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Kurzfassung

Treffen Tonen oder Atome auf feste Oberflichen, so kann eine ganze Reihe von Phanome-
nen auftreten. Als Beispiel seien hier die Emission von Photonen oder Sekundéarteilchen,
sowie die Implantation von Teilchen, etc genannt.

Ein besonders interessanter Effekt ist auch die Erosion von Oberflichen aufgrund von
Zerstaubung, mit welchen sich diese Arbeit im Detail beschaftigt.

Beim Zerstaubungsprozess werden die obersten Atomlagen von der Oberfliche wegge-
sprengt.

Das Abtragen geschieht dabei willkiirlich, die Erosion ist also nicht tiberall auf der Ober-
flache exakt gleich stark, was zu einer Verdnderung der Oberflichenzusammensetzung
und somit auch zu einer Verdnderung der Erosionsgeschwindigkeit fiihrt. Manchmal
wird durch diese Modifikationen die Bildung von Strukturen auf der Oberfliche in-
duziert. Sind diese quasi-periodisch konnen sie als Wellen bezeichnet werden.
Einerseits kann dieser Effekt durchaus erwiinscht sein, so z.B. in der Halbleiter-Industrie,
anderseits stellen sie oft ein grofles Problem dar, wie z.B. bei der Erosion von Plasma-
Komponenten in Fusionsanlagen.

In Fusionanlagen sind die Plasma-Wand Interaktionen ein ungewolltes Phanomen. Die
Belastung der Plasma-Komponenten durch den Ionenbeschuss fiithrt zu einer Vekiirzung
der Lebenszeit der Komponenten. FEin gutes Verstiandnis von Plasma-Wand Wechsel-
wirkungen ist daher essentiell, um die Lebenszeit von Fusionsanlagen zu verbessern.
Aus diesem Grund werden in dieser Arbeit Plasma-Wand Wechselwirkungen unter kon-
trollierten Laborbedingungen untersucht.

Hierbei kommt eine Quartz-Kristall-Mikrowage (QCM) Technik zum Einsatz. Mit dieser
ist es moglich, auch kleinste Massenanderungen unter lonenbeschuss nachzuweisen.

Letztendlich verfolgt diese Arbeit zwei Ziele. Erstens wird die Oberflachenanreicherung
von schweren Elementen in Legierungen untersucht. Es wird dafiir eine Eisen-Wolfram
Legierung (98.5 at% Eisen 1.5 at% Wolfram) mit D3 -Tonen beschossen. Diese Art der
Legierung stellt ein Modell-System fiir den EUROFER-Stahl dar, welcher in zukiinfti-
gen Fusionsanlagen in abgelegenen Gebieten zum Einsatz kommen kénnte. Durch einen
Prozess, der bevorzugtes Zerstauben genannt wird, wird in dem Fall Wolfram an der
Oberflache angereichert. Da Wolfram bessere Eigenschaften als Eisen in Bezug auf An-
wendbarkeit in Fusionsanlagen besitzt, konnte eine Eisen-Wolfram-Legierung zukiinftig
als giinstige Alternative zu reinem Wolfram verwendet werden.



Das zweite Ziel dieser Arbeit ist, den Wissenschatz beztiglich Quasi-periodischer Ober-

flichenstrukturen, wie Wellen,zu erweitern. Hierbei stehen besonders ihr Entstehungszeit-
punkt und ihre Wirkung auf Zerstdaubungsprozesse im Vordergrund. Zu diesem Zweck

werden mit Eisen beschichtete Proben in mehreren Schritten mit Ar*-Ionen bestrahlt.

Die Proben werden anschlieBend nach jedem Schritt mithilfe eines Rasterkraftmiskroskops
auf das Erscheinen von Wellen untersucht.
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Abstract

When ions/atoms hit solid surfaces, a large variety of phenomena occur, e.g. the emission
of photons, secondary particle emissions, the implantation of particles, etc.. One very
interesting effect is the surface erosion due to sputtering. In the process of sputtering
the first few atomic layers of the surface are removed. Since atoms at the surface
are randomly sputtered, the erosion is not constant over the whole surface. This, in
consequence, leads to surface modification, which results in an altered erosion rate.
Sometimes this modification can lead to the formation of actual structures on the surface,
often these structures can be described as quasi-periodic. In this connection they are
called ripples. On the one hand, all these effects can be desired (e.g. semiconductor
industry), on the other hand these phenomena can lead to serious consequences (e.g.
erosion of plasma-facing-components (PFCs) in a fusion device).

In a fusion device, erosion of PFCs is an unwanted side effect. It reduces the lifetime of
the components. Therefore, gaining a better understanding of plasma-wall-interactions is
crucial for the lifetime and durability of future fusion devices. In this work, plasma-wall-
interaction processes are studied under controlled laboratory conditions. The Quartz
Crystal Microbalance (QCM) technique is used to measure the slightest mass changes
of target layers, deposited onto the QCM crystal during irradiation with ions.

Two different goals are pursued in this work. The first one is the investigation of surface
enrichment of high-Z elements in alloy materials. Here, the target material is an iron-
tungsten alloy (98.5 at% iron and 1.5 at% tungsten) which is irradiated by D3 ions. The
reason why this iron-tungsten alloy was used is that it represents a model system for the
EUROFER steel. EUROFER steel is currently being investigated for its applicability in
recessed areas in future fusion devices. Through a process called preferential sputtering
the surface is enriched with -in this case- tungsten. Since tungsten surfaces are much
more suitable as PFCs than iron, tungsten containing steels like EUROFER could be a
cheaper alternative to a pure tungsten coating in a fusion device. The second goal is to
gain a better understanding of when the formation of quasi-periodic surface structures
(like ripples) starts, as well as their influence on sputter processes. Therefore, pure
iron coated samples are irradiated by ArT ions in several fluence steps. Afterwards,
investigations under an Atomic Force Microscope (AFM) are carried out, in order to
monitor the formation of surface structures.
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Chapter

Introduction

Today, fossil power sources like oil, gas and coal as well as nuclear fission are the main
suppliers to the electric energy needs of society [1]. Especially coal is by far the largest
contributor to electric energy generation, with a contribution of nearly a third of the
total world electric energy output. In the last decades the demand for electricity has
grown more than the demand for any other form of energy. The TEA (International
Energy Association) predicts a growing demand of ~ 2.2% per year until 2035. The
worlds electric energy consumption was ~ 19 TWh in 2011. This will make a total
electric energy consumption of ~ 32 TWh by the end of 2035 [1]. Although renewable
electric energy sources are pushing forward, the demand for energy from fossil sources
is increasing nonetheless. The main disadvantages of fossil power sources are firstly
the COy emissions, which leads to an increased greenhouse effect and secondly the
diminishing of fossil reserves in the next centenary [1].

In the last decades renewable energy sources like photo-voltaic and wind-mill power
plants have been subsidized by numerous countries but they are not capable of supplying
the world energy needs [1]. In 1942 the first nuclear fission reactor was build (Chicago pile
one) by Enrico Fermi during the top secret WWII "Manhattan Project" [2]. Since then
nuclear fission has become a big contributor to the world electric energy production.
The main advantages are the C'Oy emission free production process and the energy
output per ton of fuel. One ton of Uranium-235 equals 2.7 Mt tons of coal in terms of
energy production. However, at least since the nuclear incident in Chernobyl in 1986
the bright light of fission power sources has been overshadowed. The nuclear fall out
from Chernobyl spread over Europe and lead to health risks for people going outside.
Until today the near reactor region is highly contaminated with decay products from the
incident. In addition, the deposition of nuclear waste still remains a problem regarding
politics as well as the environment. No government wants the waste to be stored in
their country and no government can assure the deposits remain safe for the next few
thousands years, until the radioactive waste has decayed to the point where it is safe
enough to be handled.



1 Introduction 1.1 Nuclear Fusion - a short overview

In the last few decades a new possible power source has been introduced, the nuclear
fusion. Instead of uranium or plutonium, deuterium and tritium are used as fuel. The
advantages of using these are that deuterium is naturally abundant in e.g. water and
tritium can be produced out of lithium during a neutron capture process,

°Li + n — YHe 43T+ Energy. (1.1)

The abundance of deuterium in water (H0) is 0.0115% which ensures a sufficient supply
for thousands of years. Lithium (out of which tritium can be produced) is naturally
abundant in the earth crust, with an abundance of 0.006%, which is as abundant as
tungsten! [3].

While it is true that tritium is radioactive and decays in a 8~ process to *He with a
lifetime of approximately 12.3 years,

ST — 3He +e + 7. (1.2)

Additionally, only a few grams of tritium are needed to power a fusion device, instead
of the several hundred kilograms uranium used in a fission device.

A big issue with fusion devices is the radioactive waste, which is produced during opera-
tion like in ordinary fission devices. Since there is a large variety of materials, which can
be used in a fusion device, the waste can be reduced to a minimum by choosing the right
materials. Today tungsten and beryllium are the choices, these materials do get acti-
vated during operation of the fusion device. But the resulting radioactive waste is "just"
medium level waste, with a relatively short half-life [4], it diminishes so significantly
after a few years, that the resulting materials could be recycled for use in other fusion
devices. Todays research (like this work) is also aiming for new materials, which can be
used in a fusion device. A steel called EUROFER [5] is currently under investigation
for its applicability in fusion devices as plasma facing material in recessed areas of the
device. Due to its composition, this steel (mainly iron with a few higher-Z elements like
tungsten) is a low-activation steel and therefore a good choice for application in fusion
devices.

