electronics higher.
Furthermore the risk of exciting secondary modes is high [64,77,78]. The fre-
quency range for C-3 mode controlling is smaller and only in the range of about
Af ~ 20kHz. This means the position of the frequency of the third mode need to
be 'guessed’ as good as possible before starting operating the dual mode QCM.

According to a theoretical model of M. Schmid the resonance frequencies of a
quartz crystal can be calculated by [78]:

—_ 4 k(n) 2
L L (1 _ AT ) (4.1.4)

m alnd m?2 2
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Where m is the main mode-number (m = 3 means third overtone mode and
only odd overtones are exciteable), n the number of the secondary mode (in our
case n = 1), d the thickness of the quartz, a the inverse phase speed (1/a =
3600m/s) and k is a coupling constant ((k!™)? = 0.024 in C mode) [78,79].
With this and by knowing the C-1 mode frequency f, the frequency position of
the C-3 mode at room temperature can be estimated as:

f3[Hz] ~ 3f; — 1.6 x 10° (4.1.5)

This approximation allows guessing the third overtone C mode frequency within
a range of 20kHz and is accurate enough for the QCM controller to lock on the
precise frequency. It is noted, that the C-3 mode frequency is below three times
the C-1 mode frequency, which allows to define an upper limit for the controller
and avoids exciting unwanted B mode resonance frequencies [78].

4.1.2.2 Dual Mode Temperature Compensation

The resonance frequency of a quartz crystal is extremely sensitive to changes in
temperature, which causes difficulties in separating the change in the resonance
frequency due to mass change and due to temperature change. A common way is
to operate the quartz crystal in its fundamental mode at an elevated temperature,
at its frequency versus temperature minimum (compare with figure 4.3). Here a
slight change in temperature causes only very small changes in the resonance fre-
quency [42,79,83].

In order to perform temperature programmed thermal desorption spectroscopy
(TDS) measurements with a QCM the change in resonance frequency due to a
change in temperature cannot be neglected any more. The C-1 and C-3 modes
of a quartz crystal have the same sensitivity to mass changes (as can be seen in
figure 4.8), but a different response to changes in temperature. By knowing these
two frequencies a temperature compensation can be realized, as reported in [80].
Figure 4.3 shows a typical temperature dependence of a SC-cut quartz crystal, of
the C-1 mode (f;) and the C-3 mode (f;). The C-3 mode shows a saddle point
temperature at 360 K, while the C-1 mode a minimum at 435 K. Further increas-
ing the temperature lead to a strong increase in both resonance frequencies.

By defining the so called beat-frequency f;,, according to equation 4.1.6 a nearly
linear dependence on the real temperature itself can be seen (compare with fig-
ure 4.4). Due to the linear response this frequency can be used as a quartz internal
temperature equivalent [80].

fo = 3f; — f3 (4.1.6)
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Figure 4.3 — The temperature response of the C-1 fundamental mode f; and C-3
overtone mode f3 of a Be coated quartz crystal sample. While the fundamental
mode shows a minimum at 435 K, the third overtone mode shows a saddle point
at 360 K, as can be seen in the zoom box.
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Figure 4.4 — The beat frequency f, of a Be coated quartz crystal sample, mea-
sured from room temperature to 700 K. A nearly linear behaviour can be seen.
The dotted line shows a linear fit with a slope of Af,/AT = —21.5Hz/K.
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In order to perform the temperature compensation, the famous Sauerbrey equation
(equation 4.1.1) needs to be extended including also temperature changes, as can
be seen in 4.1.7 and 4.1.8.

Afy(m, T)  Af(m) AfK(T) Am  Af(T)
f10 f10 f10 mo f10

(4.1.7)

and:
Afs(m, T) _ Am N Af(T)

f 30 my f 30

(4.1.8)

This expansion includes both modes and the temperature dependence (index 1
for ground mode and index 3 for 3rd overtone mode, where '10" and '30" means
initial frequency at room temperature).

Due to the nearly linear temperature dependence of the beat frequency, f, can
be used as a temperature equivalent. A separate frequency versus temperature
measurement is nevertheless necessary, where no mass change occurs in order to
calibrate the frequency versus beat-frequency behaviour. A polynomial of degree
5 can than be used to fit this separate measurement for both eigenfrequencies,
according to equations 4.1.9 and 4.1.10.

£(T) = fi(fy) = Za x (fp)! (4.1.9)

f3(T) = f5(fy) = Zb[ (Fy)! (4.1.10)

Combining equations 4.1.7, 4.1.8, 4.1.9, 4.1.10 and expanding to mass change
rate finally leads to a temperature compensated mass change rate:

m [amu/s] = _ o [l (% _ Ah(h) )

t 2 | fip \ At At (4.1.11)
1 (AL Af(f)
30 ( At At )]

In principle a temperature compensated mass change rate can also be realized by
combining only equations 4.1.7 and 4.1.9 or only equations 4.1.8 and 4.1.10, but
an average over both modes can further increase accuracy.

Absolute temperature measurements of a quartz sample, e.g. with a thermo-
couple, have the disadvantage that it cannot be measured directly on the quartz
crystal, but only on the sample holder. This causes always a shift between the real
temperature of the quartz sample and the measured temperature via thermocou-
ple. The beat-frequency instead is directly measured at the quartz crystal sample
and allow a more precise temperature information. In principle this dual mode
technique makes measurement of the temperature, e.g. by means of thermocou-
ple, not absolutely necessary any more, if absolute values are not important [80].
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4.1.3 Classic Configuration

This chapter presents the classic configuration ot the TU Wien QCM technique
in order to evaluate sputtering yields. In this configuration the quartz samples are
directly hit by the primary particle beam. A thin film of sample material is de-
posited on one side of the electrodes of a quartz crystal sample, by using physical
vapour deposition (PVD), like magnetron sputter deposition or thermionic vac-
uum arc (TVA) techniques [85-87]. Thin film thicknesses of some 100 nm are
used in the classic QCM configuration, to fulfil equation (4.1.1). In figure 4.5
the schematics of the classic QCM configuration can be seen. A well defined ion
beam hits the surface of the quartz crystal disc under an angle of incidence «
and causes sputtering of the thin film, scattering as well as implantation into the
film. The resulting total change in mass can than be measured as a change in the
resonance frequency of the quartz crystals, according to equation 4.1.1.

ion beam

AN

sputtered particles

sample film
% scattered particles

 EEE— 4

| |

electronics L /] —— :}\

7 uartz crystal

| [/ | ‘ y
/7

gold electrodes

Figure 4.5 — QCM schematics in classic configuration. A quartz crystal disc is
operated in thickness shear mode (ground or overtone mode). On both sides gold
contacts provide good electrical conductivity to the electronics, which ensure that
the crystal oscillating at its resonance frequency. On one side of the electrodes a
thin film of the sample material is deposited. A scanned projectile beam hits this
film under an angle of incidence a causes sputtering of the thin film material,
scattering but also deposition/implantation of the projectiles. The resulting total
mass change can then be measured as a change in the resonance frequency of
the crystal.
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The ion beam needs to be scanned uniformly over the whole sample surface to
avoid inaccuracies, caused by the radial sensitivity of the quartz crystal. The
influence of the projectile beam diameter to the total sensitivity of the QCM
was evaluated by Dobe¥ et.al. [88] and Berger et.al. [89]. Above a critical beam
diameter of 7 mm the sensitivity of the quartz crystal becomes independent of
the beam size. A beam diameter of 5 mm reduces the sensitivity of the quartz to
about 90% [89].

Figure 4.6 shows a 3D computer aided design (CAD) drawing of the sample
holder used in this thesis, originally designed by B. Berger [89]. It is separated in
two sections: The upper part consists of a Faraday cup with secondary electron
suppressor and precise aperture, which allows a precise ion beam analysis. The
lower part includes the quartz crystal sample and an ohmic heating system, to
operate the sample at elevated temperatures or for TDS measurements. A K-type
thermocouple (TC), mounted laterally on the sample holder, allows to evaluate
the temperature.

dovetail mounting

faraday cup
aperture

suppressor

quartz crystal

quartz connector ]
~— TC fixing point

<——ohmic heating

Figure 4.6 — QCM sample holder. This sectional drawing through the symmetry
plane reveals it's main parts. It is separated in two sections: |: A Faraday cup
with secondary electron suppressor and precise aperture for ion beam analysis.
[I: The quartz sample holder including an ohmic heating equipment. A K-type
TC is mounted on one side of the holder. Both sections are accessible by linear
movement of the sample holder in the z-direction. The dashed line indicate the
rotation axis a, which runs exactly through the center of the quartz sample as
well as the aperture of the Faraday cup.
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Figure 4.7 shows a 3D-CAD drawing of the whole experimental setup, built
and used during this thesis. High vacuum conditions are ensured by using a
ConFlat (CF) flange system in combination with turbomolecular pumps and en-
sure a base pressure of 10 mbar after baking. Different electron impact ion
sources were used during this thesis, where the latest setup is shown in figure 4.7.
The ion sources provide energy ranges from E;, = 100eV — 5keV up to a flux
of ® ~ 108 m—2s",

ion source
gas supply

Wien filter

—_—

lens and scanning system QCM sample holder

Figure 4.7 — Experimental setup. This 3D-CAD drawing shows the whole experi-
mental setup built up during this thesis. A CF flange system in combination with
turbomolecular pumps ensure a base pressure of 10~° mbar. A sputter ion source
(Specs IQE 12/38 with Wien filter) provides a mass separated ion beam, with
a maximum flux of ® = 10'"® m=2s~!. The included lens and scanning system
allows aligning and forming of the ion beam. A XYZa manipulator allows precise
positioning of the sample holder.

4.1.3.1 Measurement Procedure

By using a Faraday cup, embedded in the sample holder (see figure 4.6), the ion
beam shape and flux ® is evaluated. The ion current / in the Faraday cup is read
by using a Keihtley 6485 picoamperemeter. Including the charge state of the ion
beam g and the size of the Faraday cup aperture Arc the ion beam flux & is
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evaluated, according to equation 4.1.12:

/
= —— 4.1.12
A eq cos(a) ( )

where e corresponds to the elementary charge. By lateral displacement of the
sample holder in y and z direction in mm steps, the shape of the ion beam is
measured. The ion beam is adjusted so that the ion current fluctuates less than
10% over the entire scanning range. Any deviations are included in the error esti-
mation. The Faraday cup can only be used under normal incidence, therefore the
desired angle of incidence « for the sputtering measurements must be included in
the ion beam flux evaluation.

After successful adjustment of the ion beam, the quartz sample (see figure 4.6) is
moved into the ion beam and the frequency change evaluated. Since during irra-
diation of the sample no measurement of the ion beam is possible, the ion beam
flux is checked before and after every irradiation step. For sputtering yield eval-
uation, according to formula 4.1.3 both ion flux measurements are averaged and
assumed to be constant during irradiation. Any deviations between both ion flux
measurements are included in the error estimation as maximum error propagation.

Figure 4.8 shows a QCM sputtering yield measurement, where an Ar* ion beam
with an energy of Ei;, = 500eV hits a Au quartz sample under normal inci-
dence. During the beam on phase (t = 200s — 800s) a constant rise in the
resonance frequency can be seen, which is equivalent to a mass loss, according to
equation 4.1.1. By including the ion beam flux & the sputtering yield Y can be
calculated.

Using the fundamental mode lead to a sputtering yield of Yoy = 2.724+0.18 Au/Ar
and by using the or the third overtone mode a sputtering yield of Y3 = 2.70 +
0.17 Au/Ar could be measured. Both modes provides very similar sputtering yields,
but absolute changes in the resonance frequency are three times higher in using
the third overtone mode. This result also shows very nicely that Sauerbreys equa-
tion 4.1.1 holds also true for the third overtone mode.
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Figure 4.8 — QCM Ar on Au sputtering yield measurement, showing the frequency
response over time. A kinetic energy of 500eV was used to bombard an Au coated
quartz crystal under normal incidence. The ion beam was activated at t = 200s
and deactivated at t = 800s, where a continuous increase of the resonance
frequency of the fundamental (C-1) mode (green solid line) as well as the 3rd
overtone (C-3) mode (blue dashed line) is visible. The slope Af/At during the
beam-on phase and the ion beam flux ® is used to evaluate the sputtering yield
Y.

4.1.4 Catcher Configuration

In the catcher configuration the quartz sample is used to capture sputtered par-
ticles, originating from a sample, which is hit by a particle beam. This technique
allows to perform sputtering experiments with nearly any targets. A big advan-
tage here is that the sample material no longer has to be deposited directly onto
the quartz crystal and therefore thicker samples with high roughnesses can be
examined. Also direct measurement of sputtered particles distributions is possible
with this technique. On the other hand data evaluation is more difficult compared
to the classic configuration, presented in section 4.1.3 [90].

The setup configuration is identical as shown in figure 4.7. Except in the catcher
configuration the sample holder is used to hold an arbitrary sample, which fits
into it. Additionally a catcher-QCM is mounted on the side, as can be seen in
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figure 4.9. The surface of the catcher-QCM is aligned parallel to the ion beam
(x-axis in figure 4.9 and 4.7). The distance d from the catcher-QCM surface
to the center of the sample holder, as well as the relative position Ax from the
center of the catcher-QCM to the center of the sample holder can be adjusted by
manipulators (compare with figure 4.9).

Ax
X NV
a ey
y < d catcher - QCM
X by :R ion beam

sputter target

ion beam

d

Figure 4.9 — QCM setup in catcher configuration, as schematics and 3D-CAD
drawing. A sputter target of any kind is placed in the sample holder of the classic
configuration. The ion beam hits the target under an angle of incidence a. The
catcher QCM is positioned at a distance d from the sputter target. By varying
the relative position Ax a sputtered particles distribution can be evaluated. The
surface of the catcher - QCM is always aligned parallel to the ion beam axis
(x-axis).

An ion beam hitting the sample under a certain angel of incidence o causes sput-
tering of the sample material as well as scattering of the projectiles. Sputtered
particles stick on the catcher-QCM and cause a decrease of the resonance fre-
quency, but on the other hand scattered projectiles might cause sputtering of
the catcher-QCM, reducing the QCM signal. this needs to be included in data
evalaution [90].

The so called catcher yield Y. is equivalent defined as equation 4.1.3, with the
difference, that the ion beam scanning area is included here, as can be seen in
equation 4.1.13.
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Y. [amu/projectile] = (4.1.13)

Considering the solid angle Q) this value can also be regarded as differential sput-
tering yield, where Q) can be defined by the relative position Ax and d, as well as
the distorted catcher surface area A. (equation 4.1.14).

Ye

SR — 4.1.14
Q(Ax, d, A) (4.1.14)

Yac[amu/projectile/sr] =

Figure 4.10 shows an ideal catcher yield distribution, where a uniform sputtered
particles distribution is assumed. The distribution shows a maximum at Ax =
0 mm and a decreasing signal in both Ax directions, due to the increasing distance
and the decreasing or distorted relative catcher surface (compare with figure 4.9).
The decreasing signal strength in both Ax directions can be compensated by
taking into account the active solid angle (), at which sputtered particles can be
captured with the catcher QCM. However, the decrease in sensitivity with higher
delta x values must be remembered.

