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Abstract
For future fusion power plants, the uptake, retention and release of fuel elements (deuterium and
radioactive tritium) in plasma-facing components (PFCs) is essential for the fuel self-sufficiency
and the radioactive inventory of the reactor. Tungsten (W) is envisaged as the most likely
candidate material for the PFCs and its interaction with deuterium (D) has been extensively
studied in well-defined laboratory experiments. However, the possible influence of thin (1–
2 nm) naturally occurring surface oxide films on W has so far been neglected. Since natural
oxide films occur in all ex-situ studies, but will most likely not be present in a future fusion
reactor, they represent a possible discrepancy between the laboratory results and the real-world
application as PFCs. Therefore, this work investigates the influence of oxide films on D uptake,
retention and release from W.

To study these effects quantitatively, a novel approach was used. W samples were bombarded
with 20 MeV W ions to create a defect-rich “self-damaged” zone underneath the oxide, which
strongly increases D retention. The self-damaged zone acts either as a D “getter-layer” (uptake)
or as a D reservoir (release). Oxide films with thicknesses of 5 to 100 nm were grown ther-
mally or electro-chemically and consisted mainly of tungsten-tri-oxide (WO3). To investigate
D uptake, the samples were exposed to a D plasma with well-defined D energy and flux at 370
or 500 K. Several fluence series in the range of 5.9×1023 to 2.3×1025 D/m2 were conducted at
D energies of < 5 eV/D, 15 eV/D and 38 eV/D, respectively. For D release, the self-damaged
zone was filled with D by plasma exposure prior to oxidation and the release behavior through
the oxide was investigated with thermal desorption spectroscopy (TDS). The depth-resolved D
and O concentrations in the sample were determined with ion beam analysis. Top-view images
and cross sections though the oxide film were investigated with scanning electron microscopy
(SEM).

It was found that WO3 completely blocks D uptake from a plasma into metallic W at 370 K as
long as the interface between oxide and metal consists of intact, not-reduced WO3. However,
the oxide film itself retains significant quantities of D up to a concentration of 1.5 atomic %.
To explain this behavior a physical picture of the energy landscape of D in WO3 and W was
conceived: D is implanted into W oxide and diffuses through the thin film within minutes.
However, it cannot pass through the interface to the metallic W due to the large difference in
the enthalpy of solution between the two materials (~1.4 eV). It is thus not the transport in the
oxide that prevents the D uptake into W but the potential energy barrier at the interface. During
plasma exposure the oxide film is (partially) reduced depending on D energy, sample tempera-
ture and total D fluence. For “gentle” plasma conditions (< 5 eV/D, 370 K), a W-enriched layer
forms on the surface and protects the underlying oxide from reduction. At higher D energies or
higher temperatures, the oxide reduction progresses significantly faster and eventually reaches
the metallic W. Once this happens, D uptake increases proportionally to the fraction of sur-
face area with reduced oxide at the interface. It can be estimated that thin (1–2 nm) natural
oxide films on W will be fully reduced and become permeable for D after a fluence of about
1.6×1023 D/m2 already at gentle exposure conditions and even earlier for higher D energies or
sample temperatures. It was concluded that natural oxide will affect D uptake studies only at
low D fluence or during fluence series with multiple air exposure.

The TDS studies on D release showed that 5–100 nm thick oxide films significantly influence the
release behavior of D from W. The oxide film acts as both a D reservoir and a transport barrier
that delays D release depending on the oxide thickness. Above 475 K, D starts to interact
chemically with the oxide film and is released not only as HD or D2 but also in the form of
heavy water (HDO and D2O). Above 700 K, D is released exclusively in form of heavy water as



long as enough oxide is available. For oxide thicknesses ≥15 nm some heavily modified oxide
remains after TDS. The release spectra are then dominated by the oxide in the sense that the
high temperature release peak consists exclusively of heavy water. Heavy water is difficult to
quantify in TDS and thus normally neglected, which would lead to an under-estimation of the
total D release and a misinterpretation of the binding energies of D in defects in such cases. But
even for films of 5–10 nm, the spectra are affected by the oxide until it is fully removed by the
outgassing D. It was concluded that oxide films become relevant for the D release during TDS,
if the ratio of O atoms on the surface to D atoms in the sample is larger than 5–10 %. For D
release studies with (self-)damaged W and high D retention (2×1021 D/m2here), the effect of
the natural oxide is small. However, for studies with lower D retention even natural oxide films
(1–2 nm) may significantly influence the release behavior of D during TDS.

Lastly, a first estimate was made whether natural oxidation of W might affect the D uptake
and release from PFCs in a fusion reactor. It suggests that oxide films in a fusion reactor
would be quickly reduced during plasma operation and would not have a significant effect. A
comprehensive investigation of the interaction of D with W oxide is nevertheless necessary to
correctly extrapolate the results of laboratory studies to PFCs in a reactor.
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Chapter 1

Motivation: Why are surface oxide
films on W relevant for nuclear fusion?

The currently highest developed and most researched concepts for future fusion power plants
rely on magnetic confinement of a hot plasma. They use the hydrogen isotopes deuterium (D)
and tritium (T) as fuel for the nuclear fusion reaction:

2
1D +3

1 T →4
2 He (3.5MeV) +1

0 n (14.1 MeV).