1.1 Nuclear Fusion - a short overview

Fusion is a nuclear process in which two or more atom nuclei merge to build a different
atom, like deuterium and tritium which merge (fuse) to helium

2D + 37 — *He 4+ 'n + 17.6 MeV. (1.3)

LUranium-235 has an abundance of less than 10~°%.
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Figure 1.1: Binding energy per nucleon for different isotopes. [7]

In the displayed process an additional neutron as well as a great amount of (kinetic)
energy are set free. In total 17.6 MeV, 3.5 MeV for the helium and 14.1 MeV for
the neutron. In order to calculate the energy balance of such a process it is necessary
to estimate the binding energy of the nuclei before and after the process. This can
be achieved via the Bethe-Weizsécker formula [6], which calculates the total binding
energy of nuclei. This energy divided by the number of nucleons gives the binding
energy per nucleon, which is the usually desired quantity. In figure 1.1 the binding
energy per nucleon is displayed for a large variety of isotopes. It features a maximum
at approximately °°Fe. This means that atoms lighter than °°Fe can be fused and
atoms heavier than °°Fe can be used to gain energy via fission processes. With the
help of this figure it is possible to calculate the total energy gain of a process by simply
calculating the binding energy before and after the process. For a possible fission process
of Uranium-235 like:

U +In— ¥Ba + PKr 4+ 2n + 200MeV (1.4)

a total energy gain of 200MeV can be calculated®. So why bother with fusion if at first
glance, fission releases more energy per reaction? Consider one gram of Uranium-235
and one gram of a deuterium-tritium mixture. If this uranium completely fissions into
its daughter nuclei (e.g. ¥9Ba and ®K7) a total energy of ~ 82 G.J is released. One
gram of the deuterium-tritium mixture on the other hand releases ~ 336 GGJ. Therefore,
the fusion of one gram deuterium-tritium mixture releases approximately four times as
much energy as fission of one gram Uranium.

2While other decays are possible, the reaction displayed in equation 1.4 is the most likely.
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1.1.1 Nuclear fusion concepts

As mentioned before, any energy production from nuclear reactions is based on the
different nuclear binding energy of the involved nuclei. The explanation for the structure
in figure 1.1 is as follows. All reactions considering nuclear reactions are usually governed
by the strong interaction, which holds the protons and neutrons together in the nuclei.
This interaction is very short ranged, only 107'® m [8], thus the constituents of the nuclei
influence only their nearest neighbors. This would mean a constant binding energy per
nucleon. The small binding energy per nucleon for small nuclei is due to the relatively
large surface to volume ratio. The nucleons at the surface therefore lack a partner and
thus their contribution to the binding energy is reduced. For higher-Z nuclei (A ~ 60)
the decrease in the binding energy is caused by the repulsive force of the large amount
of protons.

Beyond the range of the strong interaction the Coulomb force of the protons is the
dominant force. This prevents other nuclei of getting too close to each other and therefore
from fusing. Only at sufficiently high energies (temperatures) the nuclei can come close
enough, so that the probability that one nuclei tunnels through the Coulomb wall into
the other nucleus and fuse is high enough. After the tunneling the attractive strong
interaction becomes the dominant force and the nucleons from both nuclei form a new
nucleus. In figure 1.2 the schematics of such a reaction is displayed. The probability for
fusion of two nuclei is therefore dependent on the probability of tunneling. The tunneling
probability is a function of the relative velocity (temperature) v and the charge of both
particles Z1 & Zo.

271'212262

= (1.5)

Ptunneling ~ exp[—

Gravitational confinement

The sun is doubtlessly the best example of fusion and also the best way to describe
gravitational confinement. Due to the high mass of the sun, the gravitation in its core
-which is around 1/64 of the volume of the sun and contains ~25% of the solar mass- is
220 times higher than earth gravitation. In this region a temperature of 15.7 M K and
pressure of 247 Gbar are prevalent [9]. These conditions make it possible for nuclei to
fuse. The total energy output of the sun approximately measures 3.846- 1026 W [9].
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Figure 1.2: Schematics of the potential energy between a deuterium and a tritium
nucleus colliding as a function of their distance. At high energies, tunneling of one
nucleus into the other is possible. At lower energies, repulsion takes place.

The main reaction cycle is the following:

Ip+1p = 2D +et 4,
D+ = SHe +~
3He + 3He — ‘He +2p

and it is called the pp-cycle [10].

An important feature of the first reaction is, that it needs the weak interaction, which
transforms one proton over a 3'-decay into one neutron. Thus, the reaction involves
the emission of a neutrino, in order to conserve the lepton number. This reaction occurs
rather rarely. This explains the long lifetime of the sun, since the sun mainly consists of
protons.

Inertial confinement

Inertial confinement is a fusion concept in which the fuel is irradiated by highly intense
LASERs or particle currents from all directions in order to assure a homogeneous, in-
wards directed pressure. Through this the fuel compresses and the pressure and temper-
ature increase drastically. In this state the fuel "burns down" in just a few nanoseconds
and it is held together by the inertia of masses.
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Figure 1.3: Left: Tokamak concept. Right: Stellarator concept. [11]

This fusion concept is mainly pursued by the United States of America (USA). The most
successful facility using this concept is the American National Ignition Facility (NIF).

Magnetic confinement

The magnetic confinement concept is probably the most advanced fusion concept today.
Within this concept the fuel is heated by microwaves and/or particle beams to a temper-
ature of 10-20 keV//ky. To prevent the fuel plasma from drifting apart, strong magnetic
fields are applied to compress the plasma. Today, two types of fusion device concepts
are followed. The first type is called the Stellarator. The name is derived from the greek
"stellar" - meaning sun - indicating that it produces energy just like the sun. The second
type is the TOKAMAK, named for a Russian acronym translating to "toroidal chamber
with magnetic coils" [11]. Both use magnetic fields to achieve the confinement of the
plasma. However, the concepts behind them are completely different and would exceed
the scope of this thesis. For a profound explanation of these two fusion device types, see
[12]. In figure 1.3 the schematic views of a Stellarator and a Tokamak are shown.

1.2 Motivation

Although a lot of progress has been made in fusion research in the last decades, a lot of
technical issues still need to be solved in order to achieve a stable and safely functioning
fusion device. For example, the inner coating of a fusion reactor, which faces the hot
plasma, is constantly bombarded by ions. It is one of the most stressed parts in a fusion
device. Therefore, it is crucial to understand plasma-wall interactions.
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Due to this ion bombardment the inner coating of the reactor is sputtered and in con-
sequence the plasma is contaminated with wall material, which in turn is ionized by
impact ionization. These ions join the fusion plasma and usually cool the plasma, which
in turn leads to a poorer fusion process and the necessity of more heating power. Also,
the lifetime of the plasma facing components is limited by the erosion rate due to ion
bombardment. It is therefore preferable to use materials which sustain the ion bom-
bardment.

In this thesis, the impact of deuterium ions on iron-tungsten (FeW) alloys and Argon
ions on pure iron are investigated under different angles of incidence. The interaction of
the ions with surfaces in the laboratory setup should be comparable to the plasma-wall
reactions in a fusion device. The deuterium ions have a kinetic energy of 250 eV/D and a
total fluence of ~ 3-10%3 D /m? is applied to each sample. The Argon ions have an energy
of 500 eV/Ar and the applied fluence is ~ 6.8-10?3Ar/D. Furthermore, Atomic Force
Microscope (AFM) investigations have been performed before and after irradiation to
show nano-sized surface modifications of the surfaces due to the sputtering processes.

1.2.1 FeW model systems surfaces

As mentioned before, tungsten is a possible candidate for the coating of plasma fac-
ing components in future fusion devices. It provides good sustainability against high
heat fluxes and the constant ion bombardment. However, tungsten is brittle at room
temperature and its thermal and mechanical conjunction in the fusion device during
construction can be challenging. In order to reduce both technical effort and costs, us-
ing steels containing small amounts of high-Z elements like tungsten in recessed areas
of a fusion device can be an attractive alternative. Tungsten containing steels, such as
EUROFER [5], are tougher than pure tungsten. Since EUROFER mainly consists of
iron, mostly iron is sputtered during irradiation. However, due to preferential sputtering
(see chapter 2.1.1) of medium-Z steel elements, the surface is enriched with higher-Z el-
ements like Tungsten, which reduces the erosion yield considerably (compared to a pure
iron surface). This, in turn, increases the lifetime of the components.

In this work an iron-tungsten films (98.5 at% iron and 1.5 at% Tungsten) is used instead
of the EUROFER steel. It represents a model system for the EUROFER steel. This
steel is irradiated by mono-energetic (250 eV') deuterium ions under different angles of
incidence, while the mass removal is constantly measured in order to investigate the
influence of high-7Z element-surface enrichment on the mass removal rate. The energy
of 250 eV/D is chosen because it is at around the sputter threshold of tungsten. This
increases the influence of preferential sputtering (see section 2.1.1) on the sample and
therefore accelerates the surface enrichment of high-7Z elements. In Chapter 4 the results
of these measurements are presented.
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1.2.2 Fe surfaces

When a surface is bombarded by ions, the previously mentioned sputter process starts.
This also leads to a large variety of surface modifications. These modifications can build
either chaotic structures leading to a surface roughening or quasi-periodic structures,
depending on the material and the angle of incidence as well as the surface itself. In
order to have clean conditions for monitoring surface modifications during irradiation, it
is necessary to get rid of effects like preferential sputtering and the influence of initially
present surface structures. Therefore, only polished surfaces and pure element samples
are used.

In this work, polished and pure iron surfaces were irradiated by mono-energetic Argon
ions (500 eV') under different angles of incidence, while the mass removal was measured
with a QCM technique (see section 3.1.1.3). Argon is used since the measured signal
improves due to its high mass, compared to deuterium. After certain fluence steps, AFM
investigations were conducted to monitor surface structure formations. In Chapter 4 the
results of these measurements are presented.