1.0 .
- :
: 2
£ 08 [ Hos =
J— ()]
E B
5 : 5
E 06 : 0.6 =
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: >

04 Fo 1 o 1 o 1 o1 1 o1 .1 .04
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Figure 4.10 — Ax dependence of an ideal modelled and normalized catcher yield,
assuming a perfect uniform sputtered particles distribution. The maximum at
Ax = 0mm and the decreasing of the signal in both directions is related to the
increasing distance and distortion of the catcher QCM surface. At =8 mm the
signal drops below 60%. By taking into account the solid angle Q at which
the sputtered particles can be captured, the drop in both Ax directions can be
compensated.
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To evaluate an absolute sputtering yield one needs to integrate the catcher yield
over the hemisphere, according to equation 4.1.15.

Y[amu/projectlle]z/ YacdQ (4.1.15)

27

Unfortunately experimental setup limitations do not allow evaluating catcher yields
Y, at every position over the entire hemisphere above the sample. Additionally it
must be remembered that the QCM technique measures total net mass changes,
which includes also sputtering due to scattered projectiles, hitting the catcher
surface.

Two different approaches were used to evaluate absolute sputtering yields via the
catcher QCM method. It has proved practical to carry out comparative measure-
ments, by using two QCMs simultaneously, where one is used in classic configura-
tion and irradiated directly. This allows to extract absolute sputtering yields and
compare them to the catcher yields. This reveals an ratio g for every Ax position,
as indicated in equation 4.1.16 [90].

y
98 = VAN

(4.1.16)

By switching to a sample with unknown roughness but the same material, one
can now measure again the catcher yield Y. in dependence of Ax and estimate
the original sputter yield Y by using the parameter g.

Another approach is to perform a signal reconstruction procedure, by using MC-
BCA sputter modelling codes, like SDTrimSP or TRI3BDYN. Here a modelled
sputtered and scattered particles distribution is used and the attempt made to
reconstruct the catcher yield signal Y.. This procedure is explained in more detail
in section 4.1.4.2.

4.1.4.1 Measurement Procedure

The measurement procedure is very similar to the classic configuration (chap-
ter 4.1.3.1. At first the ion beam is adjusted and characterized by using the
Faraday cup, included in the sample holder (compare with figure 4.6). After ad-
justing the ion beam scanning area As and the ion flux ® the sample holder is
moved to the measuring position, where the ion beam can hit the sample under a
certain angle of incidence a. The catcher-QCM is placed at a constant distance
d, where the catcher yield Y. is measured. By varying the relative position Ax
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the catcher yield distribution can be evaluated. To avoid additional dynamic ef-
fects due to different material sticking the coating of the catcher quartz crystal is
chosen equal to the sputter target.

4.1.4.2 Reconstruction of the QCM catcher measurements

Through the use of a correct sputtered and scattered particles spacial-distribution
fsp the QCM catcher signal can be reconstructed. These distributions can come for
example from a mathematical description, by, for example Sigmund et al. [61] or
alternatively from MC-BCA sputter modelling codes, like TRIDYN, TRI3DYN or
SDTrimSP as presented in chapter 3 (for more details see also reference [45,90]).
The precise setup configuration need to be taken into account, which can be
seen in figure 4.9. This includes the angle of incidence of the ion beam «, the
catcher distance d, ion beam scanning along the x and y coordinates and also
the sensitivity s of the quartz crystal. The QCM-catcher signal Y. can then be
calculated for every Ax position according to formula 4.1.17:

Ye(Ax, a, d) = Ye catched (DX, &, d) — Ye sputtered(AX, @, d) (4.1.17)

Yecatched is the yield of catched sputtered particles and Y. s,u¢tereq the sputter
yield at the catcher, caused by scattered projectiles from the ion beam.

Yecatehed(Ax, a, d) = / / fsp.sputtered(Q, Ax, x, y)s(Q, a, d)dxdydQ
x,y JQ
(4.1.18)

Yc,sputtered(AXr a, C/) = / / Fsp,scattered(Q, AX, X, U)S(Q, a, C/)C/XC/yC/Q
x,y JQ
(4.1.19)

Fsp,sccattered(or AX: X, U) - / fsp,scattered(or AX: X, Y, E) : Ysp(E)dE (4120)
E

Ye,catched and Y¢ sputtereq are calculated according to formula 4.1.18 and 4.1.19.
The quartz sensitivity s corresponds to a Gaussian function, decreasing radially
outwards from its center [89, 91].
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At a given QCM catcher position, the spacial distribution f,, is weighted with the
radial sensitivity of the quartz s and numerically integrated over solid angle (),
as well as the ion beam scan area along x and y. For Y. s,uttereq, the energy and
therefore the sputtering of the catcher surface by the scattered particles is included
in the spacial distribution Fs, scattered, as can be seen in equation 4.1.20. The
energy dependence of the sputtering yield Y;,(E) can be evaluated via a separate
modelling, assuming a pure and flat sample surface.

As can be seen in equation 4.1.18 the assumption was made, that every sputtered
particle hitting the catcher QCM is catched, which is equivalent to a so called
sticking coefficient equal to 1. This assumption is reasonable if on top of the
catcher QCM a layer of the same material is deposited as of the sputter target [45,
90].

4.2 Sample Analysis Methods

Pre and post sample analysis methods, used in this thesis will be presented here.
Precise surface morphology information as well as elemental depth information
are essential in order to perform precise sputter modelling and to compare the
outcome of experiments to the sputter modelling.

4.2.1 Surface Morphology Evaluation Techniques

Commonly available methods were used to evaluate surface morphologies. Optical
instruments like confocal microscope (CM) give a quantitatively overview over a
certain surface, but lack in resolution due to the use of light. The used apparatus
(usurf explorer, Nanofocus Labs) allows the measurement of structure sizes down
to 0.7 ym.

For nm-size resolution atomic force microscope (AFM) measurements are well
suited and allow extraction of precise height h(x, y) information at every point
X, y along a certain range of the surface. This information can then be used to
evaluate precise roughness informations (see section 4.2.1.1. During this thesis a
Cypher AFM (Oxford Instruments) was used.

AFM measurements are suitable to roughness values up to R, ~ 150 nm (defi-
nition according to equation 4.2.1). Higher roughnesses or nanostructures with
overhanging surface structures cannot be measured with this technique.

In this case, scanning electron microscopy (SEM) measurements are more suit-
able and allow imaging conductive surfaces independent of roughness [92]. This
method allows to create a very high contrast image of the surface, but it is not
possible to extract precise roughness values from it, as with the AFM method.
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In combination with a focused ion beam (FIB) this technique allows also to cut
through the surface, by using a Ga ion beam with =~ 30 keV, revealing possible
underlying structures. By using a powerful image analysis programs such as 'Im-
agel', surface structure sizes as well as underlying structure sizes (revealed via
FIB-cut SEM) can be assessed [93].

Different SEM instruments were used during this thesis and were thankfully per-
formed at the HZDR and the FZJ.

4.2.1.1 Surface Roughness

During this thesis the root mean square roughness (RMSR) R, is mainly used,
where its definition can be found in equation 4.2.1.

n,m

Z (h(xi, y;) — F)z (4.2.1)
i

R, =
q n-m

h(x, y) corresponds to the height information at every point x, y and n, m cor-
respond to the number of data points along the lateral x and y directions. h is
the arithmetic mean value of the height. The size of the measured surface must
be chosen big enough to get a usable R, value.

4.2.1.2 Inclination Distribution

In addition to the roughness, the so-called inclination distribution can be deter-
mined. By calculating the two-dimensional slope at every point x, y, the local
impact angle © can be evaluated (see equation 4.2.2).

el
V= 2, ar v=1V| ©=tan'(v) (4.2.2)
dx dy

A one-dimensional distribution in the form of a histogram can be evaluated by a
statistical analysis of each local impact angle ©. The maximum and the full width
half maximum (FWHM) can then be extracted.

These parameters in combination with the roughness value R, can describe a sur-
face already quite well, but it must be noted, that any kind of preferred orientation
of surface pattern is not included here. However, these parameters were sufficient
for the measurements carried out during this thesis.
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4.2.2 Elemental Depth Evaluation Techniques

4.2.2.1 Sputter-XPS

To evaluate depth dependent elemental composition of the samples, different
techniques were used. X-ray photoelectron spectroscopy (XPS) is a highly surface
sensitive technique and allows next to the elemental composition measurements
also determination of molecular binding informations of a surface. For gaining
depth dependent information, sputtering is used (mainly by using Ar ions at keV
energy), to 'dig’ into the sample (sputter-XPS). Unfortunately this process can
already influence the sample-composition and falsifies the outcome of this mea-
surement technique. Evaluating the actual depth under the surface is done by
assuming a constant sputtering yield, which is imprecisely for a mixed elemental
sample. The sputter-XPS measurements presented in this thesis were performed
at the Analytical Instrumentation Center (AIC) at TU Wien. A custom SPECS
XPS system with a monochromatized Al K-alpha source (pFocus 350) and a wide-
angle lens hemispherical analyser (WAL 150) was used here. For depth profiling
a SPECS sputter ion source was used with 3 keV Ar'* ions.

4.2.2.2 RBS

Rutherford backscattering spectroscopy (RBS) is a powerful ion beam analy-
sis (IBA) tool for investigating film thicknesses and determining elemental com-
positions. It is a non-destructive measurement technique due to the use of low
mass MeV ions and low flux. The energy of the backscattered ions are measured
and due to their energy loss, caused by electronic stopping and the reasonable as-
sumption that each ion scatters elastically and only once with a target atom, very
accurate elemental depth informations can be obtained [94,95]. RBS uses mainly
“He ions to ensure backscattering, which means that the momentum transfer to
elements with higher masses, or Z number is worse, causing a higher reflection
yield and therefore a better signal. This means in turn that RBS has a low sen-
sitivity to low Z materials. Especially the determination of oxide-layers at the
surface is difficult or the evaluation of the amount of hydrogen and its isotopes
in a sample cannot be measured at all [42,94,96]. RBS measurements presented
in this thesis were performed at the IPP in Garching, Germany, where a tandem-
accelerator with a 3MeV *He'* beam was used.
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4.2.2.3 TOF-ERDA

Another used IBA technique is elastic recoil detection analysis (ERDA). It is
based on the RBS technique but here heavy ions are used and the recoiled atoms
analysed [94,97]. This analysis can be done by using a time of flight (TOF)
detector in combination with an energy detector as reported in [98]. Advantageous
of this technique is the capability to determine the amount of low Z materials in
thin films with high precision [97]. The TOF-ERDA measurements shown in this
theses were performed at the Angstromlaboratoriet at the University of Uppsala,
Sweden. There a 36 MeV 2|8+ beam was used, impinging the sample surface
under an angle of incidence of 67.5° (with respect to the surface normal), where
the recoiled atoms were measured in forward direction under the same angle of
incidence. A detailed description of the setup can be found in references [98,99].
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Results on the Erosion of W and Fe Films

The contents of the following chapter have been partially
published in reference [44].

In this chapter the results of the erosion of W and Fe films under Ar and D
bombardment are presented (section 5.2). The influence of a surface roughness
in the nm range and an native oxide layer on the sputtering of Fe under Ar
bombardment is investigated in more detail and compared to SDTrimSP (1D and
2D) (section 5.3).

5.1 Preface

In a future fusion power plant, tungsten is foreseen as a PFM and tungsten-
containing steels, such as EUROFER, are considered as possible alternatives for
recessed areas PFCs in the reactor vessel [100]. Experimental investigations of
Fe-W films (with 1.5at.%W), which are used as model system for EUROFER
(nominally 0.33 at.%W), showed a significant reduction of the erosion yield dur-
ing low energy ion bombardment [101]. The decreased erosion rate was explained
by surface enrichment of W, provoked by preferential sputtering of Fe (see also
chapter 6 for more details). Additionally, changes in the surface structure due
to erosion were measured [42], which also influence the sputtering behaviour. To
separate the effect of surface enrichment of high Z materials from the effect of
surface structure modifications, sputtering experiments with pure Fe- and W-films
were performed and the influence of changes in surface morphology on the sputter
yield due to prolonged ion erosion was investigated.

Simulations (e.g. [60]) and theoretical descriptions (e.g. [61]) of sputtering often
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only take perfectly flat surfaces into account. This is however an idealization, and
although it is possible to produce reasonably flat films for some materials, this
assumption will often lead to discrepancies with realistic experimental conditions.
A more detailed modelling of this situation with improved codes is necessary to
take into account effects like shadowing (especially with grazing ion incidence,
some parts of the surface are not directly accessible to the ions) and also rede-
position of sputtered particles (compare with figure 2.3 in chapter 2). For this
reason, the SDTrimSP-2D code was tested to make an attempt to include the
actual surface structure in the sputtering simulations and to test its performance
by comparing the results of the simulations to the experimental data [44,72,102].

5.2 Literature Data of Sputtering of Fe and W surfaces
and Comparison to SDTrimSP-1D

Figure 5.1 summarizes literature data of sputtering yields of W and Fe under nor-
mal incidence Ar and D irradiation as well as sputtering data evaluated during this
thesis and obtained by using the classic QCM technique (red circles inf figure 5.1).
Apart from this a comparison with modelling with the 1D version of SDTrimSP
is shown, where pure elemental samples and a flat surface were assumed. One
can see that absolute values of sputtering yields differ between the experiments by
more than a factor of 2 and also the agreement to modelling with SDTrimSP-1D is
moderate, which once again points out the necessity to improve the modelling.

5.3 Ar Irradiation of Fe and Comparison to SDTrimSP-2D

In this section a detailed comparison of experimental sputtering of Fe films with the
code SDTrimSP-2D was performed. In section 5.3.1 the experimental approach
will be presented in detail, including a precise analysis of the sputtering sample.
Section 5.3.2 presents the modelling method using the 2D version of the code
SDTrimSP, where also the novel approach is shown to include a real 2D surface
morphology into a 1D line-surface as input for the code. Finally section 5.3.3
compares the results and presents the performance of the code SDTrimSP-2D.

The main parts of chapters 5.3 and 5.4 have been published in reference [44].
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Figure 5.1 — Energy dependence of the sputtering yield for Fe (left image) and W
(right image) for D (green) and Ar (blue) irradiation under normal incidence and
comparison to literature data as well as to static simulations with SDTrimSP-1D
(solid lines). The red circles highlight the experimental results obtained with the
classic QCM technique during this thesis [83,103-114].
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5.3.1 Experimental Approach

The measurements have been performed using the classic QCM setup (chap-
ter 4.1). The investigations here concentrated on mono-energetic Ar ions of
500 eV hitting on an Fe-coated QCM sample. Ar will be used as, so-called, seed-
ing gas in fusion reactors like ITER, to avoid local overheating of the PFCs by
radiative cooling [30]. Additionally Ar — Fe sputtering yields are significantly
higher than D — Fe sputtering yields, making Ar'* projectiles ideally suited for
the experiments. This can also be seen in figure 5.1.

Typically 400 nm thick Fe films were deposited onto polished quartz crystals, by
using a magnetron sputter deposition device at IPP Garching, Germany. As the
samples were exposed to atmosphere, the presence of an oxide layer on the Fe
film was assumed. Therefore one of the Fe samples was analysed by sputter-XPS.
Sputter depth profiling via Ar-ion sputtering in combination with XPS was used to
obtain the quantitative elementary analysis as a function of depth (see chapter 4,
section 4.2.2.1 for setup details).