Compared with other possible fusion reactions, D-T fusion has a significantly higher cross
sections (reaction probability) at achievable plasma core temperatures (above ≈108 K) and is
thus the best (and many would say only) candidate to achieve a net energy production via
nuclear fusion with currently conceivable technology. A typical reactor consists of a torus
(donut shape) of confined plasma surrounded by a vacuum vessel (first wall) which absorbs
the heat generated by the fusion reaction. A reinforced section of the wall - the so called
divertor - has direct contact to open field lines of the plasma edge and allows the removal of
impurity particles and helium ash during operation. However, D-T fusion imposes a set of
challenges for the design and material choices of a power producing fusion reactor. Firstly, the
tritium fuel is radioactive which complicates handling of the machine. Furthermore, tritium
has a relatively short half-life of 12.3 years, which means that it is not naturally abundant and
has to be constantly produced in breading blankets in the reactor walls to allow self-sufficient
refueling. Secondly, the highly energetic neutrons (14.1 MeV) from the fusion reaction are not
confined by the magnetic fields and can directly reach the plasma-facing components (PFCs)
and structural elements of a reactor. There they can collide with nuclei of the wall material and
create displacement damage (material defects) that can bind hydrogen isotopes (HIs) [1], which
further complicates the aspects of radioactive inventory and fuel self-sufficiency. In addition to
these effects, the plasma-facing material in a fusion power plant has to withstand high cyclic
thermal loads (e.g. during plasma disruptions or instabilities at the plasma edge) and high heat
and particle fluxes from charge exchange neutrals or ions that are accelerated in the sheath
region of the plasma.

To address all these requirements, extensive research on the fundamental properties and the
component design of plasma-facing materials has been conducted over the last decades and
tungsten (W) has emerged as the material of choice for the divertor of the future experimental
fusion reactor ITER [2] and as a candidate material for the divertor and main wall armor of
the planned demonstration fusion reactor DEMO [3]. The main advantages of W are its high
threshold for physical sputtering, high melting point and low intrinsic HI retention [4]. The
low retention of HIs and especially of the radioactive tritium fuel is vital for fusion reactors
to keep the tritium inventory of the reactor wall low and to conserve the valuable tritium fuel.
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However, the above-mentioned degrading effects dynamically change the properties of the wall
materials and increase HI retention over the life time of a reactor. The material defects that are
created by irradiation act as traps for HIs and can increase the total HI retention in W by several
orders of magnitude compared with not-irradiated W [5]. In addition, the presence of HIs in the
material also increases the maximum concentration of stable defects that can be created in W
by ion or neutron irradiation and thus further increases HI retention [6]. These effects make HI
uptake, retention and release from W in reactor conditions an active area of research [7] with
high relevance for the design and economic feasibility of a future fusion power plant.

In recent years, dedicated laboratory studies have been conducted to isolate individual aspects
of HI uptake, retention and release from W in well-defined model systems [6, 8–11]. As no
neutron source in the 14 MeV energy range is available, these experiments use high-energy
ions as a substitute to create displacement damage. In most cases, MeV-energy tungsten ions
are used as such self-ion implantation avoids inserting foreign elements into the material that
may influence retention due to additional chemical effects [12]. Commonly, D is used in these
experiments, as it is well quantifiable and not radioactive. The D retention in the near surface
area can then be determined by ion-beam analysis. Complementary to this, the total D retention
in the sample and also the D release can be investigated by thermal desorption spectroscopy
(TDS). By repeating such experiments for different exposure conditions, the binding energies
of HIs in material defects in W can be derived [6, 8, 13–15].

For practical reasons the overwhelming majority of these experiments is carried out “ex-situ”
meaning that the W samples have contact with ambient air before and in between experimental
steps, e.g., between D plasma loading and ion beam analysis. Due to its affinity for oxygen,
W readily forms a thin natural oxide film on the surface upon contact with ambient atmosphere
[16]. Because, this natural oxide film is very thin (only 1–2 nm) it was commonly neglected in
HI uptake, retention and release studies; see, e.g., [17, 18].

Recently, however, a study by Hodille et al. [9] has indicated that even thin natural surface
oxides on W may influence the D retention and release. Such natural oxide films are always
present on W in ex-situ laboratory studies (and also in in-situ studies, if not great care is taken to
remove them) [9, 19], but they may not be present in the divertor or first wall of a fusion reactor,
where they could be quickly reduced by the plasma [20], at least for directly plasma-exposed
surfaces. In this case, effects of natural oxide films might represent an unaccounted discrepancy
between laboratory studies and reactor-relevant conditions. Clearly, a detailed understanding of
the effects that oxide films have on the interaction of HIs with W is necessary to interpret ex-
situ experiments correctly and to enable the extrapolation of these results to reactor-relevant
conditions.

This thesis addresses this questions in two main parts. The first part (chapter 4) is concerned
with the uptake of D through surface oxide films into metallic W and the second part (chapter 5)
is dedicated to the release of D from W through thin surface oxide films.

The effects on D uptake are approached by deliberately oxidizing W samples to surface film
thicknesses of 33 and 55 nm. These oxides are thick enough to yield a measurable effect, but still
thin enough not to develop cracks during thermal oxidation. Thick oxide films (µm scale) are
known to crack due to their volume difference compared with metallic W and data interpretation
is then ambiguous [21]. The interaction of hydrogen with tungsten oxide (especially WO3)
has been extensively studied in the context of W-oxide-based gas sensors or electro-chromic
devices [22, 23]. However, up to date there are only very few studies which are concerned
with the effects of surface oxide films on D uptake, retention and release from W, i.e., aspects
relevant for the application of W as a first-wall and divertor material for nuclear fusion reactors.
There are studies by Alimov et al. [21], Ogorodnikova et al. [24] or Addab et al. [25] who
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found increased deuterium (D) uptake and retention in the oxide films themselves, but these
studies do not allow to draw any conclusion on the uptake, retention and release of HIs from
bulk tungsten through the surface oxide films.