Chapter

Sputter processes

2.1 Physical sputtering

When surfaces are hit by ions/atoms, the projectiles undergo collisions with the atoms
of the target. In these collision processes the projectiles lose energy through elastic
and /or inelastic scattering, which is transferred to the neighboring atoms on the surface.
Usually, when the projectile penetrates the surface the projectile initiates a collision
cascade. In a simple case this collision cascade can be approximated by several binary
collisions. Assuming only elastic collisions, the energy transfer during the collision from
one particle to the other is given by the energy and momentum conservation [13].

Efzn,before _ E{cm,after_i_Eé:m,after

pbefore o pzllfter

after
1 - 2

+p
When a surface atom experiences a collision! and the transferred energy is higher than
the surface binding energy of the surface atom, the surface atom can leave the surface,
when the resulting momentum vector is outwards directed. In this case the process is

called sputtering. The quantity usually used to measure sputtering is the sputter yield
Y.

_ sputtered atoms

(2.1)

"~ projectile atom

For composite targets the sputter yield Y is usually not used, since in composite targets
it can not always be determined which species of the target atoms is sputtered.

IFrom the projectile particle or the collision cascade.




2 Sputter processes 2.1 Physical sputtering

Therefore, the mass removal rate is used instead.

mass
Mass removal rate = — (2.2)
projectile atom

Here it is irrelevant which atom is sputtered. The sputter yield and the mass removal
rate are connected through a constant factor which depends on the composition and
the masses of the involved materials. Henceforth, the mass removal rate is used within
composite targets and the sputter yield for non-composite targets.

In order to calculate the minimum ion impact energy for a collision, which leads to
sputtering, the above mentioned energy and inertia conversation laws can be applied.
The maximum transferred energy from one projectile to the other is, when the projectiles
collide frontally with each other [13]. This leads to an energy transfer of:

4
AEpe = B with p=(—+—)

kin

(2.3)

Where g is the reduced mass, m; and my are the masses of the two involved particles
and F is the kinetic energy of the projectile particle with mass m; -assuming that the
target particle mo rests-.

Therefore, when two particles collide frontally and the transfered energy from equation
2.3 is higher than the surface binding energy of the surface atoms, sputtering is possible.
In order to achieve this energy transfer the projectile particle must have a minimum
kinetic energy of E,Q%" =0.5-mv? = AETA* . If the projectile atom has a kinetic energy
greater than AE}M%* sputtering can even start when the two particles do not collide
frontally. In figure 2.1 the sputter yield over the impact energy for deuterium hitting
iron is displayed?. It features a minimum energy for sputtering at ~ 20 eV/D and a
maximum at ~ 500 eV/D. Due to fact, that at high kinetic energies, the collision cascade
spreads deeply into the bulk and therefore the energy deposition is in the bulk and less
surface-near atoms gain enough energy to leave the surface. By increasing the impact
angle -with respect to the surface normal- the collision cascade and therefore the energy
deposition can be held closer to the surface, which in turn increases the sputter yield.
In section 2.2.1 a more profound explanation for this phenomenon is given.

2The impact angle with respect to the surface normal is 0 degrees.

10
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Figure 2.1: D on Fe. Sputter yield as a function of projectile impact energy. The
symbols are measurements [14], the blue line a SDTrimSP simulation. The impact is
perpendicular.

2.1.1 Preferential sputtering

If a target consisting of two different but homogeneously mixed materials (A and B) -the
concentrations (¢, and ¢) of which add up to one- is irradiated by ions or fast atoms,
materials A and B will be sputtered. Due to the fact that each material has its own
sputter yield with respect to the projectile ions® the materials are sputtered differently.
If, for instance, material A has a higher sputter yield than material B, material A depletes
faster from the surface? and subsequently the surface concentrations of A and B change.
During this process the overall sputter yield changes as well, due to the changed surface
concentrations. After sufficiently long irradiation, the surface concentrations as well as
the sputter yield will reach a steady state [14].

The following equation 2.4 describes the relationship between sputter yield and surface
concentration in equilibrium.

Y, Cq

Ya _ 2.4
Y, o (2.4)

Here, Y, and Y}, are the respective partial sputter yields of the components A and B.

3In fact due to the composition of materials the surface binding energy for each atom species changes
with the concentration as well.

4This effect is extremely pronounced when for instance the impact energy of the projectile particles is
high enough to sputter B, but not A.
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2 Sputter processes 2.2 Surface modification due to sputter
processes

As mentioned before, in the initial stages of irradiation the composition of the sputtered
material can deviate from the steady state case [14]. This alters the entire sputter yield
compared to the steady state case. To generalize this, the ratio from equation 2.4 must
be altered in order to describe the new situation. This leads to:

Yy ca

5=
Yy ¢

(2.5)

in which ¢ is the sputter preferentiality [15].

Usually, the sputter preferentiality is influenced by the chosen materials (i.e. their
surface binding energy or mass) and their concentration in the bulk. However, as a rule
of thumb most often the material with the lower mass is sputtered preferentially [15].

2.2 Surface modification due to sputter processes

When surfaces are irradiated by ions the previously mentioned sputtering happens. This
process gives rise to a large variety of surface modifications, but mostly a simple roughen-
ing of the surface takes place. Under certain circumstances these modifications can form
specific patterns on the surfaces. In some cases they can be described by quasi-periodic
height modulations [16, 17]. This depends on the target materials, the crystallographic
properties, the angle of incidence of impacting particles and other properties like the
surface temperature.

When the ion beam hits the surface under oblique angle of incidence, two interesting
types of patterns, also called ripples, can be observed. Perpendicular Mode Ripples
(PeMR) and Parallel Mode Ripples (PaMR) [16]. The terms perpendicular and parallel
correspond to the angle of the wave-vector of the ripples and the projection of the ion-
beam on the surface. The Bradley-Harper theory [17] was one of the first mathematical
descriptions of this phenomenon and will be explained in the following section.
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2 Sputter processes 2.2 Surface modification due to sputter
processes

2.2.1 Bradley-Harper theory

The Bradley-Harper theory [17] is a continuum model description of surface formations
due to ion sputter processes based on the sputter theory of Peter Sigmund [18]. With
this theory the erosion rate v can be calculated by:

v=p / (r) Ey(r)dr. (2.6)

Where r is the stationary vector, ¢(r) is the ion flux density, p is a proportionality factor
between erosion rate and energy deposit in the surface due to ion bombardment and
E4(r) is the spatial energy distribution of one ion in the surface. With this information
Bradley and Harper found a partial differential equation which can describe the erosion
rate of the surface Oh/0t as a function of the spatial derivation and the local curvature
[17].

The Bradley-Harper equation successfully describes the roughening and smoothing of
surfaces due to surface diffusion processes. It can also describe the two forms of ripple
formations, PeMR and PaMR at oblique angle ion incidence. With the Bradley-Harper
theory it is possible to calculate how much the surface topology changes with increasing
fluence. It shows how an initially flat surface -with only small perturbations in the
surface height- becomes rougher over time. This is due to how and where energy is
deposited by ions in surfaces. The Bradley-Harper equation shows that the energy
deposition of ions in the surface near region is higher in valleys than in apex regions.
In figure 2.2 a schematic representation of this behavior can be seen. The gray scale
indicates the energy density due to ion impact. The darker the area the higher the energy
deposition. Therefore, more atoms are sputtered in the valleys because more atoms gain
enough energy to leave the surface. This leads to an increase of the amplitude of surface
structures and consequently to a higher roughness. As a result the local impact angle of
the projectile material changes with the applied fluence and therefore so does the sputter
yield, compared to a flat surface. This impact angle distribution also occurs on initially
rough surfaces.
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2 Sputter processes 2.2 Surface modification due to sputter
processes
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Figure 2.2: Schematics of the energy deposition in surfaces due to ion bombardment.
The grey scale corresponds to the amount of deposited energy in the viewed area. It
is clear to see that the energy density is higher in the valley than in the apex region.
The impact angle with respect ot the surface normal is 0 degrees.

The same arguments can be used to describe the angle dependency of the sputter yield.
Ions which impact under oblique incidence deposit more energy in the surface-near re-
gions which enables more atoms per impacting ion to actually leave the surface. On
the other hand, ions which impact under perpendicular angle of incidence deposit their
energy into the bulk. This enables only a few atoms to gain enough energy to leave the
surface.

Although the Bradley-Harper theory successfully describes e.g. ripple formation, it lacks
certain important features. In the theory an exponential growth of the amplitude of the
ripples is predicted. In the early stages of irradiation this is indeed the case, but with
progressing irradiation the exponential growth ceases [19].

The Kuramoto-Sivashinsky equation [20, 21] considers higher order derivations and can
describe the observed phenomena more precisely.
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2 Sputter processes 2.3 Computer simulations

2.3 Computer simulations

To gain a better understanding of sputter processes, computer simulations are of impor-
tance for this work, be it, to get a better understanding of ion surface interactions, or
to compare the experimental results with the results calculated by computers.

In this work the software SDTrimSP version 5.07 was used [22]. This program is based
on Trim.SP and TRIDYN [23-25], which are based on Monte Carlo simulations using a
binary collision approximation (BCA) for each scattering process. This means that each
projectile particle experiences multiple, separate collisions with the surface layer particles
on its path trough the surface layers®. Between collisions no other interaction occurs
between particles. SDTrimSP assumes an amorphous target with infinite lateral extent.
The target is divided into a finite number of layers. Depending on the input parameters,
the target layer thickness and compositions can change during particle irradiation. With
this program it is possible to calculate the sputter yield, reflection coefficients, transition
coefficients, target composite changes, etc.. This allows the program to include effects

such as preferential sputtering within its code.