100
i 85% Fe
P @o-——————=-4
— 80 | Pons® -
TP
9, !
§ O
B P51%Fe
t 40 E36%0
e i
S 20 .‘: 5% N

0 20 40 60 80 100

depth below surface [nm]

Figure 5.2 — Elemental depth profiles of a virgin Fe sample as determined by
Sputter-XPS. The estimated error of the data points is 10%. The XPS analysis
of the Fe-film as function of depth shows a significant oxide layer on top of the
sample [44].

XPS results are shown in figure 5.2 and reveal a high concentration of O at the
surface indicating a native oxide layer as expected. Long term depth profiling
shows that the Fe concentration finally reaches 85% in the bulk of the film but
significant concentrations of O, N and C are still detected in the XPS spectra.
In section 5.3.2 it will be shown, that for the simulations it is essential to take

50


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hu

the actual elemental composition into account. The evolution of the sputtering
behaviour of the Fe model films under Ar ion bombardment was then investi-
gated at the specific angle of incidence of a = 60° and in dependence of the
bombarding ion fluence (results are shown in section 5.3.3). Measurements were
performed at an Ar base pressure of 1 x 10~/ mbar, reaching an Ar ion flux of
® x~ 5 x 10m=2s~". AFM images of the Fe-coated quartz crystal samples
were taken before and after prolonged irradiation (see figure 5.3). On the initial
surface, nano-scale structures are visible (figure 5.3a) that significantly change
during the ion bombardment. After applying a total Ar fluence of 8 x 10%' m—2
under an angle of incidence of 60° a structure aligned int the direction of the
incoming projectiles is observable (figure 5.3b).

Figure 5.3 — AFM images of the target before (a) and after (b) prolonged Ar ion

irradiation with a total fluence of 8 x 102" m=2 reveal a change of the surface

morphology. An initial nano-scale structure, with no preferred orientation on an
unirradiated sample transforms into a structure clearly aligned in the direction of
irradiation (indicated by a white arrow) [44,115].

5.3.2 Modelling with SDTrimSP-2D

The two-dimensional MC-BCA code SDTrimSP-2D, developed at the IPP, was
used here and allows to make an attempt of including a line surface structure into
an SDTrimSP erosion simulation [72].

This is realized by expanding the geometrical description from layers to a grid,
where the cells of this grid can either be vacuum or solid. Modification of these
cells are calculated from the material transport following the collision cascades.
Surface cells can grow and shrink based on the transport of target atoms and
thus a change in the surface morphology can be simulated (for more details of
the codes underlying principle see chapter 3).

The surface topography of the Fe films, measured via AFM (figure 5.3), was used
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as an input for SDTrimSP-2D. But the AFM images in figure 5.3 clearly show a
structure that cannot simply be reduced to two dimensions without loosing in-
formation about the surface. If only one line of (x, z)-coordinates of the AFM
image were taken, for example, the surface would appear much flatter because
any additional tilt in the y-direction would be ignored. Therefore an initial two
dimensional target was defined which has the same R, roughness value as the real
sample and the same distribution of the “local impact angles ©", or inclination
distribution (compare with section 5.3.3). This distribution shows the frequency
of impact angles between the local surface normal and projectile incidence di-
rection (compare with figure 2.3 in chapter 2). A model target consisting of 10
initial layers with different concentrations of Fe and O according to the elemen-
tal composition obtained from the XPS measurements (figure 5.2) was created.
Additionally the compound option in SDTrimSP-2D was used to account for the
density and surface binding energy for iron(l11)-oxide (data taken from [66]). The
final target surface used as the starting point for the SDTrimSP-2D simulations
is shown in figure 5.4a, where the color scale indicates the O concentration.

Using this model target, SDTrimSP-2D simulations with 500 eV Ar under 60° were
performed. The fluence dependence of the sputtering yield as well as the change
of the surface morphology during prolonged ion irradiation was simulated. Also
the angular dependence of the sputtering yield before and after these irradiations
was investigated. The results of these simulations are presented hereinafter and
compared to the experimental data.

5.3.3 Comparison of Experimental Results to SDTrimSP-1D and
SDTrimSP-2D

Figure 5.5 presents the measured fluence dependent sputtering yield of the Fe
coated QCM sample at 500 eV Ar ion irradiation under an angle of incidence
of 60°. The sputtering yield increases from 0.7 Fe/Ar to 1.5Fe/Ar and reaches
steady state after an Ar fluence of about 2 — 3 x 10? m~2. It needs to be noted,
that the QCM technique allows measuring the total mass change rate only. The
resulting mass change rate is then divided by the molar mass of Fe to scale it to
the sputtering yield of Fe [113].

The observed initial strong change of the sputtering yield is due to the removal
of an oxide layer on top of the sample, while changes at higher fluences can be
attributed to the change in surface morphology/roughness. The SDTrimSP-1D
simulation assuming a target with pure Fe shows no fluence dependence and a
constant sputtering yield of 2.2 Fe/Ar, which is higher than the actual measure-
ments. A detailed analysis of our simulation results show that the main reason
for this discrepancy can be found in the C, N and O concentrations of the sample
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Figure 5.4 — (a): The line-surface model used as input for the SDTrimSP-2D
simulations. The color code represents the O concentration. The x-axis repre-
sent the lateral position along the surface and the z-axis the depth, relative to
the unirradiated surface. The surface was defined to have the same inclination
distribution and R, roughness as measured via the AFM image in figure 5.3.
(b): After irradiation with 500 eV Ar ions up to a fluence of 8 x 10°' m~2 im-
pinging under an angle of incidence of 60° from the right (in -x direction), the
simulations show a smoothening of the surface consistent with the experimen-
tal data presented in figure 5.3. Additionally oxygen depletion at the surface
occurs [44].

53


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

neglected in this 1D simulation. If the SDTrimSP-1D simulation includes the ele-
mental depth distribution, as measured with sputter-XPS, the resulting sputtering
yield is closer to the experimental data, but still too high and the transient effect at
very low fluences is not well reproduced. It should be noted, that the 1D version of
SDTrimSP (version number 5.07) is not able to include iron-oxide compounds for
a given elemental depth distribution, which could be a reason for the overestima-
tion of the sputtering yields even in steady state. The SDTrimSP-2D simulation in
addition also includes the initial surface morphology and all dynamically changes
during simulated ion irradiation, which leads to very good agreement with the
experimental data. Both the steady state sputtering yield of 1.5 Fe/Ar as well as
the transient effects at very low fluences are very well reproduced [44].

23 I_ SDTrimSP-1D (pure Fe) 2.2Fe/Ar
'g‘ 20 S.IiTrimSP—lD (with comp.) 2.05Fe/Ar
© 1.55+0.2 Fe/Ar
51.5 _—.——————
.‘-ﬁ, SDTrimSP-2D 1.46 Fe/Ar
< 1.0
= a = 60°

05 p

L I I I

fluence [10?'ions/m?|

Figure 5.5 — Measured fluence dependence of the sputtering yield for 500 eV Ar
ions bombarding an iron film under an angle of incidence of 60° (thick blue line).
The increase of the sputtering yield at low fluences corresponds to the sputtering
of the oxide layer. The dotted and dashed lines represent numerical simulations
with SDTrimSP-1D and 2D. Taking into account the actual elemental composi-
tion of the target improves the 1D simulation (red dotted line) somewhat. By
including the surface morphology in a SDTrimSP-2D simulation (thick red dashed
line) the agreement with experimental results is substantially improved [44].

In figure 5.6 experimental data for the measured and simulated Fe sputtering
yields as a function of the ion impact angle o are compared for two cases: The
green triangles show the situation of the initial target. In addition to the full
dynamic SDTrimSP-2D results (solid lines) also data obtained with the 1D version
of SDTrimSP are compared, assuming a pure and perfectly flat Fe target (blue
dotted line), as well as including the elemental depth concentration of the sample
(red dotted line). Neither the absolute value nor the qualitative characteristic
of the angular dependence can be reproduced correctly with the 1D simulation,
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while agreement with the 2D version is excellent. It is interesting to see that
SDTrimSP-2D predicts even at gracing incidence angles high sputtering yields,
but this could not be confirmed due to limitations in the experimental setup.
After a total Ar fluence of 8 x 10" m~2, applied under an angle of incidence of
60°, the agreement with SDTrimSP-2D remains excellent. Here the SDTrimSP-
1D simulation, which includes also the elemental depth composition but assumes
a flat surface, gives a good qualitative agreement with the measurement, but the
absolute values of the sputtering yield are too high. The more pronounced angular
dependence of the sputtering yield after applying the fluence of 8 x 102" m—2
indicate an ion induced smoothening of the surface, which is confirmed by the
AFM measurements (figure 5.3) [44].

L Bt O SDTrimSP-1D
— 20 | SDTrimSP-1D K5 ‘_...,:“(With comp.)
CE) : . (pure Fe) "“‘ “‘.‘ ’e”
4('_‘; ““ "‘ “
<L fee0r ““‘ “
~ L “‘ ] ) .‘
i 1.0 APEL ',y SDTrimSP-2D .
— L after .
2 vV (aften)
- SDTHmMSP-2D %
3 (initial) ‘.‘
Yo PO R N EU U E B O N

0 10 20 30 40 50 60 70 80 90

ion impact angle o [°]

Figure 5.6 — The green triangles give the measured Fe sputtering yield as a
function of nominal impact angle for the initial target surface. A simulation with
SDTrimSP-2D (green curve) which includes both the measured surface roughness
(from AFM) and elemental composition (from XPS) fits the experimental data
better than a static 1D simulation with SDTrimSP assuming a flat surface and
a pure Fe target (blue dotted curve). The agreement remains excellent when
comparing the experimental data for the Fe film (red inverted triangles) irradiated
with a total Ar fluence of 8 x 10"m~2 with a fully dynamic SDTrimSP-2D
simulation starting from the initial situation given in figure 5.4a. The SDTrimSP-
1D simulation, which includes also the elemental depth composition with a flat
surface (red dotted line) show a good qualitative agreement, but the absolute
values are too high [44].

The root mean square (RMS) roughness R,, evaluated from the AFM measure-
ments, shows a decrease from 5.2 nm (figure 5.3a) to 3.5 nm (figure 5.3b). The
RMS roughness value R, from SDTrimSP-2D gives 3.6 nm (figure 5.4b) and
confirms the AFM measurements also very well. This smoothing can better be
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quantified by the inclination distribution ©. This distribution can be evaluated
also from the AFM data and a comparison between this distribution of angles
before and after irradiation is shown in figure 5.7 [44].

"after 8 x102' m~?

o
oo

o
o

©
~

distribution [a.u.]

o
()

inclination © [°]

Figure 5.7 — The inclination distribution © (i.e. the angles between the direction
of the incident projectile and the local surface normal) as derived from the AFM
images in figure 5.3, show a shift towards lower angles and a decrease in width
after ion irradiation under 60° and up to a fluence of 8 x 102 m~2. The dashed
lines show the results of numerical simulations with SDTrimSP-2D [44].

The inclination distribution of the initial rough surface has a peak at around 20°
and is rather broad, with a FWHM of 28°. The distribution after irradiation has a
peak at 2° and a FWHM of 4°. As a perfectly flat surface would be represented by
a delta distribution at 0°, the surface can be interpreted as much smoother after
the ion irradiation. Figure 5.7 also shows the initial local angular distribution of
the unirradiated model surface for SDTrimSP-2D (figure 5.4a), which was chosen
to match the real surface, evaluated with AFM (figure 5.3a). After a simulated
irradiation with Ar by 8 x 10?' m~2 under 60°, the calculated angular distribution
narrows to a FWHM of 4° and has its maximum also at 2°. The smoothing
is thus confirmed by SDTrimSP-2D. The remaining small discrepancies between
measurement and simulation are probably due to the two dimensional approach.
The missing extra dimension reduces possible local impact angles in this dimension,
so the local impact angle statistics show also a peak at 0° [44].
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5.4 Summary and Outlook

Sputtering experiments of W and Fe samples under Ar and D ion bombardment
have been performed by using the classic QCM technique and compared to BCA
simulations with the code SDTrimSP-1D. The moderate agreement between ex-
periments and modelling shows that simulations need to be improved by taking
into account surface morphologies and accurate elemental depth informations.
Therefore, the erosion of Fe films under 60° ion bombardment was investigated
in very detail and compared with the new code SDTrimSP-2D, which allows to
include a line surface.

Monoenergetic Ar ions at 500 eV/Ar were used for prolonged irradiation of the
samples under an angle of incidence of 60°. Sputter XPS measurements of the
unirradiated samples revealed a clear oxide layer on top and an Fe concentration
of only 85% with substantial impurities of O, N and C in the bulk. AFM mea-
surements before and after irradiation with a total Ar fluence of 8 x 102" m—2
reveal information about the change in surface morphology, R, roughness and
the inclination distribution. A clear decrease of R, as well as the width of the
inclination distribution could be observed. Additionally nano-scale structures, ori-
ented in the direction of the incident ion beam could be seen. SDTrimSP-1D
simulations assuming a pure elemental target and a perfectly flat surface were
not able to reproduce the sputtering behaviour. Including the elemental depth
composition into SDTrimSP-1D improved the qualitative agreement at least for
the angular dependent sputtering behaviour of the irradiated sample. Only by
considering the actual surface structure and elemental composition, including the
correct compound information in an SDTrimSP-2D simulation, a close agreement
between simulation and experiment could be achieved. It could be shown, that
rather small R, values in the nm range have already a severe influence on the
absolute sputtering yield [44].

While a two dimensional modelling with SDTrimSP-2D is already quite successful,
a full 3D code, called SDTrimSP-3D is under development at IPP and promises
even better results [75]. With this code it should be possible to simulate effects
like formation of ripple-like structures and to investigate their influence on the
sputtering behaviour. As an alternative the full 3D code TRI3DYN is already
available and its performance will be presented in the following chapter 6.
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Results on the Erosion of Fe-W Model Films

The contents of the following chapter have been partially
published in references [43] and [42].

In this chapter a detailed comparison between the QCM erosion measurements
for Fe-W model films under D ion bombardment and simulations using the code
TRI3DYN is presented. These Fe-W films serve as a model system for W con-
taining steels, like EUROFER, which could be an attractive and cost efficient
alternative to a full W main chamber first wall in a future fusion device [116,117].

Furthermore, these experimental erosion measurements allow a detailed bench-
marking of the full 3D-MC-BCA code TRI3DYN.

6.1 Experimental Data

The experimental results used for benchmarking the code TRI3DYN have been
obtained at TU Wien and partially already presented in [42]. In the following the
experimental procedure and main results are summarized. Sample preparation and
initial analysis was done at IPP Garching within the EUROfusion work package
on plasma-facing components [38,42]. 670 nm thick films of Fe-W, containing
nominally 1.5at.%W, were deposited onto several quartz crystal discs by using
magnetron-sputter deposition with multiple targets.