The goal of the present study is to a) investigate to what extent oxide films with a thickness of
a few tens of nm, affect D uptake into the underlying W and b) be able to draw conclusions
about the effects of the thinner, natural oxide film that is almost always present in laboratory
experiments. To this end, a novel approach was used: Thin oxide films were thermally grown
on top of MeV-ion-irradiated, defect-rich W. The defect-rich W acts as a getter-layer for any
HIs that possibly penetrate the oxide film into the metallic tungsten. The samples were then
exposed to D plasma at various D energies, D fluence and sample temperatures. Afterwards,
the depth-resolved concentration of D and O was evaluated with ion beam analysis and scanning
electron microscopy to determine the D uptake into metallic W and to investigate the reduction
of the oxide.

After this, the release of D from metallic W through thin oxide films was studied. D retention
in tungsten is typically lower than in tungsten oxide [21]. Consequently, D desorption would
be dominated by the D retained in the oxide itself rather than by the D retained in the underly-
ing bulk W. Thermal oxidation of deuterium-containing tungsten is also not a viable option, as
most of the retained deuterium would be released at the necessary oxidizing temperatures. In
order to overcome this difficulties, a novel approach has been devised: First, a defect-rich self-
ion-damaged layer of W was used as a D reservoir. Next the traps in this self-damaged layer
were filled with D by exposure to a D plasma. After this, the samples were electro-chemically
oxidized to oxide film thicknesses of 5–100 nm. This oxidation method works at room tem-
perature and avoids D release during the oxidation process. Finally, the release of D through
the oxide films was monitored by thermal desorption spectroscopy by analyzing the outgassing
D-containing species (HD, D2, HDO, D2O) and their quantity with a quadrupole mass spec-
trometer.

This thesis is structured in the following way: Chapter 2 presents some background information
on the interaction of D with W and gives a brief overview over the W oxide system and its
interaction with D. Chapter 3 presents a detailed description of the experimental approach,
the experimental setups and the main analysis techniques. Chapter 4 discuses the results on D
uptake through 33 and 55 nm thick surface oxide films and the reduction of the oxide for various
exposure conditions with different D fluence, D energy and sample temperature. Chapter 5
presents the results on the effects of 5–100 nm thick surface oxide films on thermal D release
from W during TDS up to 1000 K. Finally, Chapter 6 gives a summary of the results and presents
the conclusions. It also gives an outlook on remaining open questions and a motivation on why
and how to approach them.
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Chapter 2

W oxides and their interaction with
hydrogen isotopes

This chapter will first present an overview over the basic interaction of HIs with pristine and
ion-damaged W and then summarize some fundamental information on the W oxide system and
its interaction with hydrogen isotopes. The aim of this chapter is to set up a common frame of
reference and provide the necessary background for interpretation of the results of this work,
which are discussed in chapter 4 and 5.

2.1 Interaction of hydrogen isotopes with tungsten

The main goal of this PhD thesis is to asses the influence of thin surface oxide films on HI
retention and release from W. However, since displacement-damaged W is used as a getter-
layer or reservoir for HIs, it is helpful to recapitulate the mechanism of HI interaction with
not-oxidized, metallic W in order to correctly interpret the role of the oxide films.

2.1.1 Uptake and release of hydrogen isotopes in W

Fig. 2.1 shows a schematic representation of the potential energy of HIs on the surface and
in the bulk of metallic W. The uptake of HIs from the molecular gas phase into metallic W
is a multi-step process. First the HIs adsorb at the surface of the metallic W as a molecule
(physisorption) with the binding energy Qp. After that they can dissociate into atoms which are
then chemisorbed at the surface. The binding energy for this state (enthalpy of chemisorption)
is given as Qc. For the dissociation at the metallic surface, an activation energy Ec has to be
overcome. This energy is much smaller than the dissociation energy of molecular hydrogen in
vacuum (2.25 eV), and for W at room temperature it is close to zero. From the chemisorbed
state the HIs can enter the metal (absorption) by overcoming the absorption energy Esb and
reaching a solute site. For W, Esb is relatively high (in the range of 1.4 eV as will be discussed
below), which means that HI uptake into the metal is energetically not favored. The ad- and
absorption process is reversible and governs not only the uptake but also the release of HIs from
W. Atomic HIs leave the metal by first entering a chemisorbed state at the surface, then, in order
to leave the sample, they have to recombine to a physiosorbed molecule which can eventually
desorbes into the vacuum. Since the energy of atomic hydrogen in vacuum is comparatively
high, hydrogen is not released in atomic form from W for temperatures below 1200 K, which is
above the highest temperatures used in this work [26].
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2.1. INTERACTION OF HYDROGEN ISOTOPES WITH TUNGSTEN

Figure 2.1 – Schematic representation of the potential energy of HIs in W and at the surface. The
solid blue line depicts the potential of atomic hydrogen; the dashed blue line the po-
tential of molecular hydrogen. At the intersection point of the two lines the molecules
dissociate.

Apart from this process, HIs can also be directly implanted into W if their kinetic energy EHI is
larger than Esb. This process bypasses the adsorption stages and is possible with ions, atoms or
even molecules (which dissociate on impact), e.g., from an ion beam or from a plasma.