SDTrimSP is a powerful program, nevertheless it lacks certain important features. It
does not include the surface roughness in its calculations. Therefore, the influence of
the surface roughness on the sputter yield is not included. This results in an inevitable
error, when comparing calculated results with measured results.

5Scattered surface layer particles in turn can experience collisions as well with neighboring particles.
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Chapter

Experimental methods

3.1 Setup for measuring small mass changes

In the following sections a setup will be presented, which is capable of measuring very
small mass changes. During this thesis the setup undergoes certain modifications to also
be capable of investigating fluence-dependent surface structure formations, but still be
capable of measuring the mass change due to ion bombardment.

3.1.1 Main parts of the setup

The used setup can be divided into three main parts:

e The vacuum chamber
e The ion gun with beam optics

e The Quartz Crystal Microbalance (QCM)

In the following sections these parts will be described. In figure 3.1 the whole setup is
displayed with its parts marked by circled numbers.

3.1.1.1 Vacuum chamber

As in any surface physics experiment, it is important to have good vacuum conditions,
in order to reduce ion beam density losses etc. during application. In this experiment a
residual gas pressure of 1077 to 10~ mbar in the vacuum chamber is typical. At higher
pressures ions could undergo collisions with the residual gas atoms and neutralize. The
resulting neutral atoms can sputter material from the sample like ions could do.
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3 Experimental methods 3.1 Setup for measuring small mass changes

Figure 3.1: A CAD drawing of the used setup.

o Ton-gun

9 Beam optics
e QCM holder
e Vacuum vessel

e Xyzp-stage

But these neutralized ions can not be measured easily and compromise the ion current
density measurement (see section 3.3.2), which is of crucial importance to this experi-
ment.

In order to quantify collisions between gas atoms the so called mean free path A should
be considerably larger than the distance between ion-gun and sample. The connection
between ion-gun to target distance d and the mean free path A can be described by:

A A= (3.1)
n-o
Where n is the density of atoms and o the charge exchange cross section. For example,
if the distance measures ~ 10 c¢m (like in this setup), a vacuum pressure should be better
than 1073 mbar. However, at ultra high vacuum conditions (like in the used setup) a
pressure of 10~ mbar leads to a mean free path of about 1 km, which is sufficient for
these measurements with this setup.

However, the residual gas pressure should always be kept at its absolute possible mini-
mum, whether or not 1072 mbar would suffice. Due to electronic impact ionization of
the residual gas atoms in the ionization chamber in the ion gun, residual gas atoms can
be ionized. These impurity ions compromise the experiment by sputtering material from
the sample with an "unknown" sputter yield.
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3 Experimental methods 3.1 Setup for measuring small mass changes

While these impurity ions can not be measured directly, it is possible to measure the
residual gas via a mass spectrometer!. This way, the influence of the impurities can
be estimated. One of these mass spectra is shown in figure 3.2. Here, the ion currents
measured by a quadrupole mass spectrometer is shown. The working gas -in this case
deuterium- was infused. The y-axis corresponds to the intensity of the corresponding
masses shown on the x-axis. A clear peak at a mass of four amu is visible. This is the
D3 peak, which should be as high as possible, since it is the working gas. But besides
the D3 peak other peaks are visible. Mind that the scale of the y-axis is a logarithmic
one, which means that the intensities of all other specimen is at least one (D; ) or several
order of magnitude lower than that for DJ . These are the impurity atoms in the vacuum
chamber, which as mentioned before should be as low as possible.

ion current [a.u.]

|

20 30 40 50

mass [amu]

Figure 3.2: Residual gas spectrum measured at the target chamber. There are clear
signs of impurity atoms/molecules, for instance nitrogen and water, but their intensi-
ties are a few permille at most.

3.1.1.2 Ion gun with deflection plates

The ion gun (type Perking Elmer PHI 04-261 2kV) used in this setup is an electron
impact ionization source. Acceleration voltages up to 2000 V' are possible. An Einzel-
lens at the front end of the gun allows focusing the ion beam. In order to manipulate
the ion beam, additional deflection plates have been added after the Einzel-lens.

n this experiment a quadrupole mass spectrometer was used.
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3 Experimental methods 3.1 Setup for measuring small mass changes

Applying a voltage to them bends the ion beam in a desired direction. The ion gun, as
well as the deflection plates can be seen in figure 3.1, points @ and @

3.1.1.3 The Quartz Crystal Microbalance (QCM)

In order to conduct sputter yield measurements, a QCM technique? is used [26, 27].
The QCM uses a quartz crystal which, is driven at its resonance frequency. The used
crystals are stress compensated (SC-cut). On either side of the crystal, 100 nm thick gold
electrodes are vapor deposited. These are necessary to ensure a good electric connection
between the electronics, which drive the quartz crystal and the quartz crystal itself. The
resonance frequency depends on the thickness of the quartz as well as on the thickness
of (possibly) deposited materials. When surface materials (e.g. iron) are sputtered the
resonance frequency of the crystal changes due to the changed thickness. This change
in the frequency can be measured and gives information about the mass change of the
sample. Sauerbrey [27] found a simple relation between mass change and frequency
change, which can be described as:

Af  Ad Am
S i (3.2)

As seen in equation 3.2, the frequency change is proportional to both thickness change
and mass change. Due to a temperature dependency of the resonance frequency of
quartz crystals [27], the crystals must be temperature stabilized. Each crystal has its
own thermal minimum frequency [27], which it should preferably be driven at. For
methods to calculate the actual mass removal due to a frequency change, see section
3.3.5.

In figure 3.3 the schematics of the QCM is shown. It displays the quartz crystal the
electrodes plus an applied surface layer, which is sputtered by an ion beam under an

angle of incidence o (measured from the surface normal). For more detailed informations
about the QCM technique, see [26] and [27].

2This particular QCM technique was developed at the TU Wien.
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Ion Bombardment

Sputtered
Material

Surface Electrode

QCM
Electronics

Quartz
Crystal  Electrode

Figure 3.3: Schematics of the QCM. Due to ion bombardment, atoms of the target’s
surface are sputtered, resulting in a change of the crystals resonance frequency. The
ion beam hits the surface under an angle of a.

3.2 Modified setup with aperture

In order to investigate the fluence dependency of surface structure formations like PeMR
or PaMR (later to be inspected by AFM), the setup was improved with an additional
aperture. This aperture allows application of different fluence steps to one sample with-
out opening the vacuum vessel and changing samples. The aperture can be seen in figure
3.4, point @ The aperture is rotatable, so that it can be completely retracted and the
old setup configuration is accessible without any further modifications.

During measurements the QCM holder can be shifted via the zyz¢-stage (figure 3.4,
point @) in order to conceal parts of the sample which should not be irradiated. This
way it is possible to irradiate the sample surface in fluence steps.

Aperture for relative ion current measurements

In addition, another aperture was added to monitor the ion current during measure-
ments, which allows a qualitative statement about this current. This aperture was
originally installed, in order to investigate the long-time stability of the ion beam of the

ion-gun. In figure 3.4, point @ this aperture can be seen.
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3 Experimental methods 3.3 Sputter yield measurements

Figure 3.4: CAD drawing of the modified setup.
0 Aperture for relative ion current measurements
9 Deflection plates
e Aperture for fluence step measurements
e QCM device with Faraday Cup
e Vacuum vessel

@ rYyz@-stage
3.3 Sputter yield measurements

With the setup, irradiation angles up to 70 degrees from the sample surface normal
are possible. This is acquired trough the xyz¢-stage, seen in figure 3.4, point @ All
measurements shown here were done at an extraction voltage of 500 V. Furthermore,
the temperature of the QCM holder was stabilized at approximately 430 K.

This experiment consisted of two different measurement series, each series featuring
different projectile and target materials®. In one series deuterium ions are used as
projectiles?. Since in fusion devices, deuterium and tritium will be used as fuel, using
deuterium and tritium ions as projectiles would be wise. Unfortunately, tritium decays
in a = process to helium and is a potential health risk, it was not possible to use it
in. The other measurement series is done with argon as projectile material, in order to
achieve larger signals and therefore clearer results. Since the argon sputter yield is much
higher than the deuterium sputter yield, the signal on the QCM improves. Furthermore,
impurity atoms in the residual gas does not effect the experiment as much as it would
be the case with deuterium.

3Target materials will be explained in section 3.3.1.
4Deuterium is in use in research fusion devices like ASDEX Upgrade in Germany.
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3 Experimental methods 3.3 Sputter yield measurements

(a) QCM quartz crystal disc. (b) QCM holder with quartz crystal disc.

Figure 3.5: (a): Photograph of the non-polished quartz crystal disc samples. (b):
Quartz crystal in the QCM holder. The gold circular ring in (a) around the quartz
crystal is one of the electrodes. The gray mark at picture (b) is an indicator for
orientation.

3.3.1 The used samples

As mentioned in section 3.1.1.3, the used crystals were SC-cut (stress compensated)
quartz crystals with gold electrodes. These quartz crystals are disc shaped with a diam-
eter of 14 mm. They oscillate in thickness shear mode, with a fundamental resonance
frequency of about 6 MHz. For the D measurements, an iron-tungsten alloy called
FeW (98.5 at% iron and 1.5 at% tungsten) was magnetron-sputter -deposited at IPP
Garching, with a thickness of about 300 nm. As mentioned before it is a model system
for the EUROFER steel [5], which can be of use as first wall material in recessed areas
in future fusion devices.