The samples were then analysed via RBS measurements (see chapter 4, sec-
tion 4.2.2.2 for details) confirming the thickness and a W concentration of 1.5 at.%.
The RBS data, however, also showed an oxygen amount of 1.5at.% (the results
are summarized in table 6.1) [42]. Independently, the elemental composition of
the films as a function of depth were determined by sputter-XPS measurements
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performed at the AIC of TU Wien (see chapter 4, section 4.2.2.1 for details).
Sputter-XPS results are shown in figure 6.1. Beside a clear oxide layer in the
topmost few nanometers, oxygen as well as some impurities like C and N are also
found in the bulk of the sample. AFM images of the virgin samples can be seen
in figure 6.2(a), taken from [42]. The images presented here have a lateral reso-
lution of 200 x 200 pixels with a scan size of 389 nm x 389 nm. The surface of
the freshly deposited film displays a grain like structures with a length of about
200 nm and a root-mean-square roughness of 3.2nm [42]. Sputtering experi-
ments have been performed by using the classic QCM technique (see chapter 4.1
for details). A sputter ion source provided a D ion beam with 250 eV/D, where
the main contribution of the ion beam was D3 in molecular form (94.5%).

The ions impact energy is very close to but slightly above the sputtering thresh-
old for W by deuterium projectiles, therefore the sputtering yield of W is about
three orders of magnitude smaller than the yield of Fe. With a deuterium flux of
® =~ 4 x 10”7 m™?s~ total fluences of up to 4 x 10m~2 could be applied to the
samples. In total three samples have been irradiated under an angle of incidence
of 0°, 45° and 60° with respect to the surface normal and at a temperature of
465 K [42]. After irradiation the surface morphology changes were evaluated by
AFM.

Table 6.1 — Film thickness and elemental composition of the Fe-W films as
analysed by RBS and used for TRI3DYN (data taken from [42]).

thickness [nm] | Fe [at.%] | O [at.%] | W [at.%] | Ar [at.%]
670 96.5 1.5 1.5 < 1.0

6.2 Modelling with TRI3DYN

The sputter modelling software TRI3DYN [74] was used here, where its funda-
mentals are described in chapter 3. The code uses the principle of 'pseudoatoms’
as projectiles, each representing a certain number of real projectiles. A higher
statistical accuracy can be achieved with a high pseudoatom number, but at the
cost of computation time. In these simulations shown here a pseudoatom to real
atom factor of 17.1 was used, meaning that one pseudoprojectile is equivalent to
17.1 real projectiles, to ensure high accuracy. This leads to a total computation
time of about 1300 cpu hours for each angle of incidence [43].

Figure 6.2(a) shows the experimentally obtained AFM image from [42]. The
marked white square in figure 6.2(a) with a lateral expansion of 194 x 194 nm? was
used as topography input for TRI3DYN. To fulfill the necessary periodic boundary
conditions this image had to be mirrored in both lateral directions. Since the orig-
inal surface morphology has no particular preferred orientation, no information is
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Figure 6.1 — Elemental depth profiles of a virgin Fe-W sample as determined by
Sputter-XPS and used as input for TRI3BDYN. The estimated error of the data
points is 10%. An oxide layer at the surface and some light impurities (C, N, O)
in the bulk are clearly visible. The bulk material contains up to 7at.% W and
9at.% O [43].

lost. The resulting initial root-mean-square roughness is R; = 2.9nm and i.e. al-
most the same as the full sized AFM image (R, = 3.2nm). The initial elemental
depth profile input for TRIBDYN was taken from either sputter-XPS (figure 6.1)
or RBS (table 6.1). Due to the significant difference of these measurements,
simulations have been performed using input data from both techniques and the
results later compared to the experiments. The resulting (initial) voxel pile can
be seen in figure 6.2(b), where only the first 40 voxel layers are displayed. As
soon as a complete voxel layer is sputtered away in the simulation, a new layer
with the elemental distribution of the initial bottom layer is added at the bottom
of the voxel pile. This should ensure that no projectile is transmitted through the
bottom. Figure 6.2(c) shows a cross section of the voxel pile, displaying the initial
surface line structure and elemental W concentration [43].
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Figure 6.2 — (a) An AFM image [42] measured on the unirradiated Fe-W sample
served as surface morphology input for our TRI3DYN simulations, with a R, of
3.2nm. For computational reasons the height information from only a part of
the image (indicated by the white square) was extracted. To ensure periodic
boundary conditions, this image had to be mirrored in both lateral directions,
resulting in the voxel layer data shown in (b). There every voxel has a size of
11 x19x 19 A3 (depth x y x z). The color code in (a) and (b) is equivalent. In
(c) a cross-section through the middle of the voxel layer data (white dashed line in
(b)) can be seen, showing the initial W concentration according to Sputter-XPS
measurements [43].
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6.3 Comparison of TRIBDYN Simulations to
Experimental Data

The comparison was performed with experimental QCM data obtained for D pro-
jectiles at 250 eV impacting under angles of incidence of 0°,45° and 60°.

6.3.1 Fluence Dependence of the Mass-Removal-Rates

A continuous drop in the mass removal rate with increasing fluence and at constant
impinging ion flux has been found, where the slope of this drop is higher at steeper
angle of incidence [42]. As shown in figure 6.3 (solid blue line) the mass removal
rate starts at 1.2amu/D for 0°, 1.1 amu/D for 45° and 1.7 amu/D for 60° ion
beam angle of incidence and continuously drops to around 0.5 amu/D after a total
fluence of 4 x 107> m~2 without any sign of yet reaching a steady state value.

The standard interpretation in our [42] and previous work of other groups [101,116,
117] for this behaviour is, that due to preferential sputtering of Fe, the surface is
enriched with W, thus reducing the sputtering yield considerably. Our simulations
with TRI3BDYN confirm this continuous reduction of the mass removal rate [43].

The TRI3DYN calculation for normal incidence (a = 0°) using the sputter-XPS
elemental depth data as input shows a quick drop from 0.9 amu/D to 0.5amu/D
after a fluence of only 7 x 10?2 m~2, followed by a slower decrease of the mass
removal rate (green dashed line in figure 6.3). Here the gradient of the mass
removal rate shows a slope nearly identical to the QCM experiment. These cal-
culations, however, slightly underestimate the measured mass removal rate.

A very comparable result can also be seen for an angle of incidence of 45°. A
quick drop of the mass removal rate from 1.25amu/D to 0.75amu/D after a
fluence of only 5 x 10?2 m~2 is followed by a slower decrease of the mass removal
rate, with a comparable slope to the QCM experiment. Here also the resulting
mass removal rate is underestimated.

When looking at the TRI3DYN results of the 60° angle of incidence, using the
XPS elemental depth data as input, it is noticeable that the initial mass removal
rate, of 1.7 amu/D, corresponds exactly to the experiment. The mass removal
rate drops quickly to 1amu/D, after a fluence of only 1 x 10?2 m~2, where then
the slope is lower and equal to the experimental one, though the absolute value
slightly underestimated. After a fluence of 2.1 x 10?3 m~2 another decrease of the
slope is observable. The resulting TRIBDYN mass removal rate after 4 x 10%?> m~—2
is as before underestimated.
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Figure 6.3 — Fluence dependence of the mass removal rate (mrr) under D ion
bombardment at 250 eV/D under different angles of incidence a. The dashed
and the dashed-dotted line show TRI3DYN results, using RBS information and
sputter-XPS elemental depth information as input. The full line represents ex-
perimental results evaluated with the QCM technique and lies between both
TRI3DYN calculations. A clear decrease of the mass removal rate is observable,
which is confirmed by TRI3BDYN. A 1D simulation with TRIDYN shows a strong
decrease of the mass removal rate and reaches steady state conditions already
after around 1 x 1023 m=2 [42,43].
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The TRI3DYN calculation using the RBS elemental depth data as input, displays
a generally higher mass removal rate, as compared to the QCM experiments (com-
pare with figure 6.3). At normal incidence the agreement with the experimental
data is comparable good, although the quick drop at low fluences cannot be re-
produced. The mass removal rate starts at 1.3 amu/D and continually decreases.
After a fluence of 4 x 1023 m~2 the resulting mass removal rate is with 0.7 amu/D
slightly higher than the measured value.

An angle of incidence of o = 45° shows in TRI3BDYN with 1.9 amu/D an almost
factor of two higher mass removal rate, compared to the experiment. At low
fluences, a higher gradient can be seen, which continuously decreases and still
does not reach steady state even after a fluence 4 x 102> m~2. The resulting mass
removal rate at this fluence is also by a factor of two higher than the experimental
value.

A very similar picture can be seen under an angle of incidence a = 60°. A pro-
nounced slope in the mass removal rate at low fluences continuously reduces, but
after a fluence of 4 x 102> m~2 it has still not reached equilibrium.

To test the influence of changes in the surface morphology, a simulation with
TRIDYN (1D) (which uses RBS elemental depth information and a perfectly flat
surface) is shown in figure 6.3 for comparison. The resulting mass removal rate is
overestimated by TRIDYN too (probably because of using the RBS input data).
However, while a quick reduction of the mass removal rate is observable, already
at about 1 x 10%> m~2 steady state conditions are reached [43].

6.3.2 Fluence Dependence of the Elemental Surface
Concentrations and Roughnesses

The assumed surface enrichment of W due to preferential sputtering of Fe [42,
116, 117] is confirmed by TRI3DYN. Figure 6.4 displays the calculated fluence
dependence of the mean elemental surface concentration. Using the RBS data
as input (left column of figure 6.4) a continuous Fe reduction and a W surface
enrichment up to 33% is calculated for an angle of incidence a of 45° and 60°.
For normal incidence the W surface enrichment reaches 28%. In all cases an
increase in roughness R, was found, which is stronger at steeper angles of inci-
dence. At normal incidence (a = 0°) the R, value reaches 4.5 nm after a fluence
of 4 x 10 m~2, at a = 45° an R, of 5.1 nm was found and under @ = 60° an
R, of 5.9nm can be observed.

By using the sputter-XPS data (right column of figure 6.4) a quick depletion of
the impurity layers containing O and C can be seen, thus exposing the underlying
Fe and W layers. With increasing fluence, however, the W enrichment at the sur-
face reaches 67% for normal incidence (a = 0°), 76% for a = 45°, but only 63%
for @ = 60°. Not surprisingly these changes in elemental concentrations have a
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Figure 6.4 — Fluence dependence of the mean elemental surface concentration and
root-mean-square roughness R, under different angle of incidence a, evaluated
with TRIBDYN. The left column of figures show the results using RBS data as
input. A continuous surface enrichment of W is observed (black line), which
is faster at steeper angle of incidences and causes also higher R, values (green
squares). In the right column of figures the results using XPS data as input can
be seen. A quick depletion of O and C is followed by an increase of W surface
concentration, as well as an increase in R,.
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direct effect on the sputtering yield, as can be seen by comparing figure 6.4 with
figure 6.3. The increased mass removal rate at low fluences correlate with the low
surface enrichment of W.

It is interesting to see that the roughness R, drops at low fluences, during the
depletion of the surface oxygen, but then continuously rises again, although the
resulting R, values after a fluence of 4 x 102 m~2 are lower compared to the
modelling results using RBS data. A special case represents the result under the
angle of incidence of a = 60°: Here the surface enrichment of W increases up to
a fluence of about 2 x 102 m~2, but then remains nearly constant around 63%.
From this fluence value onwards one can also see a very strong increase in the
roughness which reaches an R, of 9.1 nm after a fluence of 4 x 102 m—.

It must be noted that the displayed elemental surface concentration values repre-
sent mean values averaged over the whole surface, meaning that local variations
or material accumulations cannot be seen here.

Nevertheless TRI3DYN allows also to visualize resulting variations in surface con-
centrations, which will be shown hereinafter for the modelling using sputter-XPS
elemental data as input (figure 6.5¢, figure 6.6¢ and figure 6.7c). A clear surface
enrichment of W can be seen up to a depth of 10nm. Furthermore the W concen-
tration peaks on the elevations of the surface structure, which is more pronounced
at o = 45°(figure 6.6c) and o = 60° (figure 6.7¢c) and preventing further erosion.
In the valleys the W concentration is lower because of re-deposition of sputtered
Fe.

6.3.3 Surface Morphology Comparison

In this section the resulting surface morphology evaluated with TRI3DYN is com-
pared to the AFM images of the experimental results, as shown in reference [42].
Figure 6.5 shows the resulting surface morphology after the total fluence of
4 x 1022 m~2 and by ion bombardment under normal incidence. The revealing
surface pattern is very similar to the experiment, although the height of the struc-
tures cannot be reproduced by TRI3BDYN and are by about a factor of two smaller
(compare figure 6.5 (a) and (b)).

Figure 6.6 shows the modelled result under an angle of incidence o = 45°. Here
the surface pattern as well as the height of the revealing structures can be repro-
duced [43].

In figure 6.7 the results under an angle of incidence a = 60° can be seen. Here
the surface pattern shows a pronounced ripple formation, where on elevated po-
sitions a strong surface enrichment of W is observable, which face the incident
ion beam and prevent further erosion of the underlying material. Comparing the
results to the experimental determined AFM image (figure 6.7a) show that the
height of the structures can be reproduced here too.

Using the elemental depth information from RBS revealed nearly identical surface
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Figure 6.5 — Surface morphology after a total D fluence of 4 x 1023 m=2 for
250 eV and under normal incidence (90° relative to the surface plane). In (a)
the experimental AFM image (taken from [42]) of an irradiated sample is shown,
while (b) displays the corresponding computational result of TRI3BDYN, using
XPS data as input. The color code in (a) and (b) is equivalent, revealing that
the surface pattern in the experiment are higher, by a factor of two. (c) gives
a cross-section through the middle of of the TRIBDYN voxel layer data (white
dashed line in (b)), showing the resulting W enrichment at the surface [43].
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Figure 6.6 — Surface morphology after a total D fluence of 4x 1023 m~2 for 250 eV
and under 45° angle of incidence. The white arrows indicate the direction of the
incident ion beam. In (a) the experimental AFM image (taken from [42]) of an
irradiated sample is shown, while (b) displays the corresponding computational
result of TRIBDYN, using XPS data as input. The color code in (a) and (b)
is equivalent. (c) gives a cross-section through the middle of of the TRI3BDYN
voxel layer data (white dashed line in (b)), showing the resulting W enrichment
at the surface, which acts as a protecting layer [43].
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Figure 6.7 — Surface morphology after a total D fluence of 4x 1023 m~2 for 250 eV
and under 60° angle of incidence (30° relative to the surface plane). The white
arrows indicate the direction of the incident ion beam. In (a) the experimental
AFM image (taken from [42]) of an irradiated sample is shown, while (b) displays
the corresponding computational result of TRI3BDYN, using XPS data as input.
The color code in (a) and (b) is equivalent. (c) gives a cross-section through the
middle of of the TRIBDYN voxel layer data (white dashed line in (b)), showing
the resulting W enrichment at the surface, which acts as a protecting layer.
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6.4 Discussion

Figure 6.3 and figure 6.4 clearly demonstrate the necessity of precise elemen-
tal depth information in order to allow TRI3DYN to predict absolute sputtering
yields as a function of ion fluence well. The drawback of RBS measurements is
the lack of sensitivity to masses with low Z, like O and C and its limited depth
resolution. Sputter-XPS on the other hand is a very surface sensitive technique.
However since sputtering with Ar ions is used for depth profiling, this might lead
to changes of the sample by the measurement. Therefore, the W concentrations
in the sputter-XPS results in figure 6.1 are likely to be somewhat overestimated
due to preferential sputtering (and consequently Fe concentrations are underesti-
mated). The true elemental composition is probably between both measurements,
as suggested by figure 6.3.