2.1.2 Hydrogen isotopes in pristine W

The hydrogen retention in undamaged, pristine and annealed W is very small (in the range of
5×10-3 at. % at 300 to 450 K [24, 27, 28]), which — together with other favorable properties
— makes W a good candidate material for the divertor and first wall of a fusion reactor. In
ideal (defect-free) W, HIs are only retained as solute at interstitial sites of the W lattice. These
interstitial sites correspond to the shallow potential minima in the W bulk part of Fig. 2.1. The
enthalpy of solution (Es) of HIs in pristine W was recently remeasured with high precision
and is given as 1.13±0.04 eV for H and 1.14±0.04 eV for D [29]. The activation energy for
diffusion of D in W from one interstitial site to the next (EDiff) was also remeasured and is
given as 0.28±0.06 eV [30]. A qualitative interpretation of this data is that, while it is difficult
for thermalized HIs to enter W (at moderate temperatures below 1000 K), diffusion of solute
HIs between interstitial sites in W is relatively easy and fast already at temperatures of around
370 K (100°C) [31]. Even if significant quantities of HIs are inserted into metallic W (either
exposing it to HI containing atmosphere at elevated temperatures (> 1500 K) or by directly
implanting energetic HIs from an ion beam or plasma), most inserted HIs will diffuse towards
the surface where they will exothermally leave the W lattice to be adsorbed on the surface
before they recombine to a molecular gas and desorb. The maximum deuterium concentration
in pristine W (i.e., a W sample fully recrystallized at 2000 K) after D plasma exposure at 370 K
with an energy of 38 eV/D, is reported to be in the range of 10-1 at.% for a D fluence of up to
5×1025 D/m2 according to [32].
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2.2. W OXIDES

2.1.3 Hydrogen isotopes in (displacement)-damaged W

In reality the W lattice is never ideal and always contains material defects. Furthermore, when
used as a first wall and divertor material in fusion reactors, W will suffer additional damage by
bombardment with highly energetic particles from the plasma (e.g. charge exchange neutrals)
and 14.1 MeV neutrons from the fusion reaction, which creates additional material defects. It
has been shown that material defects act as trapping sites for HIs and strongly increase the HI
retention in W [1]. An example for the potential energy well of such a trap is also represented
in Fig. 2.1. According to a review from Causey [18], there are different trapping sites with
different binding energies for HIs ranging from 0.5 eV to 2.5 eV. The relative importance of
different defect types (e.g. interstitials, vacancies, dislocation loops or vacancy clusters) for HI
retention is still actively discussed in literature. It is also not fully clear if the different binding
energies stem from different trap types or if they can be explained by a single type of defect that
can bind multiple HIs and has different binding energies depending on the fill level.

In any case, if the defect concentration in W is high, the HI retention increases by more than two
orders of magnitude compared with undamaged W [5]. In such cases, the overall HI retention
is governed by the material defects, but the diffusion of HIs in W is still governed by solute
diffusion. It should be noted, however, that HIs in displacement-damaged W cannot diffuse
unhindered through the material at room temperature as they will eventually reach a trapping
site and be bound there [12, 33]. Thus, if HIs are inserted into the surface near region, a diffusion
front will form and gradually progress into depth when the surface near traps are filled.

2.2 W oxides

The tungsten oxide system is rather complex and while the existing literature is vast, the results
and statements are sometimes ambiguous or even contradictory. Therefore, a comprehensive
treatment of this subject would be far beyond the scope of this thesis and here only a compact
overview shall be given with focus on the aspects that are relevant for the current work. The
information in this section is based on the book of Lassner and Schubert [34] on tungsten and
on two books dedicated to W oxides by Best et al. [35] and Jehn at al. [16], which themselves
are based on numerous publications.

2.2.1 W oxide stoichiometry and phases

W oxides exist in a variety of different stoichiometries such as tungsten (II) oxide (WO), tung-
sten (IV) oxide (WO2), tungsten (VI) oxide (WO3 – also called α-tungsten oxide) and oxides
with more complex stoichiometry such as β-tungsten oxide WO2.9 (W20O58), γ-tungsten oxide
WO2.72 (W18O49) and others. Which oxide is formed depends on the oxidation method, the W
grain orientation and surface condition and, in case of thermal oxidation, on the temperature
and the oxygen partial pressure. In addition, most of these oxide types can exist in different
allotropic modifications, depending on temperature. Please note that the allotropic modifica-
tions of WO3 are also denoted by the Greek letters (α, β and γ), where α-WO3 stands for the
orthorombic, β-WO3 for the triclinic and γ-WO3 for the monoclinic configuration of the corner
sharing metal-oxygen octahedral structure of WO3. Care should be taken not to confuse the
allotropic modification with the stoichiometry of the oxide when researching literature about W
oxides.
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In the present work, the oxide films are very thin (≤ 100 nm) and are created either via thermal
oxidation at 600 K in synthetic air or by electro-chemical oxidation. Both methods are described
in detail in section 3.5. For the thermally grown oxide films, Lassner and Schubert [34] predict
the formation of monoclinic γ-WO3, which is allotropically stable in the temperature range of
290 to 600 K, i.e., over the full temperature spectrum that is used for D uptake studies in this
work. The predicted stoichiometry (WO3) matches with the characterization of the thermally
grown oxide films that has been done in this work (compare section 3.5 and 4.1), although small
contributions of β-tungsten oxide WO2.9 or γ-tungsten oxide WO2.72 cannot be fully excluded.
For the electro-chemical oxidation [35] (p. 83) predicts the creation of an amorphous WO3 film,
which also matches the oxide characterization done in this work (section 3.5).

WO3 is reported to be chemically stable in acids (except HF) but easily dissolved in aqueous
alkali hydroxide solutions, which is confirmed for the oxides in this work by solution in NaOH.

2.2.2 W oxide color: “natural” color vs. interference color of thin
oxide films

Different stoichiometries of W oxides have different colors. WO3 is colored yellow (and is also
used as a color pigment in yellow paints) and WO2 is colored brown. There is also tungsten
blue oxide (which is a mixture of different constituents with different stoichiometries) [34].
However, the oxide films used in this work (5–100 nm) are too thin to see the natural color
and it is reported in literature that oxide films of these thicknesses are not yet visible [36].
Nevertheless, on the mirror-polished W samples used in the present work, a coloring of the
oxide arises from light interference in the (at these thicknesses) transparent WO3 films when the
light is reflected from the underlying polished W surface. This interference color is determined
by the optical properties of the oxide (and thus its stoichiometry) but also by the film thickness.
In the present case, WO3 films of 33 nm appear yellow, films of 55 nm appear blue and films of
100 nm appear light green. A picture of such a (thermally grown) 55 nm thick oxide film and
two 33 nm thick oxide films is shown in Fig. 2.2 together with a W sample with only natural
oxide. The electro-chemically prepared oxide films show identical colors for identical oxide
thickness, which indicates that they have the same stoichiometry as the thermally grown oxides.
This interference colors should, however, not be confused with the “natural” color of the oxide
films.