For the Ar™ measurements, pure iron was magnetron-sputter-deposited at the IPP
Garching on polished quartz crystals. The thickness of these layers is about 400 nm.
Furthermore, these quartz substrates have been polished in order to achieve a very
smooth and shiny surface, whereas the unpolished samples are opaque.

In figures 3.5 a photograph of an unpolished sample can be seen. Figure 3.5 (a) is the
quartz crystal disk with magnetron sputter deposited FeW layers. Figure 3.5 (b) shows
the quartz crystal in the QCM holder.
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3 Experimental methods 3.3 Sputter yield measurements

3.3.2 The QCM measurement device

The QCM measurement device, seen in figure 3.6, is separated into two parts.

e The Faraday Cup (FC), seen in figure 3.6 (a), point @
e The QCM holder, seen in figure 3.6 (a), point @

In figure 3.6 (b) a cut through the whole device is shown. It shows the different parts
of the FC and the QCM holder.

The Faraday Cup

The Faraday Cup device features several parts. The main part is the FC chamber, seen

in figure 3.6 (b), point @ Here ions neutralize and the FC current is generated, which
gives rise to the ion current. Due to ionization during ion impact with the wall in the
FC camber, secondary electrons can be emitted and eventually leave the FC chamber.
This adds error currents to the measured FC current. Therefore, a so-called suppressor is

applied, seen in figure 3.6 (b), point @ This device consists of a plate with a small drill
hole, where ions can enter the FC chamber. Furthermore, this plate is held on a negative
potential of about -50 V| relative to the ground. This potential prevents electrons from
escaping the FC chamber and ensures that no false currents appear. Lastly, there is the
FC aperture, seen in figure 3.6 (b), point @ Just like the suppressor this device also
consists of a plate with a small hole through which ions can enter. The drill hole is of
crucial importance in this case and must be precisely drilled since the drill hole size is
the main parameter for ion current density measurements®. In this experiment the hole
has an area of Apc = 0.97-107% m? as evaluated from an optical microscope image.

The QCM holder

The main part of the QCM holder® is the quartz crystal, seen in figure 3.6 (b), point

@. It is held in position by a tungsten spring, visible in figure 3.6 (b), point @, which
is also the electrical contact for the QCM electronics. Since every quartz crystal has
a thermal minimum frequency (see chapter 3.1.1.3), the quartz needs a possibility for
heating. This is assured by an ohmic heating wire, seen in figure 3.6 (b), point @ Due
to the holders design it is possible to achieve irradiation angles up to 70 degrees. At
higher angles a shadowing effect due to some parts of the holder would occur.

5The importance of the drill hole is pointed out in section 3.3.5.
6This QCM holder (Version 2015) was designed by Bernhard M. Berger at the TU Wien.
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(a) CAD drawing of the QCM measurement de- (b) CAD cut view of the QCM measurement de-

vice. vice.

o Faraday Cup c QCM crystal

(2) QCM holder (2) Heating wires for the QCM holder
9 QCM crystal 9 Spring

e Heating wires for the QCM holder e Faraday Cup chamber

e Suppressor 6 Suppressor drill

@ Faraday Cup aperture drill

Figure 3.6: CAD drawing of the QCM measurement device.

3.3.3 Setting up the setup

Before the setup can be used for measuring, a few steps have to be completed. After
closing the vacuum vessel, the so-called "baking" has to be performed. Here the vacuum
vessel is heated up to 430 K. This ensures that most of the water in the vacuum vessel
is vaporised and pumped out. Usually, a baking time of at least 36 hours is necessary.
Without this baking it would take too long to get rid of residual water molecules in the
vacuum chamber. In section 3.1.1.1 the importance of having as little residual gases as
possible in the vacuum chamber is pointed out.

3.3.4 Measuring procedure

A measuring cycle usually consists of several high fluence measurements/steps, where
high fluences are applied to the samples under a specific angle of incidence. Afterwards a
computer program calculates e.g. the sputter yield over fluence or other desired quanti-
ties, which then can be plotted. Between the high fluence steps short time measurements
under different angles of incidence are usually performed.
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3 Experimental methods 3.3 Sputter yield measurements

Here the angle dependency of the sputter yield over a multitude of angles is measured,
to see if the impact angle dependent sputter yield changes with increasing fluence. In
some cases, AFM investigations are done, to investigate the surface behavior during
irradiation.

In order to measure/calculate the mass removal rate/sputter yield with the QCM tech-
nique several essential measurements/adjustments have to be done:

e Adjusting the deflection plates and maximizing the ion current
e Measuring the ion current density

e Measuring the QCM resonance frequency over time during ion bombardment.

Adjusting the deflection plates and maximizing the ion current

First, the FC has to be placed in front of the ion source via the xyz¢-stage, so that the
neutral beam is 9 mm off the FC center, to get rid of the neutral beam coming from
the ion source. Afterwards, the ion source is activated with the desired acceleration
voltage. Now the deflection plates (beam optics) are adjusted to bend the ion beam into
the FC center. By altering the working gas pressure, tuning the ion gun and changing
the deflection plate voltages, the beam can be fine tuned to maximize the ion current.
In order to irradiate the probe homogeneously, the ion beam can be scanned over a
large area by applying a scanning voltage (zig-zag shaped) to the deflection plates, or
by intentionally defocussing the ion beam. The defocussing of the ion beam is achieved
via the ion gun internal Einzel-lens.

Ion current density

The maximized, adjusted and scanned/defocused ion beam is checked by moving the
FC in steps of 1 mm in both transverse directions of the ion beam, 4 mm. Variations
in the current density should be kept below 5% to achieve a constant and homogeneous
irradiation cycle and subsequently a homogeneous sputter process on the quartz sample.
Otherwise, adjusting the ion beam needs to be repeated. With this information the ion
current density can be calculated via the formula:

QIC/m?) = [ 1(t)dt/Arc. (3.3)

Here I(t) correspond to the measured ion current and Ape is the FC drill hole area.
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3 Experimental methods 3.3 Sputter yield measurements

The ion current for the D measurements varied between 60 and 70 nA, which corre-
sponds to an ion flux of about 1017 jons s~! m™2. For the Art measurements the ion

current varies between 6-7 nA, which corresponds to an ion flux of 1016 jons s~ m=2.

Due to the design of the QCM measurement device, it is not possible to do ion current
measurements while measuring with the QCM. But it is possible to measure the relative
ion current change via the additional aperture, mentioned in section 3.2 during measuring

with the QCM.

Measuring the QCM resonance frequency over time

After finishing the ion current density measurements, the ion gun acceleration voltage
is switched off and the QCM with the sample is placed in the ion beam exactly where
the FC was previously. Now the resonance frequency of the quartz crystal sample over
time can be logged. Before starting the ion bombardment, a so-called "beam-oftf" phase
is recorded to ensure the sample does not undergo temperature drifts or unstable jumps
in frequency. After a sufficiently long beam-off phase (50-100 seconds), the acceleration
voltage is switched on again. Now the actual measurement starts. Meanwhile, the sam-
ple’s resonance frequency is still logged. Typically a measurement takes 800 seconds to
70 ks, depending whether it is a short time measurement or a high fluence measurement.
To finish the measurement, the acceleration voltage of the ion gun is switched off again.
This is followed by another beam-off phase while the resonance frequency is still logging.
This ensures that drift effects, etc. on the quartz can be seen. After the beam-off phase
another ion current density measurement is done to check if the ion current varied during
the measurements and to estimate errors. In figure 3.7 an actual measurement can be
seen. In the first 50 seconds the beam-off phase can be seen. At time stamp t=>50 s the
actual measurement starts and lasts until t=750 s. The red line from t=500 s to 750
s is the linear fit to the measured curve, which is used to calculate the sputter yield.
From t=750 s to 800 s another beam-off phase is visible.

The insert at the lower right in figure 3.7 displays the calculated slope Af/At and the
calculated sputter yield with its errors, according to the beam-off phase fits and ion
current errors. The ion flux with its errors is also displayed.
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Figure 3.7: A frequency over time measurement, done with the modified setup. As
projectile Art are used which sputter an iron surface. The impact angle is 0 degrees.
The blue curve corresponds to the measured data. The red curve is a fit to the
beam-on phase.

3.3.5 Calculating the sputter yield

According to the Sauerbrey equation 3.2, the relative mass loss Am/m is proportional
to a relative change of the frequency Af/f. For a quartz crystal, with a given resonance
frequency f[Hz|, a frequency change Af, a thickness dgyqartz, an area Agyart, and a density
Pquartz, the relative mass removal Am can be calculated via equation 3.2 [26].

Af

Am[kg] = _pquartquuartquuartz : 7 (3.4)

In order to get rid of the actual surface area on the right hand side of the equation,
equation 3.4 can be divided by Aguert.. Then the dimension of equation 3.4 reads
Am|kg/m?].
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3 Experimental methods 3.3 Sputter yield measurements

For the actual mass removal rate it is necessary to integrate the ion current over time
per unit area to subsequently acquire the total charge per unit area and also the total
number of impacting ions:

1

_ 3.5
Arceoq (3:5)

Q[C/m?] = / [(t)dt/Apc — Tons[1/m?) = / I(t)dt

with Apc being the Faraday Cup pinhole aperture area, ¢ the charge of the impacting
ions and eg the elementary charge.

The average mass removal per incident ion then reads [26]:

. P uartzd uartz <€0qAFC> Af
ylkg/ion] = qf](t)dt " (3.6)

The sputter yield Y and the mass removal rate are connected by:

ylkg/ion]

mylkg] (3.7

Y[atoms/ion] =

with my; being the target particle mass.