It is interesting to see, that TRI3DYN is actually able to reproduce the sur-
face pattern from the AFM image quite well, as can be seen by comparing fig-
ures 6.5 to 6.7, (a) with (b). A modelled ion beam impinging the surface under
normal incidence show structural heights, which are about a factor 2 too low
compared to the experiment (compare with figure 6.5), but under 45° (figure 6.6)
and 60° angle of incidence (figure 6.7), the structural heights also agrees quite
good.

The strong ripple formation under 60° can also be reproduced with the soft-
ware. The AFM image shows ripple formation in the ion beam direction, but on
closer inspection also a formation of perpendicular mode ripples are observable.
TRI3DYN reveals a structure were these perpendicular mode ripples formation is
more pronounced.

Table 6.2 compares the resulting root-mean-square roughnesses R, evaluated us-
ing TRIBDYN as well as real AFM images, after a applied fluence of 4 x 10?3 m—2
D ions under different angles of incidence. The increase in roughness can be con-
firmed with TRIBDYN although the experimental value tends not to be reached.
However, it must be pointed out that the AFM R, values presented in table 6.2
are taken from reference [42] where 1 pym x 1 pum images where used, but the
modelled TRI3DYN surface need to be smaller.

Table 6.2 — Resulting surface roughnesses R, using TRIBDYN and RBS as well
as sputter-XPS elementary depth information and comparison to experimental
determined roughnesses via AFM from [42].

angle of incidence | TRI3BDYN RBS | TRISDYN XPS | AFM (full image)
0° 4.5nm 3.2nm 8.6 nm

45° 51nm 3.6 nm 6.4nm

60° 59nm 9.1nm 10.5nm
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In figures 6.5 to 6.7 (c) a cross-cut of the resulting voxel-pile is given, revealing
the local W concentration. On the elevations the W concentration tends to peak,
preventing further erosion. In the valleys the W concentration is lower because
of re-deposition of sputtered Fe. A closer look at the W concentration at the
surface reveal an increased concentration in the +z direction, because this is the
ion beam facing side. Also the effect of shadowing of recessed areas can be
observed, for the angle of incidence differing from normal incidence. At normal
incidence the surface enrichment of W is less localized, which leads to a more
even erosion of the surface. On the other hand, at an angle of incidence of 60°, it
leads to a strong localized surface enrichment of W, followed by a strong increase
in roughness. The influence on the roughness of such localized W enrichment was
also investigated by von Toussaint et.al. [118] using the 2D version of SDTrimSP.
They confirm the severe increase in roughness, but the W clustering effect could
not be reproduced, which may be caused by the 2D limitations of their code.
The fact that TRI3DYN does not consider diffusion indicate that this effect tends
to play no role at least at room temperature.

6.5 Summary

The TU Wien QCM technique is a powerful tool to investigate the dynamics
of sputtering processes with high precision. This allows to benchmark 3D MC-
BCA codes like TRI3BDYN or SDTrimSP-3D. In this chapter a comparison with
TRI3DYN was performed. As a test case Fe-W model films were taken, sputtered
with a D ion beam at 250 eV impact energy under an angle of incidence of 0°,
45° and 60° and up to a fluence of 4 x 102 m™2. It could be demonstrated
that by including initial information about the surface morphology of the sam-
ple in combination with precise elemental depth profiles, TRI3DYN is capable of
forecasting the outcome of experiments. Modification of the surface morphology
during sputtering is clearly reflected in the sputtering behaviour, which cannot be
modelled with a 1-dimensional BCA code like TRIDYN. TRI3DYN instead, can
reproduce the experimentally observed surface morphology changes, including the
increase in surface roughness. Surprisingly even rather low initial (RMS) rough-
nesses in the nm range have a significant influence on the sputtering behaviour.
The possibility to use a voxel pile as input for a realistic surface, also allows to
simulate the sputtering of more complex nanostructures, like W-fuzz, which will
be presented in chapter 7 [44,119]. The huge computation time, however, limits
these simulations to areas with rather small lateral extensions [43].
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Results on the Erosion of Nanostructured Tungsten

The contents of the following chapter have been published in
reference [45].

In this chapter the erosion of nanostructured tungsten (so-called W-fuzz) under Ar
irradiation was investigated, by using the QCM in catcher configuration. In sec-
tion 7.3.2 the experimental results were compared to a novel modelling approach
(section 7.2.3.1), using the full 3D code TRI3BDYN. Pre and post irradiation
analysis of the W-fuzz samples were done by SEM and presented in section 7.2.1
and 7.3.

7.1 Preface

The most important parameters of a plasma facing material (PFM) are a low
sputtering yield due to particle impact, a high melting point and low fuel retention.
Tungsten (W) meets all these properties and is therefore the material of choice in
today's fusion reactors [23,38]. Under special conditions, however, a W surface
can form nanometer-sized fibrous structures, also called tungsten-fuzz (W-fuzz).
Such nanostructures are forming under high flux helium bombardment at low
energies and at temperatures in the range of 900 —2000 K [119-124]. Since these
structures are highly porous, thermal transfer is reduced, which may led to melting
of the PFM, in particular in the divertor region (compare with chapter 1.2.2) of a
nuclear fusion device, as here the highest heat loads are expected [119,121,125].
Furthermore, there is general concern that W-Fuzz might be easily sputtered and
causes a strong "high-Z" contamination of the fusion plasma, which contributes
to cooling and degrades its performance [123,125,126]. Furthermore, sputtering
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of such nanostructures by ion bombardment is less understood and therefore more
investigations are required [45].

7.2 Material and Methods

7.2.1 Sample Preparation and Analysis

Samples of W-fuzz were produced and prepared at the FZJ, at the PSI-2 linear
plasma device [122,127]. This was done by exposing polycrystalline W bulk mate-
rial to a He plasma at temperatures around 950 K. There, a He ion flux of about
102" m=?s~! leads to the growth of nano-structured W [119,122]. The precise
processing parameters and conditions can be found in reference [122]. The sam-
ples have been analysed by using SEM at the HZDR as well as at the FZJ.
Figure 7.1a shows a typical SEM image of one of the W-fuzz samples, where the
nanostructured surface is clearly visible. A more detailed analysis of this image,
by using the image processing software ImageJ, revealed an areal density of 50%
and a string thickness of about 40 nm [45,93].

(a) top-view SEM (b) 54° inclined SEM with FIB-cut

Figure 7.1 — SEM images of a W-fuzz sample showing the fuzzy nanostructures.
In (a) a top-view SEM image can be seen, revealing an areal density of 50%
and a string thickness of about 40 nm. (b) shows a tilted SEM image by 54°
and a FIB-cut spot revealing the underlying nanostructure material, which was
conducted by a Ga ion beam with 30keV. A thickness of the fuzzy region of
about 2 pym could be evaluated. Figures taken from [45].

In figure 7.1b a SEM image is presented, showing a FIB-cut SEM measurement
of a virgin W-fuzz sample, where a Ga ion beam with an energy of 30 keV was
used to cut into the fuzz material (see also chapter 4.2.1 for more details of this
technique). This image is tilted by 54°, where the cross section through the W-
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fuzz is presented very nicely. By processing the image with ImageJ, a W-fuzz
height of about 2 ym could be assessed [45].

7.2.2 Experimental Approach

As experimental setup the QCM in catcher configuration was used. The detailed
setup schematics and description can already be found in chapter 4.1.3, where
the catcher technique is presented in detail in 4.1.4. The schematics of the
experimental setup used for the W-fuzz erosion measurements can be seen in
chapter 4.1.4, figure 4.9.

The used sputter ion source provides a focused and mass filtered Ar'* ion beam,
with a kinetic energy of 2keV and an average ion flux of ® & 10" m=2s~". The
built-in lens system and deflection plate pair allows focussing in the 0.1 mm range
and ion beam scanning in the mm range.

The sample holder of the catcher-QCM is mounted on a linear stage which allows
precise positioning of the distance d to the sample. It also ensures, that the
catcher-QCM is always positioned parallel to the impact point of the ion beam.
The relative position Ax is adjusted via the primary sample holder. The catcher-
QCM uses quartz crystal samples on which the Au surface were pre-coated with
200 nm W, to avoid weaker signal and dynamic effects due to different sticking
on Au and W [45].

7.2.3 Simulation Approach

The state-of-the art 3D sputter modelling software TRI3DYN was used here for
simulations, as it allows to model the erosion of nearly any structured and nanos-
tructured surface. This software and its functionality is presented in chapter 3,
section 3.4. The performance of the code has been successfully demonstrated
already in chapter 6, where a closed surface morphology was modelled.

This code uses so-called 'pseudoatoms’ as projectiles, representing a certain amount
of real projectiles. As TRI3DYN is a MC code, a high statistical accuracy can only
be achieved by using a high number of pseudoatoms. For the evaluation of static
sputtered and scattered particles distributions of the fuzz-modelling, a pseudoatom
to real atom factor of 1 was used. To keep the computing time within limits, a
factor of 200 had to be used for the dynamic erosion modelling, which includes
changes in the sputter target. To avoid inaccuracies due to the discretization of a
real sputter target, the voxel resolution should be as high as possible. However, a
high number of voxels increases the computation time enormously, so the lateral
extent of the modelled object is limited. A good compromise is to use a voxel
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size that is approximately the length of the expected collision cascade [43]. The
simulations presented in this chapter used a voxel size of 50 x 50 x 50 A3 [45].

7.2.3.1 Creation of a W-fuzz model

Informations of the SEM images of the W-fuzz samples were used to create an
adequate W-fuzz model target. By analysing these images (figure 7.1a and 7.1b)
via the image processing software ImageJ, a string thickness of about 40 nm and
an areal density of 50% could be evaluated. These two parameters were then
used as the basis for a 'random-walk’ algorithm that allows individual W strings
to grow out from flat surface, with the lateral starting point as well as the polar
and azimuthal direction chosen randomly. After a growth length of twice the
string thickness, the growth direction is again varied randomly. When such a
string has reached a maximum height, a new string begins to grow. This process
is repeated until the measured areal density of 50% is reached. The resulting
randomly generated W-fuzz target for TRI3DYN can be seen in figure 7.2. This
target was also used for modelling in this chapter, where pure W was assumed
as elemental composition of the target. Is should be noted, that the code uses
periodic boundary conditions in both lateral directions (Y and Z coordinates).
The SEM images revealed a total W-fuzz height of 2 ym (figure 7.1b), which is
unfortunately to big to be modelled. Therefore, the modelling was limited to a
maximum total fuzz volume of 0.5 x 0.5 x 0.5 ym? [45].

7.2.3.2 Reconstruction of the QCM catcher measurements

An attempt was made to reconstruct the QCM catcher signal by using sputtered
and scattered particles distributions. Taking into account the geometric layout
of the experimental setup (see figure 4.9 in chapter 4), including the angle of
incidence of the impinging ion beam «, the distance d of the catcher to the ion
beam hit point, beam scanning, as well as the sensitivity s of the quartz crystal
disc, the QCM-catcher signal Y;o¢q; can be calculated for every Ax position. The
detailed procedure of the catcher reconstruction is presented already in chapter 4,
section 4.1.4.2 or can also be found in reference [45].
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Figure 7.2 — A 3D plot of the W-fuzz structure as used for TRI3DYN simula-
tions. The structure was randomly generated by using string thickness and areal
coverage density information extracted from SEM images from W-fuzz samples.
The depth dependent color code highlight the 3D structure. A total fuzz volume
of 0.5 x 0.5 x 0.5um> was used here, were a voxel size of 50 x 50 x 50A3
had to be used. The code uses periodic boundary conditions in both lateral Y
and Z directions. Underneath the fuzz structure, 40 filled voxel layers of pure W
were placed to prevent non-physical transmission of particles through the bottom.
Figure taken from [45].
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7.3 Results

The W-fuzz samples were stepwise irradiated with Ar'* ions at 2 keV, where the
size of the fluence steps are listed in table 7.1. Subsequently after each step the
QCM-catcher method was used to measure the absolute catcher yield Y., which
is related to the sputtered particle distribution (figure 7.10).

Table 7.1 — total applied fluences to W-fuzz sample after step 1 and 2
step no. | Ar'* fluence [m~?]
1 8.6 +0.9 x 107
2 1.76 £ 0.18 x 10

SEM images of the irradiated W-fuzz sample were made after fluence step 1 and
2. Figure 7.3 shows the W-fuzz surface after fluence step 1. Fuzzy nanostructures
are still visible, but also the formation of grooves in the ion beam direction can
be seen [45].

Figure 7.3 — SEM image of the W-fuzz sample, revealing the surface structure
after an Ar'* fluence of 8.6 x 10?0 m—2 (after step 1). The white arrow indicates
the direction of the incident ion beam. W-fuzz structures are still observable, but
also a grove formation in the direction of the ion beam. Figure taken from [45].

In figure 7.4a a top-view SEM image can be seen, after fluence step 2, showing
a transition region from unsputtered to sputtered W-fuzz. In the lower left part
of the image the typical nanostructures are visible, while in the upper right part a
scale-like surface structure is visible. Small periodic cones are observable, aligned
in the direction of the impinging ion beam. In figure 7.4b shows a magnification
of the sputtered region, revealing the scaly structure more clearly. A investigation
of this image by using the software ImageJ, a scale thickness of 216 & 48 nm
and a length of 390 + 141 nm could be evaluated (error values correspond to the
FWHM of the distributions) [93].
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An inclined SEM image by an angle of 56° (figure 7.5a), which is nearly the
ion impact angle of 60°, shows that the base of the cones is nearly round, with
a diameter of 307 & 73 nm. To check whether there is sill a W-fuzz structure
underneath the scaly surface, a FIB-cut SEM was made, where its result can be
seen in figure 7.5b. Some melting of the material is visible at the edges, but any
underlying W-fuzz structure could no longer be found [45].

(a) transient region (b) sputtered W-fuzz

Figure 7.4 — SEM images of the W-fuzz sample after a total Ar'* fluence of
1.76 x 10?2m~2. In (a) a transient region from unsputtered (lower left) to sput-
tered area (upper right) is shown. A boundary region is visible and is indicated
by a dashed white line. The sputtered area shows a scaly structure, where the
tips point in the direction of the incident ion beam (beam direction indicated by
the white arrow). (b) shows a magnified SEM image of the sputtered W-fuzz
area, revealing small periodic cones that are similar to fish scales and aligned in
the direction of the ion beam. Figures taken from [45].

7.3.1 TRIBDYN Modelling Results

TRI3DYN in static mode was used to compare sputtered and scattered particles
distributions of a perfectly flat W surface with a W-fuzz structure from figure 7.2.
In figure 7.6 the resulting sputtered particles distribution can be seen, by modelling
an impinging ion beam under an angle of incidence of 60° (with respect to the
surface normal). By using in total 2.5 x 107 pseudoparticles good statistics is
ensured.