Figure 2.2 – Interference colors of W oxide films on W polished to a mirror finish; blue: 55 nm,
yellow: 33 nm, gray: natural oxide (1–2 nm)
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2.3 Interaction of HIs with W oxides (hydrogen W
bronzes)

WO3 can form a so-called hydrogen tungsten bronze (HxWO3) upon uptake of hydrogen iso-
topes. Here x denotes the fraction of H atoms in the compound and is typically smaller than
0.5. The term “bronze” is assigned to this compounds due to their metallic shine. Appart from
hydrogen, tungsten-bronzes can also form with many other (light) elements (MxWO3), were M
denotes an element [34].

The intercalation of H (or D) atoms into WO3 leads to a change of the optical properties of the
bronze, depending on the fraction x of HIs in the compound. In case of the thin WO3 films
studied in this work, this leads to a color change of the film when D is intercalated in the oxide.
The electrical properties of HxWO3 also change with the fraction of H. For x≤ 0.3 the bronze
behaves as a semiconductor and for x > 0.3 it behaves as a conductor.

Literature on the heat of solution of HIs in WO3 is scarce, but there is one study by Dickens et
al. [37], which reports a slightly negative enthalpy of formation of −0.28±0.04 eV for HxWO3.
This indicates that HI uptake in WO3 is energetically favored (in contrast to metallic W). The
activation energy for hydrogen diffusion in WO3 is stated as 0.35 eV from DFT calculations in
[38] and as 0.4 eV from experiments in [39]. This is larger than in metallic W, but still allows
fast diffusion of HIs in the oxide. The diffusivity of HIs in WO3 is reported to be quite high
[40] for both crystalline and amorphous oxides and HIs are expected to diffuse through the full
extent of thin WO3 films used in this work within minutes even at room temperature.

Formation: Hydrogen-W-bronze does not directly form by contact of H2 containing atmo-
sphere with WO3 but a thin cover layer of platinum or palladium is necessary to assist the
dissociation of H2 molecules before the atomic H can enter the WO3. Even then, a significant
formation of bronze occurs only at elevated temperatures of about 100 °C (≈370 K). However,
if atomic H is present in the surrounding atmosphere, tungsten bronze can form without cat-
alysts. Of course the bronze can also form if HIs with sufficient kinetic energy are directly
implanted into the oxide via ion beam or plasma exposure. Appart from this, it is also possible
to insert (or extract) H either electro-chemically in wet cells or electrically in solid state devices
(see e.g. [22] for details).

Applications: The possibility of reversible H insertion in HxWO3 and the resulting control-
lable changes in its electrical and optical properties leads to a wide range of possible appli-
cations. This stimulated extensive studies of this compound in the past. According to a re-
view by S. Deb [22] those include: Smart windows with adjustable light transmittance (elec-
trochromism), sensors for hydrogen or other gases (with catalyst layer) based on the change of
optical properties or electrical conductivity of WO3, prototypes of photo-electro-chromic solar
cells and early electro-chromic displays. There are also reports on high temperature supercon-
ductivity (above 91 K) of Na-doped WO3.

W oxides and HI plasma: There are only very few studies on the interaction of HIs from a
plasma with W oxides or the possible effects that surface oxide films could have on HI uptake,
retention and release from W. There are studies by Alimov et al. [21], Ogorodnikova et al. [24]
or Addab et al. [25] who found increased deuterium (D) uptake and retention in the oxide films
themselves. The study by Alimov et al. [21] investigated WO3 films of several μm thickness
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and found D retention values of up to 2.5 at.% (with respect to the total number of atoms, i.e., W
and O atoms), which is significantly higher than in displacement-damaged W. However, these
studies do not allow to draw any conclusion on the uptake, retention and release of HIs from
bulk tungsten through surface oxide films. These questions, are addressed in the present work.
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Chapter 3

Experimental Setup and analysis
techniques

This chapter will introduce the experimental approach to study HI uptake and release from W
through thin oxide films. In all experiments the HI deuterium (D) is used. The main experimen-
tal steps are: The so-called “self-damaging” (to enhance D retention), oxidation (thermally or
electro-chemically), D plasma exposure and thermal D release. The main analysis techniques
are: Ion Beam Analysis (IBA), Scanning Electron Microscopy (SEM) and Thermal Desorption
Spectroscopy (TDS). As large parts of the methodology are applied to D uptake as well as to D
release, the similarities and differences between these two cases will also be elaborated here.

3.1 Experimental approach

Fig. 3.1 illustrates the experimental approach to study D uptake and release. The distinguishing
feature, is the use of a “self-damaged” zone in the metallic W (dark gray in Fig. 3.1), which
is created by bombardment with high-energy W ions (see section 3.3). This introduces a well-
controlled amount of defects in the material without changing the elemental composition. As
described in section 2.1.3, the defects significantly increases the retention of D by binding it in
“traps”. This is a vital point as otherwise the D retention in the sample would be dominated
by the oxide film itself and it would not be possible to reliably measure D uptake or release
through the oxide film. In addition, D that is bound in these traps can no longer diffuse at
room temperature [12, 33]. Thus, for the D uptake experiments, the self-damaged zone serves
as a “getter-layer” that retains any D that penetrates through the oxide film for later ex-situ
measurements. For the D release experiments, on the other hand, the self-damaged zone is
filled with D (by plasma exposure) prior to oxidation and then serves as a large reservoir for D
release through the oxide film during TDS.