For composite materials it is common to use the mass removal rate instead of the sputter
yield. The sputter yield [atoms/ion] and the mass removal rate [amu/ion] are connected
with each other over a constant factor, which depends on the mass of the components
and the composition.
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Chapter

Experimental results

4.1 Dy — FeWW

In this measurement series, the influence of surface enrichment of high-7Z elements -
in this case tungsten- due to preferential sputtering is investigated on FeW films with
(98.5 at% iron and 1.5 at% tungsten). Furthermore, Atomic Force Microscope (AFM)
investigations have been carried out in order to examine the surface structures before
and after irradiation with deuterium fluences. All conducted measurements have been
done under an extraction voltage of 500 V with D3 molecules. Due to the fact that the
binding energy of D9 is low compared to its kinetic energy of 500 eV, D2 molecules can
be regarded as two separated D atoms, each of which has a kinetic energy of 250 eV.
Three samples in total have been irradiated under different angles of incidence. The used
samples featured a high initial roughness, as seen in figure 4.3 (a). The total fluence
used for each sample was ~ 3.3-10?3D /m?.

4.1.1 High fluence measurements

The three conducted measurement series were done at irradiation angles av = 0, 45 and
60 degrees, measured from the surface normal. The experimental results under normal
angle of incidence (o =0 degrees) are displayed in figure 4.1(a). Initially, for small flu-
ences, the mass removal rate of the FeW samples is comparable to the results of pure
iron samples (green curve). With increasing fluence the mass removal rate of the FeW
samples deviates from the pure iron sample. The observed reduction of the mass removal
rate, which is due to preferential sputtering of iron and the surface enrichment of tung-
sten, is in agreement with results shown in [28, 29]. The data from the fifth measurement
in figure 4.1(c) is off the expected position, probably because of bad connections and/or
a failure in the ion gun.
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After this incident the further measurements did not behave as expected. Therefore,
the measurement series in figure 4.1(c) is only plotted until the incident with a flu-
ence of ~ 1.5-10%3D/m?. It was not possible to investigate the setup at this point to
prove the assumptions. Nonetheless, the qualitative behavior of a linear decrease of
the mass removal rate with increasing fluence can be seen. The small gaps between
each measurement are due to cut-offs at the beginning of plotting, for better visibility.
Furthermore, before each measurement several small fluences have been applied for the
angle dependent measurements, see next section.
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Figure 4.1: All high fluence measurements of the FeW samples. In all measurements
(a), (b) and (c) a decrease of the mass removal rate with increasing fluence is visible.
The green curve in (a) corresponds to a pure iron sample.
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4.1.2 Short time angle dependent measurements

As mentioned before, each long term irradiation cycle is followed by a short time interval
in which the angular dependent sputtering yields were measured to see whether there
is a fluence dependence of the sputtering yield versus surface angle. Such a behavior
can indeed be seen in figures 4.2(a)-(c) before irradiation and after applying a total
deuterium fluence of ~ 3.3-10%3 D/m?. These figures show how the angular dependence
changes with increasing fluence as already observed in figures 4.1(a)-(c). In figures 4.2(a)
(v =0) the angle dependency stays qualitatively the same over high fluences. A differ-
ent situation occurs in figure 4.2(c) (o =60) and 4.2(b) (a = 45) in which the behavior
before irradiation and after applying high fluences differs when using higher angles.

In figure 4.3 the corresponding AFM images of the samples before and after irradiation
can be seen. Figure 4.3(a) shows a non-irradiated FeW sample. It displays a grain-like
structure with a grain length of typically 200 nm and a grain height of 10-15 nm. A
root mean square roughness of typically 3.2 nm can be derived from the AFM measure-
ment (see table 4.1). For the irradiated sample under 60 degrees (figure 4.3(d)) ripple
formation is visible. In this case Perpendicular Mode Ripple (PeMR) [16]. The grain
length is approximately the same compared to the non-irradiated sample but the grain
height and the root mean square roughness is nearly tripled, as can be seen in table
4.1. In figures 4.3 (b) and (c) the root mean square roughness and the grain height
are doubled compared to the non-irradiated sample but the grain length is reduced. In
4.3(b) a dot-like structure forms while the grain-like structure completely vanishes. In
4.3(c) the beginning of the same ripple formation as in 4.3(d) is visible.
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(b) Angle-dependent plot under 45 degrees
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Figure 4.2: These figures display ion impact angle dependent measurements for DT
on FeW, done in between high fluence measurements. Just as in figures 4.1 the angle
mass removal rate decreases with increasing fluence of all impacted angles.
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4.1 DJ — FeW

25 nm

(c) Surface after irradiation under
45 degrees

)
0 degrees

50 nm

30

20

(d) Surface after irradiation under
60 degrees

Figure 4.3: This figure shows the surfaces of the samples before (a) and after (b)-(d)
irradiation with 250 eV//D deuterium fluences after certain fluences. The samples
were irradiated under 0 (b), 45 (¢) and 60 (d) degrees and the applied fluence was
~3.3-10%3 D/m?. The white arrows indicate the direction of irradiation. In (c) and
(d) signs of pattern formation are visible, whereas in (a) no and in (b) only little signs
occur. In (b) a dot-like structure and in (c¢) the beginning of pattern formation can
be seen. The figures are taken from reference [31].

virgin sample

a=0°

o = 45°

a = 60°

RMS 3.2 nm

8.6 nm

6.4 nm

10.5 nm

Table 4.1: Root mean square roughness (RMS) of the AFM images in figure 4.3.
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4.2 Art — Fe

In this measurement series the fluence dependency of surface structure formations, such
as ripples, are investigated on a pure iron film. In order to have clean sputter conditions,
effects like preferential sputtering and initial rough surfaces, which could compromise
the appearance of ripples, must be suppressed. Therefore, the used samples are polished
and coated with pure iron. In figure 4.4 such an unirradiated sample can be seen in an
AFM picture. The root mean square roughness RMS value is ~ 5.19 nm. Instead of
deuterium, argon ions were used. This is due to a better QCM signal with argon, since
argon implies a much higher sputter yield on iron than deuterium. Furthermore, due to
the high sputter yield of argon the influence of the residual gas ions, which can also be
accelerated towards the target and work as a sputtering agent, is much smaller than it
would be with deuterium.

32 nm

N i N = / \l:’ Ig, {)\ ’

AN ,“’\'ft' o= N o
(a) AFM image of a non-irradiated iron (b) 3D Plot of the non-irradiated sample.
quartz sample.

Figure 4.4

All measurements have been conducted under an extraction voltage of 500 V with Ar™
ions. In total, four samples have been irradiated under different angles of incidence. The
total fluence for each sample was ~ 6.8- 102! Ar/m?.

There have been two measurement series at irradiation angles v = 45 and 60 degrees.
Each series consisted of two parts:

e A high fluence measurement with the QCM under an irradiation angle o. Angle
dependent sputter yield measurements were conducted before and after high flu-
ence irradiation of the sample, in order to investigate the fluence dependency of
the angle dependent sputter yield. These measurements -high fluence and angle-
dependent- had two main goals: Firstly to monitor fluence dependent evolution of
the sputter yield and secondly to investigate if the initial surface roughness of the
samples influences the angle-dependent sputter yield.
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e Measurements, in which the sample surface was irradiated in fluence steps, under a
defined angle. This was achieved via the additional aperture mentioned in section
3.2. In total, four steps per measurement cycle were conducted. This allows the
investigation of the evolution of the surface structure after every fluence step.

In the following sections the results of the different measurement cycles will be dis-
played.

4.2.1 High fluence measurements

The two conducted measurement series were done at irradiation angles a = 45 and
60 degrees with iron-coated quartz crystals. Firstly, the sputter yield over fluence was
measured with the QCM technique in four fluence steps up to ~ 1.7-102% Ar/m?. In
total a fluence of ~ 6.7-10?" Ar/m? was applied to each sample. In figure 4.6 (a) and (b)
the mass removal rate over fluence is displayed. Figure 4.6(a) displays the measurement
under o = 45 degrees and figure 4.6(b) the measurement under a = 60 degrees. In both
measurement series it is clear to see that the sputter yield starts at a minimum and
achieves a steady state case at a fluence of ~ 4-10?! Ar/m?2. Due to instabilities of
the ion gun during measurements, the sputter yield unfortunately features jumps and
discontinuities. Especially in figure 4.6(b) it is easy to see at fluences in the area of
3.3-10%! Ar/m? and 6.1-10%! Ar/m?.

Following the sputter yield measurements, AFM investigation were conducted [30] in
order to identify surface modification on the samples after irradiation. These AFM in-
vestigations can be seen in figure 4.5 (a) and (b). Figure 4.5(a) corresponds to the sample
which was irradiated under a = 45 degrees and figure 4.5(b) to the sample irradiated
under o = 60 degrees. Especially in figure 4.5(b) clear PeMR patterns are visible. For a
profound discussion of these results, see section 4.3.

19.7 nm

(a) The RMS value measures 4.18 nm.  (b) The RMS value measures 3.79 nm.

Figure 4.5: AFM images of irradiated samples under 45 degrees, (a) and 60 degrees,
(b). The white arrows indicates the direction of irradiation.
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(a) Sputter yield plotted versus fluence for an irradiation of iron with
250 eV/D deuterium projectiles under an angle of 45 degrees. The total
applied fluence is ~ 6.7-1021 Ar/m?2. The sputter yield reaches a steady
state case of approximately 1.45 Fe/Ar at a fluence of ~ 4-10%! Ar /m?2.
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(b) Sputter yield plotted versus fluence for an irradiation of iron with
250 €V/D deuterium projectiles under an angle of 60 degrees. The total

applied fluence is ~ 6.7- 102! Ar/m?.The sputter yield reaches a steady
state case of approximately 1.83 Fe/Ar at a fluence of ~ 4-102! Ar/m?2.