The modelled flat target in figure 7.6a show a pronounced sputtered particles
distribution in forward direction, where a single knock-on peak around —50° is
observable. The modelled W-fuzz target instead (figure 7.6b), show a distribution
with a strong back-sputtering, in the direction of the incoming ion beam. A
maximum at around 35° is observable [45].
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(a) 56° inclined SEM (b) 56° inclined SEM with FIB-cut

Figure 7.5 — Tilted SEM image of the sputtered W-fuzz sample after an Ar'*
fluence of 1.76 x 10?2 m~2, where a tilt angle of 56° was used. This angle is
close to the angle of incidence of the impinging ion beam (60°). In (a) the
cones of the scaly surface can be seen, pointing directly in the direction of the
observer. (b) shows a FIB-cut SEM image of the sputtered W-fuzz sample, where
no underlying fuzz structure can be found any more. Figures taken from [45].

Figure 7.6 — Sputtered particles distributions modelled with TRI3BDYN. The
impinging Ar ion beam is marked as red arrow, hitting the surface under an
angle of incidence of 60°. In (a) the results of using a flat W target is shown,
while in (b) the results of the W-fuzz model is shown. A binning of 1° was used
and the total distributions were normalized. Figures taken from [45].
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The modelled results of the scattered projectiles distributions are shown in fig-
ure 7.7 and show a similar outcome compared to the sputtered particles distri-
bution. The flat target (figure 7.7a) show a clear forward scattering an a single
scattering peak at around —30°. The fuzz target show a broad distribution with
a slightly pronounced back-scattering, in the direction of the incident ion beam.
The maximum can be seen around 35°, but also a clear single-scattering peak in
forward direction is observable too, at —30°. The shown distributions were all
normalized [45].

-30 30 -30 30

-60 60 -60 60

-90

90 -90 90
00 03 06 0.0 0.2 0.4

Figure 7.7 — Sputtered particles distributions modelled with TRI3DYN. In (a)
the results of using a flat W target is shown, while in (b) the results of the W-
fuzz model is shown. The impinging ion beam is marked as red arrow, impinging
at 60°. A binning of 1° was used and the total distributions were normalized.
Figures taken from [45].

TRI3DYN is also capable of dynamic erosion modelling of a nanostructured sur-
face. The initial structure, as presented in figure 7.2, was exposed to a uniform
distributed Ar'* ion beam, with a kinetic energy of 2 keV and impinging under an
angle of incidence of 60°. The modelled results after a fluence of 1 x 10?' m—2
(after step 1) can be seen in figure 7.8 under different points of view. The under-
lying fuzzy nanostructure is still observable, but also formation of grooves in the
direction of the impinging ion beam is already observable.

One can also see that some voxel-cluster stay at elevated positions above the
surface, but it must be noted that periodic boundary conditions are used. A
seemingly floating voxel-pile at the end of one coordinate might be connected to
the bulk at the opposite end. Nevertheless the limit of the underlying physical
model need to be considered, as for example gravity is not included [45].

Figure 7.9 shows the modelled W-fuzz after an Ar fluence of 1.7 x 10?> m~2
(after step 2). The nanostructures cannot be observed any more, where the
surface pattern changed to a scale like morphology. The tips of these structures
point in the direction of the impinging ion beam. The image processing software
ImageJ was used to analyse the resulting morphology further [93]. A thickness of
the scales at its origin of 76 & 46 nm and a scale length of 296 & 102 nm can be
found (by including also the periodic boundary conditions) [45].
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Figure 7.8 — Dynamic erosion modelling result of TRI3DYN, after an Ar fluence
of 1 x 102" m~2. Nanostructures are clearly visible, but also a slight alignment of
the structure in the direction of the impinging ion beam (show as white arrow).
In (a) a perspective view of the resulting 3D structure is shown. (b) shows a top
view and in (c) the 3D structure is inclined by 60°, so that the observer can see
the structure from the angle of the incoming ion beam. A solid white line marks
the edge of the surface. Figures taken from [45].
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Figure 7.9 — Dynamic erosion modelling result of TRI3DYN, after an Ar fluence
of 1.7 x 1022 m~2. A scale-like surface morphology can be seen, where the cones
point directly in the direction of the incident ion beam (indicated as white arrow).
In (a) a perspective view of the resulting 3D structure is shown. (b) shows a top
view and in (c) the 3D structure is inclined by 60°, so that the observer can see
the structure from the angle of the incoming ion beam where the peaks of the
scales point in the direction of the observer. A solid white line marks the edge
of the surface. Figures taken from [45].
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The resulting surface morphologies modelled with TRI3BDYN are in good agree-
ment with the SEM images. The SEM images of the W-fuzz after applying an
Ar fluence of 8.6 x 1022 m~2 (after step 1) shows, that the fuzzy nanostructures
are still visible (figure 7.3), which can be confirmed by TRI3DYN (figure 7.8).
Even though the TRI3DYN W-fuzz model is limited to a lateral expansion of
0.5 x 0.5 ym?, a beginning formation of grooves in the direction of the impinging
ion beam can be seen.

After applying an Ar fluence of 1.7 x 10?2 m~2 (after step 2) no underlying fuzzy
nanostructures can be found any more, as can be seen in the FIB-cut SEM image
in figure 7.5b. This is also confirmed by the TRI3DYN modelling, as can be
seen in figure 7.9, although in the simulation only 0.5um (50A x 100 voxels)
of fuzz have been sputtered away. In the experiment as well as in TRI3DYN
a scaly surface morphology is revealed. A detailed investigation of the length
and thickness of these scales showed, that TRIBDYN revealed comparable, but
considerably smaller structures compared to the experimental results. This is most
likely due to the lower fuzz volume in the model [45]. In the supplementary online
material of reference [45] a fluence dependent animation of the simulation can be
found (https://doi.org/10.1016/j.jnucmat.2020.152019).

7.3.2 QCM Catcher Results and Comparison to Modelling

The results of the measured total QCM catcher experiments at different positions
of Ax can be found in figure 7.10 and figure 7.11. The first figure compares the
measured QCM catcher yield of a flat W sample to W-fuzz samples in initial stage,
as well as after two irradiation steps with 2 keV Ar'* impinging under an angle of
incidence of 60°. The height of the fluence steps can be found in table 7.1.

The catcher yield results of a flat W sample revealed a maximum of the distribution
at Ax = O0mm, with a yield of 0.13 & 0.03 W/Ar. The results of the virgin fuzz
sample shows a distribution with a maximum around Ax = +6 mm with a catcher
yield of 0.007+0.001 W/Ar. This is only about 5% of the flat sample results. After
each fluence step a continuous increase in the W-fuzz catcher yield is observable
and approaches the measured distribution of the flat W-sample. Deviations at
negative Ax values can be observed, which could be caused by the resulting
smaller scales at the surface.

Figure 7.11 shows the virgin W-fuzz behaviour in more detail (black dashed area
from figure 7.10). The experimentally evaluated distribution has a maximum at
about Ax = +6 mm. An inset in figure 7.11 shows a precise setup schematics at
this Ax position. One can see that the surface normal from the sample points
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Figure 7.10 — Comparison of QCM catcher measurement results (symbols) of
a flat W sample (green), a W-fuzz target in initial state and after two erosion
steps (dark-red to to light-red), as well as comparison to TRI3BDYN results. A
catcher yield maximum of the flat sample can be seen at Ax = 0 mm, whereas
the virgin fuzz and the fuzz target after applying fluence step 1, show a much
smaller catcher yield, with a maximum around Ax = +6mm. After eroding
the fuzz sample further (fluence step 2), the measured catcher yield approaches
that of the flat sample. TRI3DYN reproduces the trend of the catcher yield of
a flat W target (green solid line) and also the W-fuzz target after fluence step
2, despite the fact that some deviations at negative Ax is observable (compare
light-red triangles with light-red dotted line). Figure taken from [45].

85


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

directly towards the center of the catcher QCM, indicating that sputtering of
material occurs preferentially in this direction [45].

The usage of the TRI3BDYN sputtered and scattered particles distribution allows
to make an attempt to reconstruct the measured catcher yield, as presented in
chapter 4, section 4.1.4.2. The behaviour of a flat target can be quantitatively
reproduced, as can be seen in figure 7.10 (solid green line). The measured be-
haviour of a fuzz sample instead, shows some deviation of the maximum position
of the catcher yield, as can be seen in figure 7.11 (solid dark-red line). Here a
maximum was found at Ax = +2 mm.

After a simulated erosion of 1.7 x 102 m~2 (surface from figure 7.9) the re-
construction of the catcher yield signal agrees well with the measured results at
Ax > 0mm, as can be seen in figure 7.10 (dotted light red line).

Another attempt was made to reconstruct the catcher yield by assuming the sim-
plest approach of isotropic emission of sputtered particles, using a cosine sputter
distribution, according to equation 7.3.1, where y is equivalent to a polar shift [61].
The results can be seen in figure 7.11 as highlighted in blue. By using a polar
shift of y = 60°, (in the direction of the incident ion beam), still deviations in
forward sputter directions are observable (figure 7.11 blue-dashed line). Instead
by using a y = 45°, the reconstruction of the catcher yield is in good agreement
with the measured initial W-fuzz sputtering behaviour (figure 7.11 blue-dotted
line) [45].

2

fsp.sputtered(Q(O, P)) = cos(y + O) y = {60°,45°} (7.3.1)

A separate control experiment with the QCM technique in classic configuration
(see chapter 4, section 4.1.3) was performed, where a quartz crystal disc with a
thin layer of W was directly exposed to an Ar'* jon beam with 2 keV and under
an angle of incidence of 60°. An absolute sputtering yield of 2.05 &+ 0.28 W/Ar
could be evaluated here.

Taking the data from the catcher measurements, where a factor of 17 lower
signal was found for the fuzz measurements, and by including a geometric factor,
which considers the increased target-catcher distance at Ax = +6 mm, a W-fuzz
sputtering yield of 0.12 & 0.07 W/Ar can be approximated.
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Figure 7.11 — Comparison of QCM catcher measurement results (symbols) of
a virgin W-fuzz target to modelling with TRI3DYN and numerical approaches
using a cosine distribution. A maximum of the measured catcher yield was found
at around Ax = +6 mm of 0.007 &+ 0.001 W/Ar. The inset shows the setup
schematics at Ax = +6mm and d = 12mm. Here the surface normal of the
sample points directly towards the center of the catcher QCM, indicating that
sputtering of material occurs preferentially in this direction. Reconstruction us-
ing TRI3BDYN results show a maximum at Ax = +2mm. By using a sputtered
particles distribution following a cosine distribution, including a polar shift of
y = 45° (equation 7.3.1) the measured distribution can be reproduced. The re-
construction attempts were normalized to the maximum of the measured catcher
yield. Figures taken from [45].
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7.4 Discussion

The QCM-catcher technique shows a sputtered particle distribution of W-fuzz,
which is peaking in the direction of the surface normal of the sample. A comparison
to the catcher yield of a flat W sample revealed an approx. 17 times lower catcher
yield (see figure 7.10 and 7.11). Other groups also confirm a W-fuzz sputter yield
that is one order of magnitude lower compared to a flat target [125]. This indicates
strong redeposition of sputtered material inside a fuzzy nanostructures, leading to
a lower sputtering yield. Furthermore, sputtered particles seem to be able to exit
the fuzz surface preferably only in the direction of the incident ion beam, since
only here a path to the surface is open [125].

Erosion of the W-fuzz sample by applying a high Ar fluence, the measured total
capture yield approaches that of a smooth sample, but deviations in negative Ax
values can be observed. SEM measurements of the fuzz samples performed after
irradiation reveal the formation of a scaly structure pointing in the direction of the
impinging ion beam. These structures still lead to a repositioning of the sputtered
material and may shield the QCM catcher at negative Ax values [45].

In this chapter a first attempt was made to model the erosion of a nanostructured
material by using the code TRI3BDYN. The modelled dynamic erosion of the W-
fuzz structure can reproduce the formation of a scaly surface morphology, which
can be seen by comparing figure 7.9 to 7.4b. Modelling of the sputtered and
scattered particle distributions show clearly that a fuzzy surface causes severe
'backward’ sputtering and also projectile scattering in the direction of the ion
beam [45].

An attempt was made to reconstruct the QCM catcher measurements by using
these distributions. Deviations to the experimental results are observable, as can
be seen in the figure 7.10 and figure 7.11. This deviation is caused by too much
forward scattering and sputtering, which in turn may be caused by a too simple
model of the W-fuzz. The assumption that every voxel in the TRI3DYN fuzz
model includes pure W with a surface binding energy of a bulk W material may
not hold true for a nanostructured material.

Although the analysis of the SEM images revealed a porosity of about 50%, other
groups measured by weight loss techniques a porosity of about 90% [122, 123].
Therefore it can be concluded that fuzzy nanostructures might have additional
porosity. Unfortunately, this is beyond the capabilities of TRI3DYN, because
modelling of such finely resolved structures in the size of the modelled volume
would require a much higher voxel resolution. This would lead to a tremendous
increase in computing time, where no reasonable result in a realistic time would
be possible yet.

Although the assumptions for the TRI3DYN model are simple, the comparison to
the experiment demonstrated the power of MC-BCA codes and shows that the
inclusion of surface morphologies is essential [45].
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7.5 Conclusion

This chapter points out the capabilities of the TU Wien QCM catcher technique,
as it allows to investigate in-situ the erosion of nearly any sputter target indepen-
dent of its surface morphology.

Irradiation of a W-fuzz sample with an Ar'* ion beam under an angle of incidence
of 60°, at 2 keV revealed pronounced backward sputtering and an absolute W-fuzz
sputtering yield of 0.12 &+ 0.07 W/Ar could be approximated.

Continuous erosion of the W-fuzz leads to an increase in the catcher yield and also
a shift of the measured yield distribution, approaching the behaviour of sputtering
a flat W sample. Subsequent SEM measurements revealed the formation of a
scaly surface structure, where the tips of these scales point directly towards the
direction of the incident ion beam.

TRI3DYN as a powerful 3D-MC-BCA code allows to model nearly any surface
structure including it's substructures. The results of the W-fuzz modelling are
very promising. Some deviations to the experimental results are still observable,
but the formation of a scaly structure after continuous erosion of W-fuzz can be
reproduced and points out the capabilities of this modelling method [45].

As in a nuclear fusion device the contamination of the fusion plasma by high
Z material is undesirable, due to increased radiative cooling of the plasma, the
results showed in this chapter are good news [126]. Nanostructured W was feared
to have a higher sputtering yield, which could increase the contamination, but the
measurements showed here that the sputtering yield is tremendously lower, due to
severe redeposition of sputtered material inside the fuzzy structure. Consequently,
this should not be the case, although further investigations are necessary, since at
elevated temperature the sputtering can be different, due to flattening/smoothing
of the surface.
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Results on the Erosion of Be films

The contents of the following chapter are in preparation of
publishing.

In this chapter 8 the erosion of Be during Ar and D ion impact is presented (sec-
tion 8.3) and the implantation behaviour of D investigated in detail. The sputter-
ing behaviour as well as the implantation behaviour was compared to SDTrimSP-
1D. This chapter also presents first results of the dual-mode QCM technique.
The Be experiments were performed at the FZJ, as the IAP at TU Wien is not
equipped for this toxic material.