Both experiments use D as it is readily available but far less abundant than protium (H) and thus
avoids strong background signals from ambient hydrogen. D is also detectable with ion beam
analysis via the nuclear reaction with 3He and can be precisely measured and quantified in W. In
contrast to Tritium (T), D is not radioactive and can be handled in the laboratory without nuclear
safety issues. As the nuclear mass of HIs does only play a minor role for their uptake, retention
or release from W (oxides)1, the results for D can be easily extrapolated to other hydrogen
isotopes.

1The solute diffusion of HIs is proportional to 1/
√
m, but diffusion length in the oxide and the self-damaged W

is determined by material defects (see section 2.1.3). The nuclear mass does, however, affect the sputter yield
of W (oxides) by HIs, which of course depends on the nuclear mass of the involved particles.
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Figure 3.1 – Schematic of self-damaged and oxidized sample for D uptake (left) and D release
(right). D uptake: The self-damaged zone (dark gray) acts as getter-layer for D atoms
permeating the surface oxygen film (yellow). D release: The self-damaged zone is
filled with D prior to oxidation and serves as a quantified D reservoir for D release
during TDS.

Furthermore, for all experiments on D uptake and D release, identical W samples were used. In
a first step they were polished, annealed and then self-damaged. After this the process differs
for D uptake and D release, which is illustrated in Fig. 3.2.

For the D uptake experiments the samples are first thermally oxidized and then exposed to D
plasma. After that the depth-resolved D concentration in the sample and the depth-resolved
oxygen (O) concentration in the oxide film are measured ex-situ by IBA. Additionally, the
changes of the oxide film is investigated with SEM imaging of the surface and of cross sections
through the oxide. For D release the samples are first filled with D and then electro-chemically
oxidized. The electro-chemical oxidation is carried out at room temperature and thus prevents
thermal release of D during the oxidation process. After that the D release through the oxide is
investigated with TDS.

In the following the individual experimental steps and setups will be introduced and discussed
in detail. Section 3.5 (oxidation) also contains the characterization and comparison of the oxide
films created by the two different oxidation methods. In addition, analysis methods such as IBA
and SEM (sections 3.6 and 3.7) are applied after each relevant experimental step (i.e., oxidation,
plasma exposure and TDS).

Please note that the samples and procedures described here are applicable to the two main
studies in this work (D uptake and release through oxide). Apart from that, there are additional
experiments such as the D release directly from W oxide (section 4.2.3) or the determination of
the sputter yield of W from W oxide by D (section 4.5), which use different kinds of samples or
methods. In those cases, the experimental details are described directly in the according section.

3.2 Polishing and annealing

All samples are cut from a single sheet of hot-rolled W with a purity of 99.97 weight % supplied
by the company Plansee [41] and are 15×11.8×0.8 mm3 in size.
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Figure 3.2 – Schematic of the order of experimental steps for D uptake (green) and D release (blue).

First, the sample surface is mechanically grinded and then electro-polished in 1.5 % NaOH to
achieve a mirror-like finish. Details on this technique can be found in [42]. The samples are
then cleaned in an ultrasonic bath first with acetone then with isopropanol for 20 minutes each
and then rinsed in distilled water.

Next, the samples are annealed by electron-beam heating in ultra-high vacuum (base pressure
< 5×10-7 Pa, rising to < 3×10-5 Pa during annealing). They are first outgassed and stress re-
lieved at ≈1400 K for 20 minutes and then annealed at 2000 K for 5 minutes. This reduces the
defect density in the bulk and thus minimizes its contribution to the total HI retention in the
sample. Additionally, the heating induces grain growth to a diameter of ≈ 10 to 50 µm (see
Fig. 3.4 and 3.5), which minimizes possible effects of grain boundaries on HI retention.

3.3 Self-damaging

Afterwards, the samples are irradiated with 20.3 MeV W6+ ions at 300 K on a water-cooled
sample holder. The ion beam is scanned across the sample surface to achieve a laterally homo-
geneous irradiation. The absolute W flux was measured by Faraday cups in the scanning area
of the beam and the samples were exposed to a total W fluence of 7.87×1017 W ions/m2. In the
first 2.3 µm of the W sample this creates an irradiation damage of 0.23 displacements per atom
(dpa). This value was calculated with the program “SRIM” (Stopping Range of Ions in Matter)
[43] according to the procedure described in [44]. Due to the use of self-ion bombardment for
its creation, this zone is called “self-damaged zone”. During implantation, a molybdenum mask
with an opening of 10×14 mm2 is used to hold the samples in place. It shields the edges of the
sample from the W-ion bombardment and leaves an un-damaged rim along the sample edges.

It should be mentioned that in the more general scope of material research for future fusion
reactors, self-damaging is a technique to simulate the displacement damage that is expected
in W by bombardment with fast 14.1 MeV neutrons [1, 6]. As neutron sources in this energy
spectrum are not available at present, this technique allows to study the effects these defects
have on HI retention and any synergistic effects of HI or He retention and defect creation in
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W in a laboratory frame. However, in the present work the self-damaged zone is used either
as a “getter-layer” that accumulates HIs that permeate through the oxide film during D plasma
exposure (D uptake) or as a D reservoir that is filled with D prior to oxidation and can store
large amounts of D (200×1019 D/m2) underneath the oxide (D release).

3.4 Plasma exposure in “PlaQ”

D plasma exposure of the W samples was carried out in the electron cyclotron resonance (ECR)
plasma device “PlaQ”. A detailed description of the setup is given in [45] and [46]. Here only
a short description of the key features is provided. Fig. 3.3 shows a schematic of the setup.