Figure 4.6
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4.2.2 Angle-dependent measurements

Before and after each measurement series, angle dependent measurements have been
conducted. Here the angle dependency of the sputter yield over a large variety of angles
has been measured. The results of these measurements can be seen in figures 4.7(a) and
(b). Figure 4.7(a) corresponds to the sample irradiated under aw = 45 degrees and figure
4.7(b) corresponds to the sample irradiated under a = 60 degrees. In both measure-
ments clear differences between before and after irradiation can be seen. While before
irradiation no significant angle dependency can be determined, after irradiation a clear
dependency is visible. For a profound dicussion, see section 4.3.

4.2.3 Fluence step measurements with aperture

In order to investigate the fluence-dependent formation of surface structures an ad-
ditional irradiation with iron-coated silicon plates has been conducted. In total two
additional measurement series were carried out. One at a = 45 degrees and one at
o = 60 degrees. Here the same four fluence steps each up to ~ 1.7-102! Ar/m? like in
the high fluence case were applied to each sample. This time the additional aperture
was used to shade parts of the sample so that different fluence steps could be used. The
first step had a fluence of ~ 1.7-10?" Ar/m?, the second ~ 3.4-10%" Ar/m?, etc.. After
irradiation the samples were investigated with an AFM [30]. Here every fluence step
was separately evaluated. The results can be seen in figures 4.8(a)-(e) for the sample
irradiated under a = 45 degrees and figures 4.9(a)-(e) for the sample irradiated under
a =60. RMS values corresponding to each AFM image are shown in the tables 4.2 and
4.3 below the figures.

After each step the formation of patterns becomes clearer. The surface changes from a
grain/dot-like structure to a more "periodic" structure, the ripples. In case of the a =45
degrees measurement the RMS values increase with higher fluences, whereas in case of
the a = 60 degrees measurement the RMS values fall with higher fluences. In the end
they are more or less comparable to each other. For a profound discussion of the results
see section 4.3.
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(a) Angle dependent sputter yield. Before irradiation (red square) and
after irradiation (green triangle) with a fluence of ~ 6.70-10%! Ar/m?
under 45 degrees.
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(b) Angle dependent sputter yield. Before irradiation (red square) and
after irradiation (green triangle) with a fluence of ~ 6.72-10%! Ar/m?
under 60 degrees.

Figure 4.7
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75 nm
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Y = s v 0 0
(b) Surface after 1.68-10%! Ar/m?. (c) Surface after 3.36-10%! Ar/m?2.
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10
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(d) Surface after 5.07-10%! Ar/m?2. (e) Surface after 6.83-10%! Ar/m?.

Figure 4.8: These figures show the surface of the iron samples before (a) and after
(b)-(e) irradiation by 500 eV /Ar under 45 degrees. After each step the appearance
of ripples becomes clearer. The white arrow indicates the direction of irradiation.

fluence [10*1 Ar/m?] | virgin sample | 1.68 3.36 5.07 6.83
RMS 7.76 nm 7.82nm | 9.16 nm | 8.61 nm | 9.29 nm

Table 4.2: Root mean square roughness (RMS) of the AFM images seen in figure 4.8.
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(b) Surface after 1.67-10%! Ar/m?.

57 nm

' A § & A - 0 m e - " 0
(d) Surface after 5.14-10%! Ar/m?2. (e) Surface after 6.82-10%! Ar/m?2.
Figure 4.9: These figures shows the surface of the iron samples before (a) and after

(b)-(e) irradiation 500 eV /Ar under 60 degrees. After each step the appearance of
ripples becomes clearer. The white arrow indicates the direction of irradiation.

fluence [10%1 Ar/m?] | virgin sample | 1.67 3.48 5.14 6.82
RMS 10.1 nm 9.45 nm | 842 nm | 8.20 nm | 8.30 nm

Table 4.3: Root mean square roughness (RMS) of the AFM images in figure 4.8.
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4.3 Discussion

FeW samples

The behavior of the mass removal rate of FeW (98.5 at% iron and 1.5 at% tungsten)
surfaces under deuterium fluences showed that the mass removal rate decreases with
increasing fluence, as can be seen in figure 4.1. This is in agreement with observations
reported in literature, see [28, 29, 31] and was attributed to preferential sputtering of
iron and consequently an enrichment of the tungsten concentration.

The change in the mass removal rate over the change in fluence (—Amrr/Aflc) is
also fluence-dependent, which is shown in figure 4.10. During initial irradiation stages
(figure 4.10 a) the change in mass removal over change in fluence is different for each
measurement series. In fact the o = 0 degrees measurement series shows the the lowest
—Amrr/Afle, whereas the a = 60 degrees measurements the highest —Amrr/A fle.
However, after a fluence of ~ 3.3-10%% D/m? (figure 4.10 insert b) the values of all
measurement series matches almost entirely.

a) 0° 45° 60° b) 0° 45° 60°
4 4L

2L 2L
Tl

Figure 4.10: Change of the mass removal with fluence, for the three measurement
series. a) displays the situation in the initial stages of irradiation and b) after 3.3-
1023 D/m?2. Image from reference [31].

-Amrr | Aflc

This behavior can be well understood. The Bradley-Harper theory states that the mass
removal rate is highly dependent on the angle of incidence, see section 2.2.1. Irradiation
under higher angle of incidence usually leads to a higher mass removal rate.

On the other hand the effects of preferential sputtering of iron in the FeW surface layers
takes its toll. The increase of the iron sputtering yield with impact angle due to pref-
erential sputtering, accelerates the development of a tungsten-enriched surface. High
tungsten concentrations in the surface-near region in turn reduce the sputter yield with
increasing fluence, because tungsten is not as easily sputtered as iron. The surface also
becomes rougher with higher fluences, see figures 4.3(a)-(d).
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For rough surfaces however, the dependence of the sputtering yield on the ion impact
angle is considerably reduced, since the yield has to be averaged over a distribution of im-
pact angles. With this information the above mentioned behavior of the change in mass
removal rate over fluence (seen in figure 4.10) can be explained. The surface roughening
after irradiation of the samples can be seen in figure 4.3, as explained previously.

The samples used in this experiment initially have relatively broader angular distribution
(simply put, a rough surface). Therefore, with the arguments from above, the measured
mass removal rates are lower than would be expected due to e.g. computer simulations
programs like SDTrimSP,; which only consider completely flat surfaces. In figure 4.11 a
SDTrimSP calculation is shown (green curve at ~ 1-10% D/m?) compared to measure-
ments at ~ 1-10% D/m?. In order to improve the agreement between simulated data
and measured data the SDTrimSP program would have to be modified, so that it could
be run with initially rough surfaces. This way the simulations could very probably be
improved.

4.0 T 1 T J T T
—— fit to SDTRIM.SP D->FeW (at 1.0e23 D/m")

@ D->FeW after 1,1e23 D/m?*(0 degree)
| @ D->FeW after 1,02e23 D/m? (60 degree)
% D->FeW after 0,89e23 D/m? (45 degree)

3.5

3.0~

2.5

S e

mass removal rate (amu/ion)

! ! ! I I I I I
0 10 20 30 40 50 60 70 80 90
angle (degree)

Figure 4.11: Plot of three angle dependent measurement series: 9 (0 degrees), @ (60
degrees) and W (45 degrees). The green line shows results for a flat surface simulated
by the SDTrimSP program.

Another interesting result is, that the angle dependency of the mass removal rate for
different high fluence measurements is only indicated, see figures 4.2(a)-(c). This is
most likely due to the already mentioned initial roughness of the used samples. Which
results in an ion impact angle distribution and therefore an altered mass removal rate.
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Whereas the qualitative behavior of the a = 0 results (figure 4.2(a)) stayed the same
before and after irradiation (~ 3-10%% D/m?), the angle dependency of the o = 45 and
the av = 60 degrees measurement deviated before and after irradiation (figure 4.2(b) and
(c). This is most likely the effect of ripple formations, in this case PeMR. This ripple
formation can be seen in the AFM image 4.3(d). The knee in the a =45 and 60 degrees
measurement at the angles 45 degrees (in figure 4.2(b)) and 60 degrees in (in figure
4.2(c)) can be a resulting effect of preferential sputtering and the subsequent building of
a directed tungsten "shield". Since iron is easier sputtered than tungsten, the previously
mentioned preferential sputtering leads to an increase of tungsten at the surface. Behind
this tungsten surface atoms, iron atoms line up. If the ion beam hits the surface under
an angle this line up of iron atoms behind tungsten atoms is also under the ion beam
angle. At lower angles than the ion impact angle, ions could hit behind such a shielding
and therefore sputter more iron, which would result in a higher mass removal. At a
critical angle (the angle of high fluence irradiation), the ions would hit more tungsten
atoms, which would then result in a lowered sputter yield.

The root mean square roughness nearly tripled compared to the unirradiated sample,
see table 3.1. With the information above this can be explained. Due to the formation
of ripples the roughness increased and therefore the angular distribution is broader. The
impact angle for ions hence was an average over a large distribution of angles, which in
turn reduced the overall mass removal rate. In the o =0 and 45 degrees measurements
this effect is not as significant and therefore the effect on the mass removal rate is
lower.