8.1 Preface

Be has advantageous properties such as low weight, high thermal and electrical
conductivity, and has also the ability of neutron multiplication. It's low thermal
expansion coefficient in combination with the low weight makes it an ideal mirror
material for space telescopes, such as the James Webb Space Telescope [128].

It is also used in aviation and as an alloy with copper in the electronics industry.
Since it is toxic to humans, especially as an aerosol, the applications in human
environments are limited.

Be is also successfully used as PFM in the fusion experiment JET and is planned
for ITER, currently being built in south of France [19]. As a low Z material the
influence on the fusion plasma performance is low, as radiative cooling can only
occur in the plasma edge (compare with chapter 1.2.2).

The armouring of the inner wall blankets, which face the plasma will be made of
Be, but also test blankets will be utilized, where neutron multiplication will be
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used to breed tritium (T) out of lithium (Li) [19,129].

Implantation of the fusion fuel into the first wall and it's retention is a critical
issue and under continuous investigation, especially as T is a radioactive material.
The amount of T in the wall should therefore stay low, to minimize the radioac-
tive contamination. For ITER an administrative safety limit of 700g T in the
whole Be blanket wall has been committed [33,130]. Therefore, the retention and
possible release mechanisms of the fusion fuel are investigated in detail.

In this chapter the retention mechanism of D in Be is investigated by using the
QCM technique. Thin test films of Be were exposed to an Ar and D ion beam at
room temperature. The possibility of in-situ analysis of the implantation measure-
ments with the QCM technique in combination with the dual-mode temperature
compensation technique (see chapter 4.1) during implantation and subsequent
TDS allows measurements, which provide insight into the retention and release
behaviour of Be.

8.2 Material and Methods

The basic setup of the experiment is largely identical as the setup shown in chap-
ter 4.1. The main difference was the use of a Prevac 1S40 sputter ion source,
provided by the FZJ. Apart from that it is identical to the classic configuration
of the QCM (see chapter 4, section 4.1.3 for details). This ion source delivers an
ion flux of ® = 10" m=?s~" without the use of a Wien-filter.

To evaluate the outgassing elements during TDS measurements a quadrupole
residual gas analyser (RGA) of type Pfeiffer QMG-700 was used.

As samples Be coated quartz crystals were used. These coatings were fabricated
by using a TVA technique at the National Institute of Laser, Plasma and Radiation
Physics in Bucharest [131]. 500 nm thick Be films were deposited on top of an
electrode of the quartz crystals.

In figure 8.1 the elemental composition of an unirradiated sample can be seen,
where the TOF-ERDA technique was used (see chapter 4, section 4.2.2.3 for
technique details). At the surface an oxide layer could be observed, where an
O amount of 10% was measured. After a depth of only 20 nm the O amount
drops to 2 — 3%, which stays constant throughout the bulk material. The high
sensitivity to low Z materials of the TOF-ERDA technique allow also to determine
the amount of H in the material, which was throughout below 1%. In general a
high purity of Be samples can be seen.
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Figure 8.1 — Elemental depth profiles of a virgin Be sample as determined by TOF-
ERDA, up to a depth of 400 nm. The measurement show a high concentration
(conc.) of Be. At the surface O was found, up to 10at.%, where in the bulk
only 2 — 3at.% of O can be seen. H was detected throughout the sample with
an amount of less than 1at.%.

8.3 Ar and D Irradiation of Be

As a pre step to the implantation measurements, Ar irradiation of the Be samples
was performed, in order to clean the sample surface from oxides. This allowed to
evaluate sputtering yields of Ar on Be.

In figure 8.2 the measured absolute sputtering yields of Ar on Be and D on Be
are presented and compared to literature data.

The left image shows the results using Ar as projectile at different energies and
under normal incidence. A continuous erosion measurement was carried out with
the QCM technige and the value was determined as soon as equilibrium condi-
tions were reached. While literature data is mainly available below 1keV the
measured Ar sputtering yields complete the picture up to 5keV. The agreement
with the results of a static erosion modelling with SDTrimSP-1D is also very good.

The right image shows the results using D as projectile at a kinetic energy of
1.25keV and 2.5keV, as well as literature data and static erosion modelling
with SDTrimSP-1D. One can clearly see fluctuations of the measurement results
and also deviations from the result of the static modelling. The difficulty is
that here significant implantation of the projectile in Be occurs and only after
a certain saturation fluence it is possible to evaluate absolute sputtering yields.
This behaviour will be investigated in more detail in the next section 8.4.
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Figure 8.2 — Energy dependence of the sputtering yield of Be at Ar (blue/left) and
D (green/right) irradiation under normal incidence and comparison to literature
data as well as to static simulations with SDTrimSP-1D (solid lines) [48,109,111].
The red circles highlight the results evaluated with the classic QCM technique
during this thesis. Note the different scaling of the ordinates.

8.4 D Implantation in Be

After a surface cleaning procedure by Ar ion impact, implantation measurements
of D in Be were conducted. Implantation measurements were done with 2 different
energies, but only one energy is now considered in full detail, as the behaviour is
very similar. Since the sputter ion source delivers the highest ion current by using
the D, molecule, this projectile was also used for implantation, where the kinetic
energy of 5keV per D, is equivalent to 2.5keV per D. An average ion flux of
® = (7.9+0.5) x 10" m~?s~" could be reached.

In figure 8.3 the results of the implantation measurement of D in Be can be seen.
Implantation was performed at room temperature and under normal incidence ion
impact, up to a fluence of (9.9 + 0.6) x 10*' m—2.
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Figure 8.3 — Fluence dependence of the resonance frequency of the quartz crystal
sample (blue) and the mass change rate (Am rate) (green) of a Be sample under
D irradiation with 2.5 keV and normal incidence. Severe implantation of D can be
seen as drop in the resonance frequency as well as a positive Am rate (B1 and B2
region). Saturation of the sample occurs after a fluence of about 6.7 x 102" m—2,
whereupon sputtering takes over as dominant process (y region). The beam-on
(a) and beam-off (Q) regions are equivalent in height of about 12Hz. Both
insets have equivalent width and height for better comparison.
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The QCM technique allows highly accurate mass change measurements, but only
determination of the net mass change is possible. During ion bombardment of a
sample, implantation as well as sputtering and outgassing occurs.

The implantation dominated regime can be seen as a drop in the resonance fre-
quency of the crystal, which is equivalent to a positive mass change rate and
therefore an increase of the sample mass. As soon as saturation occurs, Am rate
gets negative, meaning that sputtering overtakes as dominant process.

The implantation measurements show different regions, which can be interpreted
as follows (compare with figure 8.3):

a - Switch-on region: Implantation of projectiles in easy accessible vacancies in
combination with local stresses on the quartz crystal causing fast frequency
changes. In the measurement a fast frequency drop of 12 Hz can be seen
and after a fluence of about 7 x 10" m~2 the linear implantation region
starts.

B - Implantation region: Here, the quartz crystal is in stress equilibrium again and
the implantation of projectiles continues, showing a positive and constant
mass change rate of about 1.6 x 10'* amu/cm?/s, as well as a continuous
decrease of the resonance frequency. Easy accessible vacancies are filled up
first, which can be seen in a high mass change rate (B; region). After a
fluence of about 2.2 x 102" m~2 the mass change rate decreases, showing
that easy accessible spots in the sample are nearly filled up and interstitial
spots start getting filled (32 region).

y - Sputtering region: After a fluence of 6.7 x 10?' m~2 the sample is saturated
and the mass change rate (Am rate) becomes negative, meaning that sput-
tering overtakes as dominant process. By evaluating the slope of the fre-
quency response in this region, the sputtering yield can be evaluated (see
also chapter 4.1 for the detailed procedure).

Q) - Switch-off region: After a fluence of 9.9 x 10?" m~2, the ion beam is switched
off and projectiles implanted close to the surface are outgassing, causing a
mass loss of the quartz. Also the sudden release of the local stress on the
quartz crystal itself contributes to this response. Usually this region is the
inverse of region a. It should be noted that after switching off the ion beam
no more fluence is applied, but the abscissa was plotted further to allow a
comparison with a.

The measured mass change rate also allows to determine the total mass change
during this irradiation. Here a total mass increase of Am = 381 x 10" amu/cm™2
could be evaluated.
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8.5 TDS Measurements

After the implantation measurement a thermal desorption spectroscopy (TDS)
measurement was initiated. The included ohmic heating wires of the sample
holder in combination with a computer controlled current supply and an attached
thermocouple (compare with chapter 4.1.4) allows to perform a heating ramp
with a slope of 1.5 K/min. A quadrupole mass spectrometer (QMS) attached to
the chamber, with a distance of about 10 cm of the sensor head to the sample,
allowed to analyse the outgassing elements and molecules.

In figure 8.4 a TDS result can be seen, from room temperature to 500 K. The
QMS signal shows a pronounced m/q = 4 (D,) peak, at a temperature of 423 K,
where in the m/q = 2 signal (H, and D) only a continuous decrease of the
signal can be seen. The blue line in this signal shows the resulting mass change
rate evaluated via the newly developed dual-mode QCM technique (compare with
chapter 4.1.2). It confirms a negative mass change, peaking at 423 K and thus
clearly shows the outgassing of D, which desorbs as D,. By integrating the mass
change rate over this peak, a total mass loss of Am = —394 -10"amu/cm? could
be evaluated.

4 .
100 F AT/t = 1.5 K/min :
1423 K 106
| - >~
£
03 S
B £
M T
7 D . Ak V achyodiinansin. gy 4 W I R o Oruisiniuigpy N 0.0 ©
= 2
O e
(]
—03 &
£
=
: —0.6
L I TP SV AP BV P B

325 350 375 400 425 450 475 500

temperature [K]

Figure 8.4 — TDS result after D implantation in Be. The quadrupole mass
spectrometer revealed a pronounced D, outgassing, peaking at 423 K with a
QMS count rate of 6x 103 cps. The QCM confirms this peak, showing a negative
peak of the mass change rate. By integrating over this peak, a total mass loss
of Am = —394 - 10"amu/cm? can be evaluated.
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In table 8.1 the mass change rates evaluated during implantation and during the
TDS are compared and the relative to the total applied fluence evaluated. During
implantation 19.2% of the total applied fluence was implanted into the sample,
where during the TDS a value of 19.9% could be evaluated. Although an error of
about 6% in the total applied fluence need to be considered here, it is interesting
to see that as much mass change occurs through implantation as during TDS.
This also shows that all the implanted D is released below 500 K.

total applied fluence: 9.9-10°"D/m? = 1980 - 10" amu/cm?
Am during implantation: +381 -10"™amu/cm? 19.2%
Am during TDS (at m = 4 peak): | —394 - 10" amu/cm? 19.9%

Table 8.1 — Comparison of the total applied fluence to the measured mass change
rate (Am) during implantation of D, on Be and subsequent TDS. The percent-
ages refer to the total applied fluence. The mass loss measured with the QCM
(using dual mode temperature compensation) during TDS is in good agreement
with the mass increase during implantation. This shows that only about 20% of
the total applied D is implanted and all implanted D is released during the TDS
temperature scan (up to 500 K).

8.5.1 Comparison to Modelling with SDTrimSP-1D

The software code SDTrimSP-1D allows to model dynamic erosion of a target,
which can include material mixing, projectile implantation, as well as surface
recession (see chapter 3 for more details).

To compare the implantation behaviour of D in Be with the QCM technique
(figure 8.4) to modelling with SDTrimSP-1D the value of Am rate need to be
converted to the value of mass removal rate (mrr), which represents the mass
change per incident particle. This can be easily done by simply including the
incident ion current density (compare with chapter 4).

In figure 8.5 the fluence dependence of the mrr can be seen (blue). Equivalent
to figure 8.3 a pronounced implantation behaviour is shown, up to a fluence
of 2 x 102" m~2. Henceforth the implantation decreases and after a fluence of
7 x 10" m~2 the mrr becomes positive, which means that sputtering takes over
as the dominant process.
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Figure 8.5 — Fluence dependence of the mass removal rate (mrr) of a Be sample
under D irradiation with 2.5keV per D and normal incidence, using the QCM
technique (blue). The negative mrr indicates pronounced implantation of D into
Be, where after a fluence of around 2x 102! m~2 saturation starts to appear. After
a fluence of 6.7 x 10%' m~2 the mrr becomes positive, meaning that sputtering
takes over as dominant process. A good agreement with the code SDTrimSP-1D
can be seen, by inlcuding a maximum D retention of 26 at.%.

Figure 8.5 shows also a dynamic modelling result using SDTrimSP-1D (red). Here
a pure Be target was assumed and simulated for irradiation with D projectiles of
2.5keV under normal incidence. Implantation of D in the Be target was con-
sidered and limited to 26 at.%. If the implanted quantity exceeds this value the
additional projectile is assumed to diffuse immediately to the surface and to desorb
there. Deviations at low fluences are observable, but the saturation trend can be
reproduced in acceptable agreement.

8.6 Summary and Conclusion

The interaction of energetic Ar and D ions with Be surfaces was investigated in this
chapter, by using the newly developed dual-mode QCM technique. Ar irradiation
was primarily performed to clean the sample surface from an oxide layer. After
reaching a steady state erosion yield the absolute sputtering yield of Ar on Be
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could be evaluated at energies from 1keV to 5keV. The evaluated sputtering
yields were compared to modelling with SDTrimSP. The rather simple modelling
approach, by simulating a static and pure Be target already delivers good results
and agrees well with the measured sputtering yields.

Subsequently implantation measurements with D in Be were investigated in more
detail at 2.5keV per D and showed a pronounced fluence dependence. The
possibility of in-situ mass change measurements with the QCM revealed valuable
insight into the D saturation dynamics behaviour of a Be sample. It could be
shown, that the implantation behaviour can be divided into 3 major-regimes: A
nearly constant implantation mass change rate is observable in the initial-regime.
After a fluence of 2.2 x 10?" m™2 an transient region is observable, where the
mass change rate decreases. Saturation of the sample occurs after a fluence of
6.7 x 102" m~2. From here sputtering becomes the dominant process.

By converting the measured mass change rate to a mass removal rate (mrr) a
comparison with the erosion modelling code SDTrimSP-1D becomes possible. By
performing a dynamic implantation modelling, allowing a maximum retention of
D of 26 %, good agreement with the measurements is found. This value agrees
reasonable well with Oberkofler et. al. [35], where a slightly lower value of 20 %
was found.

After D implantation of up to 9.9 x 102" m~2 TDS measurement were performed,
with a heating ramp of 1.5 K/min, from room temperature to 500 K. The 'low-
temperature’ release peak of D could be seen very clearly, at a temperature of
423 K. It must be noted that the temperature was evaluated via a thermocouple
mounted on the sample holder, as no direct connection to the quartz crystal
sample is possible as it would disturb precise frequency measurements. Oberkofler
et. al. [33] found out that a threshold fluence needs to be implanted first in order
to see this 'low-temperature’ release peak at all, whereon the maximum of this
peak shifts to lower temperatures at higher fluences. Furthermore he found out
that between 700 K and 850 K further D is released.