Figure 3.3 – Schematic of the “PlaQ” plasma exposure device. Picture adopted from [45] and [46]
with kind permission of Armin Manhard.

PlaQ permits highly reproducible D plasma exposure with adjustable D energy. Up to six sam-
ples can be exposed radially symmetric on a single sample holder to ensure identical plasma-
loading conditions. The sample holder has a feedback-controlled temperature regulation that
maintains a constant exposure temperature independent from the particle flux. For most cases
(except the high temperature plasma exposure in section 4.4.2), the sample temperature is kept
at 370 K during plasma exposure. This is high enough to allow for D mobility in W and low
enough to avoid significant annealing of the displacement damage that was introduced during
the self-damaging [31].

The majority of the ion flux in PlaQ consists of D+
3 (94 %) with a minority of D+

2 and D+ (3 %
each). The energy of the D (molecular) ions impinging on the sample can be adjusted by a
sample bias voltage. For the molecular ions (D+

3 , D+
2 ) the energy is shared evenly between

the D atoms upon contact with the sample surface. Thus, the total energy of the impinging
molecular ions is given by the plasma sheath potential (−15 eV) plus the negative DC bias
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voltage divided by the number of D atoms per molecular ion. For floating potential (no bias)
this results in an energy of < 5 eV/D for the D+

3 majority species and an energy of < 15 eV/D
for the D+ minority species. This setting is called “gentle” plasma and many ex-situ D uptake
and retention studies in (self-)damaged W have been performed under similar conditions, e.g.,
[6, 12, 44]. The low D energy is below the damage threshold of W and prevents the creation
of additional defects in the material [31]. Restrictively, it should be mentioned that it is not a
priori clear if this assumption also holds for W oxides. This gentle exposure is used for the first
D uptake experiments (section 4.1 to 4.3) and for all D release experiments. For higher bias
voltages, e.g. −100 V sample bias, the resulting D energies would be 38 eV/D for the majority
and 115 eV/D for the D+ minority.

A typical PlaQ plasma exposure begins with a 15 minutes “burn in” phase in which a shutter
prevents the plasma from interacting directly with the samples. This procedure cleans the vac-
uum chamber by removing remaining adsorbates from the walls. During this phase only atomic
D can reach the samples via gas phase collisions or by collisions with the chamber walls. Then,
the shutter is opened and the samples are exposed to a charged D flux of about 5.6 to 10×1019

D/m2s (the exact flux is depending on the applied bias voltage, as has been determined in [45]).
Plasma exposures in this work range from 2 to 96 h, which translates to a D fluence of about
6×1023 to 2×1025 D/m2.

D uptake: For the D uptake experiments the sample is first thermally oxidized and then
exposed to plasma in PlaQ. Different bias energies (0 to −100 V) and temperatures (370 and
500 K) are used and several fluence series are conducted. For the initial campaign with gentle
(< 5 eV/D) plasma (section 4.1 to 4.3) two samples with different oxide thicknesses (33 and
55 nm) and an additional, self-damaged reference sample with only a natural oxide film (1–
2 nm) were exposed simultaneously. For later exposures at higher bias voltage or temperature
(section 4.4) only samples with 55 nm thick oxide films were used.

D release: For D release the plasma exposure is conducted prior to oxidation in order to
decorate (fill) the defects in the self-damaged zone as a reservoir for later D release during TDS.
To assure a homogeneous D filling level across the samples, the existing defects in the self-
damaged zone have to be saturated with D. In addition, the loading has to be “gentle” enough to
avoid the creation of new defects during plasma exposure which would lead to dynamic release
during storage (see [10, 47]). Therefore, the samples were exposed to a high D fluence at a low
D energy of < 5eV/D and a substrate temperature of 370 K.

The samples were exposed in two different batches (a third batch was not exposed and serves
as reference for purely thermally introduced changes in the oxide during TDS; see section 5.1).
The first batch contained the samples that were later oxidized to thicknesses of 25, 50 and
100 nm and an additional reference sample with only natural oxide (1–2 nm), that was also self-
damaged prior to D loading. The second batch contained samples that were later oxidized to 5,
10 and 15 nm. The first batch was exposed to the plasma for 72 h accumulating a total fluence
of 1.4×1025 D/m2. After the exposure, when the D content was measured with NRA, it became
clear that the samples from the first batch exhibit a gradient of 10 % in the D content from
sample top to bottom, i.e., in radial direction on the sample holder. This indicates that these
samples were not filled with D up to the maximum possible retention everywhere on the sample
surface, which has to be taken into account for the D release by TDS. The total (average)
retention in the first batch was 2.0×1021 D/m2. For the second batch, the exposure time was
increased to 96 h and a total D fluence of 1.9×1025 D/m2. These samples exhibited a uniform D
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content across the sample with a total D retention of 2.3×1021 D/m2 in the self-damaged zone.
For the D release experiments (chapter 5) all measurements concerning the D content or change
thereof in the first batch have been normalized with the D content at each given measurement
position, so that the D gradient is accounted for and does not further influence any statements
or conclusions drawn in this work.

3.5 Oxidation

This section contains information about the two different oxidation methods (thermally and
electro-chemically) and also details the characterization of the oxides.

3.5.1 Thermal oxidation

This method was used to create the oxide films for the D uptake experiments. After self-
damaging, the W samples were oxidized thermally at 600 K in “synthetic air” (80 % argon,
20 % oxygen) in a vacuum thermo-gauge. Two pairs with different oxide film thicknesses were
prepared: 33 nm (12 h of oxidation time) and 55 nm (36 hours). In the following these samples
will be referred to as thin and thick oxide. A relatively low temperature of only 600 K was
chosen for oxidation in order to minimize thermal annealing of the defects in the self-damaged
zone [48, 49].