Fe samples

The high fluence measurements in figures 4.6(a) and (b) show a fluence dependency of
the sputter yield. For pure iron samples the sputter yield should be nearly constant [14],
but the trend follows an increasing sputter yield with increasing fluence. This effect is
most likely due to an iron-oxide layer on the samples, which builds up during exposure
to the atmosphere. The sputter yield of iron-oxide layers is much lower than the one
of pure iron. Therefore, the measured sputter yield is initially lower until the oxide
layers are sputtered. Another effect that could be involved in this behavior is the initial
roughness -and therefore the angular distribution- of the surface of the samples. Since
the sputter yield is dependent on the roughness of the sample (see previous sections) this
can be an additional effect. In both samples the sputter yield achieves a steady state
case at a fluence of ~4-10%! Ar/m? (1.45 Fe/Ar in the o = 45 degrees measurement and
1.83 Fe/Ar in the a = 60 degrees measurement). The visible drop in the sputter yield
in figure 4.6(b) at a fluence of ~ 3.2-10%! Ar/m? to ~ 3.8-10%! Ar/m? is most likely
due to a drop in the ion current of ~ 0.7 nA. The unstable behavior of the sputter yield
from ~ 5.6-10%! Ar/m? is due to the ion current of the ion gun becoming unstable.
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The fluence dependency of the angle dependent sputter yield in figures 4.7(a) and (b)
shows that initially the sputter yield does not have a remarkable angular dependency.
On the other hand, after the irradiation cycles both measurements series show a strong
dependency of the measured sputter yield to irradiation angle. In figure 4.12 both
results after the irradiation are displayed. As it is clear to see, both measurements fit
nearly perfectly. The blue curve corresponds to a SDTrimSP calculation. Compared to
the measurements, the qualitative behavior is remarkably accurate, although there is a
certain off-set from the actual values.
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Figure 4.12: The angle dependency after irradiation of both Fe samples, compared
to a SDTrimSP calculation. The green triangles @ correspond to the o = 60 degrees
measurement and the red square 9 to the o = 45 degrees measurement.

This means that after the same fluence both measurements irradiated under different
angles of incident, show the same behavior in sputter yield and in angular dependency.
The previous measurement results from the FeW samples do not show such behavior
after irradiation. However, the RMS values of both FeW and polished Fe samples are
comparable to each other, see tables 4.1, 4.2 and 4.3. This concludes that the RMS value
is not a good quantity for measuring this kind of roughness and is not suitable for the
role it has been given in the angle dependent sputter yield. In order to understand this
situation, it is necessary to take a closer look at the definition of the RMS roughness
value, which is:

1 /I
Rrys = 7/0 22(x)dx. (4.1)
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Where [ is the measuring length and z(x) the profile values in the space of the measuring
length 1.

Equation 4.1 states, that only height modulations are taken into account. The angular
distribution of the surface is completely neglected. In figure 4.13, schematics to clarify
the situation are shown.

Both surfaces in figures 4.13 (a) and (b) are equivalent in the order of angular distribu-
tions. The RMS roughness values on the other hand are completely different -see inlays-.
Therefore, the RMS roughness value can not be used in order to determine whether or
not an angular dependency of the sputter yield is prevalent. The angular distribution
of impact angles is a crucial part in the angle dependency of the sputter yield, as it was
mentioned multiple times previously.

Ion beam l l 1 l 1 l 1 Ion beam l l l l l 1 l
7 Impact angle Surface Profile 2 Impact angle Surface Profile
’\ / Rrms=18 a.u. )\ /RRMS=12 a.u.
0 X 0 X
| |
(a) Schematic drawing of a rough surface.  (b) Schematic drawing of a rough surface.
The RMS roughness value measures 18 a.u.. ~ The RMS roughness value measures 12 a.u..

Figure 4.13: Schematics of a rougher (a) and a smoother surface (b). The impacting
ions come from above and are perpendicular to the surface normal. In both images
the local impact angles « are the same. Therefore, the angular distribution for both
images should be equal. But the RMS roughness values are different.

In order to explain the occurrence of the angular dependency of the sputter yield on
the polished Fe samples (see figures in 4.7) and why this dependency does not occur in
the unpolished FeW samples (see figures in 4.2), it is necessary to take a closer look at
the actual surfaces and their angle distribution. The angular distribution are obtained
through an AFM investigation of the sample surface, like in figure 4.9. A computer
program then is able to calculate the actual angle distribution. In figures 4.14(a)-(d)
the angle distribution of surfaces from an Fe sample and an FeW sample are shown. It
is clear to see that in both cases the angle distribution before irradiation is very broad.
After irradiation the angle distribution of the surfaces clearly changes. In the case of
the FeW sample (figures 4.14(a) and (b)) the angle distribution even got braoder and
the maximum of the distribution went towards higher angles.
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In the case of the Fe sample (figures 4.14(c) and (d)) the angle distribution got narrower
and the maximum changed towards smaller angles. However, in the case of the Fe
samples (figure 4.14(d)), the change is much more significant than in the FeW case
(figure 4.14(b)). This shows that a narrow angle distribution is an indicator for an angle
dependency of the sputter yield. In the Fe samples an angle dependency of the sputter
yield was detected, which was not the case in the FeW samples.
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(c) Polished Fe sample angle distribution (d) Polished Fe sample angle distribution
before irradiation. after irradiation under 60 degrees.

Figure 4.14: These figures show the angle distribution of FeW ((a) and (b)) and
polished Fe ((c¢) and (d)) surfaces. (a) and (c) correspond to the situation before
irradiation and (b) and (d) to the situation after irradiation under 60 degrees. Before
irradiating the samples, a broad angular distribution is prevalent. After irradiating
the unpolished FeW samples, angle distribution becomes even broader, whereas in the
case of the polished Fe samples it becomes narrower.

This situation is in agreement with the results of computer simulations done by SDTrimSP.
As it was mentioned before, this program currently only assumes completely flat sur-
faces, which means that the angular distribution of the used surfaces are Delta-functions.
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Within this measurement series an angular dependency of the sputter yield was shown
with narrow angle distributions and not with broad distributions. In order to cross-check
this result, the simulations could be run again after modifying the SDTrimSP to include
angle distributions within its code.

In figures 4.8(a)-(e) and 4.9(a)-(e) the AFM images corresponding to the fluence step
measurements can be seen. After each fluence step the appearance of ripples -in this
case PeMR- becomes stronger and stronger. In figure 4.8(a) the surface changes from a
grain/dot-like structure to a more or less periodic ripple structure relatively fast (after
~3.36-10?" Ar/m?). This behavior is even stronger in figure 4.9, in which the ripples are
visible after the first fluence step of ~ 1.67-10%! Ar/m2. In the end the ripple structure
is extremely pronounced. An interesting result is, that the RMS values tend to decrease
with increasing fluence in the o = 60 degrees measurement, as can be seen in table 4.2.
This could be explained by the ripple theory of Bradley-Harper, which predicts only an
increase of the quasi-periodic modulations, which should result in higher RMS values.
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Chapter

Conclusion

This work studied the influence of ion bombardment on FeW surfaces and polished Fe
surfaces. Two main goals were pursued: Firstly, the surface enrichment of tungsten
due to deuterium-ion bombardment on FeW alloy materials, to investigate its influence
on the overall sputter yield under different angles of incidence. This was accomplished
by using a QCM technique to measure the very small mass changes due to the ion
bombardment. The second goals was to investigate the fluence and angle dependency of
surface structures like ripples on pure Fe surfaces and compare then to changes in the
sputtering yield with fluence. This was accomplished by investigating the samples at
certain fluence steps after the irradiation using an AFM.

As a conclusion the surface enrichment of tungsten on FeW alloy materials is induced
by so-called preferential sputtering. Here, one element is sputtered more easily than
the other, resulting in an altered surface composition, which in turn changes the overall
sputter yield. Due to the fact that in this experiment the kinetic energy of the projectile
ions (250 eV /D) was at around the sputter threshhold of tungsten, the effect of pref-
erential sputtering was enhanced. The investigations showed the expected result, that
the overall sputter yield decreased with increasing fluence. This is a direct indicator
that on the surface a tungsten enrichment has taken place. Furthermore, no significant
angle dependency of the sputter yield can be seen, be it before or after irradiation of
the sample. AFM investigations on the samples showed, that due to the high initial
roughness of the samples a broad angle distribution of the surface was prevalent. This
broad angle distribution lead to a large variety of impact angles during irradiation of the
sample, which in turn reduced the angle dependency of the sputter yield significantly.

The fluence-dependent surface structure formations measurements on polished Fe sur-
faces clearly showed that at irradiation angles of 60 degrees the appearance of surface
structures -in this case PeMR- build up very fast (after a fluence of ~ 1.7-1021 Ar/m?),
whereas under 45 degrees irradiation the appearance of ripples is significant lower.
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These experiments also showed a more pronounced angular dependency of the sputter
yield after irradiation. This is due to a smoothening effect of the surface due to ion
bombardment and therefore a narrower angle distribution on the surface. Furthermore,
this experiment showed, that the used RMS roughness value is not a good quantity
to determine whether or not an angular dependency of the sputter yield is prevalent,
since most of the RMS values of the irradiated samples (Fe and FeW samples) were
comparable to each other. Only by investigating the angle distribution of the surfaces a
clear difference could be determined.

In order to cross-check the assumption with the angle dependency of the sputter yield
and the angle distribution of the surfaces, computer simulations with e.g. SDTrimSP will
have to be performed. Here, the program should assume a surface angle distribution sim-
ilar to the ones in the measurements. Currently, the SDTrimSP program only assumes
completely flat surfaces, which result in a Delta-function-shaped angle distribution.

The experiment proves the importance of these measurements, be it the processes of
surface enrichment of e.g. high-7Z elements in alloy materials like EUROFER during
particle bombardment, which might be used in recessed areas in future fusion devices,
as a cheaper and easy-to-use material. Or be it the understanding behind the angle
dependency of the sputter yield on rough or smooth surfaces, which have an influence
on the lifetime of plasma facing materials.
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