By using for the first time the new dual-mode temperature compensated QCM
technique it could be shown that during the performed TDS up to 500K the
same total mass change occurred as during implantation, which was found out to
be about 20% of the total applied fluence. Therefore no further release of D is
expected at higher temperatures. Unfortunately a temperature of 850 K cannot
be reached with the dual-mode QCM technique, as the quartz crystal does not
survive such high temperatures.

As temperatures around 900 K are expected for a Be blanket PFC in a fusion device
the implantation of the fusion fuel into the wall should therefore be negligible small
as it outgasses immediately [13,129].

However, the retention mechanism in Be is still not completely understood and
further experiments are necessary.
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Conclusion and Outlook

The purpose of this work was to investigate the interaction of plasma facing mate-
rials (PFMs) under ion bombardment in the kinetic energy range of 0.25 —5keV.
Depending on the angle of incidence, the composition of the ion and the sample
material, reflection or implantation of the projectile occurs. In addition, surface
erosion in form of physical sputtering takes place and changes the surface mor-
phology, which can result in surface smoothening or roughening. Furthermore,
the elemental composition of the surface in the form of preferential sputtering
can also be changed considerably, which in turn influences the sputtering be-
haviour [42,43,101].

By using the highly sensitive TU Wien QCM the interaction of thin films of tung-
sten, iron, and beryllium as well as iron-tungsten mixed films under deuterium
and argon irradiation was investigated [43]. Furthermore, the erosion of nanos-
tructured tungsten (W-fuzz) under argon irradiation was investigated, using the
QCM in catcher configuration. The high flexibility of this measurement method
allows erosion investigations on a small scale under precise laboratory conditions
without the need of a large tokamak fusion experiment.

The QCM measurements allow in situ investigations which, in combination with
surface investigations using AFM and SEM, as well as elemental depth measure-
ments via IBA or sputter-XPS, reveal the dynamic process of ion beam induced
erosion with a high degree of detail.

These measurements make it possible to perform a comparison and benchmarking
of erosion modelling with newly developed codes, which can take into account
surface morphologies and even nanostructures.

In this work it could be shown that surface morphology sensitive MC-BCA codes,
such as SDTrimSP-2D and TRI3DYN are capable to forecast the outcome of
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experiments, if precise surface morphologies and elemental sample compositions
are available.

Erosion measurements of Fe films under 500 eV monoenergetic Ar irradiation at
60° angle of incidence showed a fluence dependent erosion rate, originating from a
native oxide layer on top of the samples. After applying a fluence of 8 x 10?" m~2
a clear decrease in the root mean square roughness R, as well as in the width
of the inclination distribution was observed, by performing pre and post AFM
measurements. By using the code SDTrimSP-2D, where as surface input a random
line surface was created with the same inclination distribution and R, as the real
sample, as well as the measured elemental depth distribution, the outcome of the
QCM measurements could be reproduced. To be able to reproduce the actual
surface pattern, the 2D approach is not sufficient and requires a full 3D code.
Nevertheless the results are already remarkable, especially since the method of
reducing a real 2D surface to a 1D line surface already led to a good agreement
with the experimental results [44].

For the reconstruction of the FeW measurements the full 3D code TRI3DYN was
used for the first time. The possibility to use a real AFM image as surface mor-
phology input for the code, as well as the detailed elemental depth distribution
evaluated via sputter-XPS and RBS allows a detailed comparison with the QCM
experiments. The erosion due to prolonged D irradiation with 250eV up to a
fluence of 4 x 10> m~2 under an angle of incidence of 0°, 45° and 60° revealed
a continuous reduction of the erosion yield due to surface enrichment of W, as
well as an increase in the R, [42]. The code TRI3DYN is able to confirm and
reproduce the surface enrichment of W and the consequential reduction of the
erosion rate. The comparison of the TRI3DYN results using different elemental
depth measurements of sputter-XPS and RBS shows that very accurate data are
essential to reproduce the experimental results. The resulting surface morpholo-
gies, especially under 0° and 45° angle of incidence are in good agreement with
the experiments [43]. Under 60° angle of incidence the experiments revealed also
a strong ripple formation, but TRISDYN revealed a structure where the perpen-
dicular mode ripple formation is more pronounced. The reason for this is not quite
clear, but most probably the initial surface is of crucial importance here. The lim-
ited lateral extent of the surfaces that can be modelled is also an inaccuracy that
is related to this deviation. Nevertheless, the comparison with TRI3DYN clearly
shows that the surface morphology has an influence on the erosion behaviour even
with low R, roughnesses in the nm range [43].

TRI3DYN is also capable of modelling nanostructures, which allows a comparison
to erosion measurement of W-fuzz. The QCM in catcher configuration was used
to experimentally investigate the erosion of W-fuzz samples under prolonged Ar
irradiation 2 keV and under 60° angle of incidence. It was found that sputtered
particles were emitted preferably in direction of the incident ion beam and that
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nanostructures have only about 5% of the sputtering yield of bulk tungsten. After
an applied fluence of 1.7 x 10%> m~2 a formation of scaly surface structures was
observed via SEM, where the tips of these scales point directly towards the ob-
server. For TRI3BDYN erosion simulations, data was extracted from SEM images
of real W-fuzz samples to randomly generate a nanostructured input model with
identical areal coverage density and string thickness. This novel approach allows
to create a fuzz model, whith that TRI3BDYN is able to reproduce the dynamic
formation of a scaly structure under prolonged Ar irradiation. The structure for-
mation, due to severe redepostion of sputtered material and the clearly occurring
backward sputtering could be reproduced. Nevertheless, deviations from the real
experiments can still be seen, as the modelled total sputtering yield is overesti-
mated and a too pronounced forward sputtering was modelled. The reason for
this can certainly be the too rough model of the W-fuzz. By modelling additional
porosity and a bigger volumes the agreement could likely be improved, but this
goes beyond the capability of TRI3BDYN so far. For fusion research the results
are promising, as fuzz has a significantly lower sputtering yield than anticipated.
However further experiments are necessary, since different behaviour may be seen,
especially at elevated temperatures [45].

During the work also efforts were made to improve the TU Wien quartz crystal
microbalance. A quasi simultaneous excitation of the ground mode (C1) and the
third overtone mode (C3) of a quartz crystal allows to compensate for frequency
changes caused by temperature changes of up to 700 K. This technique was
used for the first time to investigate the implantation and release behaviour of D
in Be. A total D fluence of 9.9 x 10%' m~2 was applied, where the QCM mass
change measurements during implantation showed that about 20% of the applied
D fluence was implanted. A subsequent TDS measurement in combination with
the new QCM dual-mode temperature compensation technique revealed a total
mass change of also 20% of the total applied D fluence. Concluding it could be
showed that the implanted D completely desorbed already below 500 K. As higher
temperatures are expected in a fusion device the retention of fusion fuel in a Be-
PFM should be negligible small [13,129]. The implantation behaviour was also
modelled with the 1D version of SDTrimSP and the simulations could reproduce
the experimentally observed behaviour well, if the D retention was limited to
26 at.%.

This work clearly showed the possibilities of the meanwhile nearly 40 years old
MC-BCA code principle. The increasing computing power allows to continuously
improve and extend the functionality, by taking into account dynamic changes
and also surface morphologies [57,69, 74]. Nevertheless the codes physical limits
need always to be considered and makes the comparison to experimental results
unavoidable. The TU Wien QCM technique in both classic and in the catcher
configuration, is ideally suited for that.

Further measurements are ongoing, where a redesign of the QCM catcher manip-
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ulator will be used. This upgrade allows to move the catcher in additional degrees
of freedom and includes also a tilt axis, allowing to precisely align the surface
of the catcher QCM to face the sample. This make it possible to measure the
angular distribution of the sputtered particles with a higher degree of precision, as
sensitivity effects due to distance and relative orientation changes can be avoided
(refer to C. Cupak [132]).
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AIC Analytical Instrumentation Center
ADC analog digital converter

AFM atomic force microscope

amu atomic mass unit

BCA binary collision approximation

CAD computer aided design

CCFE Culham Center for Fusion Energy

CF ConFlat

CM confocal microscope

CMS center of mass system

coax coaxial cable

DEMO DEMOnstration power station
ECR electron cyclotron resonance

ELM edge localized mode

Acronyms
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ERDA elastic recoil detection analysis

FIB focused ion beam

FWHM full width half maximum

FZJ Forschungszentrum Jiilich

GUI graphical user interface

HZDR Helmholtz Zentrum Dresden Rossendorf
IAP Institute of Applied Physics

IEA International Energy Agency

IPP Max Planck Institute of Plasma Physics
IBA ion beam analysis

ITER International Thermonuclear Experimental Reactor
JET Joint European Torus

KrC Krypton-Carbon

LS laboratory system

MC monte carlo

mrr mass removal rate

MD molecular dynamics

NBI neutral beam injection

PC personal computer

PFC plasma facing component

PFM plasma facing material

PVD physical vapour deposition
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Python script based high level programming language www.python.org

QCM quartz crystal microbalance

QMS quadrupole mass spectrometer

RBS Rutherford backscattering spectroscopy
RGA residual gas analyser

RMSR root mean square roughness

SEM scanning electron microscopy

SRIM Stopping and Range of lons in Matter
SDTrimSP Static and Dynamic TRIM Sequential and Parallel
STM scanning tunnelling microscope

toe tonnes of oil equivalent

TDS thermal desorption spectroscopy

TOF time of flight

TC thermocouple

TRIDYN Dynamic Transport of lons in Matter
TRI3DYN TRIDYN in 3D

TRIM transport of ions in matter

tokamak Toroidal Chamber with Magnetic Coils (russian: TOpounganshas KA-

mepa ¢ MArHnTHeiMu Katywikamn)
TVA thermionic vacuum arc
UHV ultra high vacuum
XPS X-ray photoelectron spectroscopy

/ZBL Ziegler—Biersack-Littmark
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Danksagung

Da es am Ende einer Doktorarbeit iiblich ist noch ein paar Dankesworte an alle
zu richten die mir dabei geholfen haben soweit zu kommen, mdchte ich dieser
Tradition ebenso beiwohnen. Zuvor mochte ich hier aber noch die zeitliche Ent-
wicklung dieser Doktorarbeit zeigen, welche in der Abbildung 9.1 zu sehen ist.
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die wachsende PDF Datei der Dissertation. Insgesamt dauerte das Schreiben ca.
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140 = 40000
10 ~ 35000
00 - = 30000
0 i =1 25000
% 80 = . 5
S - =1 20000 =
60 = ’
L =] 15000
40 — 10000
20 = 5000
0 ] ] ] ] ] ] il 0
11.10. 25.10. 08.11. 22.11. 06.12. 20.12. 03.01. 17.01. 31.01. 14.02.
date
Abbildung 9.1 — Der dokumentierte Fortschritt der Dissertation.
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mir geholfen haben das Doktorrat durchzustehen und zu vollenden.

Als erstes bedanke ich mich bei Prof. Dr. Friedrich Aumayr: Lieber Fritz, vielen
Dank fiir das Vertrauen, dass du mir entgegengebracht hast und auch die groB-
artige Unterstiitzung. Du hattest immer ein offenes Ohr fiir mich und wertvolle
Tipps, nicht nur fiir physikalische Probleme, sondern auch wie man nahender
Uberforderung entgegenwirkt. Es wird mir immer ein Vorbild sein mit welcher
scheinbaren Leichtigkeit du Probleme angehst und |6st. Danke auch, dass ich an
16 Konferenzen teilnehmen durfte, wobei die PSI in Princeton und in Rom beson-
ders hervorzuheben sind, aber auch freue ich mich sehr, dass ich gleich zweimal
auf die beriihmte 3S Konferenz mitfahren durfte.
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Kollege verdienst besonderen Dank. Du hast mir bei vielen Problemen weiterge-
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iiberlegte und ruhige Herangehensweise an Probleme finde ich immer wieder sehr
beeindruckend.

Lieber Herbert, danke auch fiir deine Unterstiitzung und das fleiBige 'Rumnerden’.
Es hat SpaBB gemacht mit dir iiber allerhand technische Probleme zu philosophie-
ren, aber auch iiber Dinge in anderen Lebenslagen. Du bist eine groBartige Berei-
cherung fiir das gesamte |AP.

Lieber Christian Cupacca, ein Danke auch an dich. Als wir uns bei deiner Bachelor-
arbeit 2017 kennengelernt haben ist mir bereits dein Ehrgeiz und Eifer aufgefallen
und es freut mich umso mehr, dass du mein Nachfolger wirst. Alles Gute dabei!
Lieber Daniel, auch dir ein groBes Dankeschon fiir deine duBerst prazise und de-
tailverliebte Laborarbeit.

Des Weiteren mochte ich allen weiteren AG Mitgliedern danken, die weniger mit
der QCM zu tun haben:

Liebe Janine S., gemeinsam haben wir am IAP sehr viel erlebt. Beide haben
wir im Herbst 2014 begonnen und das wunderschone fensterlose Augustin Labor
lieben gelernt. Gemeinsam haben wir zweimal auf der 3S den Arlberg gerockt
und auch auf der ISI Russland unsicher gemacht. Die vielen Unterhaltungen bei
den Schokolade unterstiitzten Kaffeepausen mit dir habe ich sehr genossen, auch
wenn ich hin und wieder nicht alles gehort habe was du gesagt hast. Du warst
stets hilfsbereit und hast es auch geschafft mir Motivation zu geben. Vielen Dank
fiir alles!

Lieber Richard W., deine reichhaltige Erfahrung in der Experimentalphysik war
mir sehr oft niitzlich, vielen Dank dafiir! Unsere gemeinsamen Aufenthalte in
Frankreich und Moskau waren kulinarische Hohepunkte, welche ich nie vergessen
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wirst, auch wenn nun leider ich, als scheinbar einziger weiterer Star-Trek Fan, die
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zwar die meiste Zeit in Garching und oft nur als Hologramm oder per Skype
anwesend, aber es war toll mit dir gemeinsam die Baustelle von ITER besucht zu
haben.

Liebe Anna N., danke fiir deine immer sehr motivierenden Backwaren! Du bist
eine groBartige Bereicherung fiir die gesamte Arbeitsgruppe, insbesondere dein
selbstloser FleiB zum Wohle der Gruppe ist duBerst lobenswert.

Liebe Johanna F., liebe Lidija R. und lieber Gabriel S., auch euch ein Danke fiir
die produktive und schone gemeinsame Zeit.

Nicht nur den Arbeitsgruppen Mitgliedern gebiihrt Dank, sondern auch ganz be-
sonderen Menschen:

Liebe Gabriela T., dir muss ich ganz besonders danken! Du hast mir in den letzten
1.5 Jahren, seit dem wir uns kennen, sehr viel Kraft und Liebe gegeben. Du hast
mir gezeigt, dass mehr in mir steckt als das ich selbst gesehen habe und standest
mir auch in schweren Stunden zur Seite. Deine wundervolle lebensfrohe Art und
gewisse Dinge einfach etwas anders zu sehen hat mir sehr geholfen Ablenkung zu
finden und Energie zu tanken! Dankeschén Q!

Ein groBes Danke auch an die Bootcamp Kolleglnnen, insbesondere an den Trainer
Giinther F. Die wochentlichen USI Trainingsstunden um 7:00 friih, drauBen und
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