As pointed out e.g. in [34], the tungsten-oxygen system is rather complex. Besides the stable
oxides WO3, WO2.9, WO2.72, and WO2 a variety of non-stoichiometric compounds exist. How-
ever, at temperatures between 290 and 600 K monoclinic γ-WO3 is expected to grow [34]. The
thermally grown oxide films were investigated with NRA which yields the total areal density2

of oxygen in the surface oxide film (see section 3.6.1) and with RBS, from which a depth-
resolved oxygen concentration profile in the oxide film can be determined (see section 3.6.2
for details on the technique). The resulting concentration profiles from RBS are discussed in
detail in section 4.1.4 and are in good agreement with stoichiometric WO3. In addition, the
films were investigated with laser ellipsometry, which is briefly described in section 3.8. The
results of the ellipsometry measurements are discussed in detail in section 4.1.2 and are also
in good agreement with WO3. Finally, the films were characterized with sputter X-ray photo-
electron spectroscopy (XPS). The measured XPS peak positions as well as the stoichiometry
(determined from the relative intensities of the W4f and O1s peak integrals) match WO3 (com-
pare [50]). The possible contribution of sub-oxides to the XPS signal is estimated to be below
10 at.%. No hints of other impurities were found in the XPS analysis, after the topmost surface
layer of adsorbates was removed by argon sputtering. The sensitivity for detection of other
species is estimated to be < 1 at.%. However, even with all these different methods it is not
possible to exclude the presence of small amounts of non-stoichiometric oxides that are very
close to WO3 with certainty.

An additional reference sample was subjected to the same temperature profile (i.e., exposure
to 600 K) in the same thermo-gauge, but without oxygen (100 % Argon atmosphere). Thus, it
experienced the same amount of defect annealing as the thermally oxidized samples, but did not
grow an additional oxide. Of course, the natural oxide present before annealing remains on the
sample since the annealing temperatures are not high enough to desorb tungsten oxide [34].

2The areal density is a measure for the amount of D (or other elements) that are retained in the sample per unit
area of surface. This does not mean that D is located only at the surface, but gives the integral of the D content
in the measured depth.
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Figure 3.4 – Optical microscopy image of a W sample with thick, thermally grown oxide. The
different grain heights are illustrated by the color difference that stems from light in-
terference in the transparent oxide film. Most grains are very close to the maximum
oxide thickness of 55 nm (blue). Only a few grains are less thick (orange). The thick-
ness distribution ranges from 30 to 55 nm.

Note, however, that the growth rate of thermally grown WO3 depends on the crystal orientation
of the W substrate [51, 52]. The oxide thickness is, therefore, varying between different W
grains. The diameter range of the W grains in the used samples is approximately 10–50 µm, as
is shown in the microscopy image (taken with a LEXT OSL4000 by Olympus) in Fig. 3.4. The
grain-dependent thickness of the oxide is visualized by the different colors in Fig. 3.4, which
are created by light interference in the transparent oxide film. Most grains are close to the
maximum thickness of 55 nm (blue) and only a few show a lower thickness (orange).

According to electron backscatter diffraction (EBSD) mapping and FIB cross sections by K.
Schlüter [53] of thermally oxidized W samples at different oxide thicknesses using the same W
grade that is used here, most W grain orientations grow a very similar oxide thickness close to
maximum thickness and only a few W grain orientations grow up to 40% thinner oxides. This
is in good agreement with the relative thickness distribution observed in Fig. 3.4. The relative
grain-dependent thickness distribution is independent from the overall oxide film thickness in
the here used range and it is assumed for both the thin and the thick oxide. This distribution
does affect certain parts of the oxygen depth profiles taken with Rutherford Backscattering
Sspectroscopy (RBS) but the effect can be compensated when the distribution is known (see
section 3.6.2 for details).

Furthermore, Fig. 3.5 shows a top-view scanning electron microscope (SEM) image of the sam-
ple surface using backscattered electrons (Z contrast; see section 3.7 for details on SEM imag-
ing). Parts of three different W grains (typical grain size 10–50 μm) are visible underneath the
oxide film. Distinct grooves at the grain boundaries (dark lines) are formed during the annealing
at 2000 K before oxidation. The oxide film itself is visible on top of the W grains. It has a much
smaller, nano-crystalline structure, with a grain size ranging from 10 to 30 nm.
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Figure 3.5 – SEM image of the thick (55 nm) thermally grown oxide film on W sample from
backscattered electrons in Z-contrast. Three different W grains are shown. The nano-
crystalline structure of the oxide film is visible.

3.5.2 Electro-chemical oxidation

This method is used to create oxide films for the D release experiments. After the D “reservoir”
(the self-damaged zone) was filled, the samples were electro-chemically oxidized to film thick-
nesses of 5, 10, 15, 25, 50 and 100 nm. The electro-chemical oxidation method was originally
devised by McCargo et al. [54] for precise removal of thin films of tungsten via oxidation and
subsequent oxide dissolution in NaOH. To the best knowledge of the author, this method is used
for the first time to deliberately create W oxide films to study D release from W.

For the oxidation process, the W sample was used as anode and immersed in an aqueous so-
lution of 0.4 mol/l KNO3 and 0.04 mol/l HNO3. Two W sheets were also immersed and used
as cathodes. The desired oxide thickness can be adjusted by the applied voltage (see [54]).
To ensure a homogeneous oxidation, the constant current density through the sample (and W
holding clamps) was limited to 2 mA/cm2. During oxidation, the voltage drop across the oxide
film grows with the oxide thickness. After reaching the maximum voltage, the voltage was
kept constant for one minute (during which the sample current decreased further). After that,
the voltage was switched-off and the sample was removed and rinsed in distilled water before
immediately drying it.

The main benefit of this method, compared with thermal oxidation, is that it works at room tem-
perature. This makes it possible to oxidize the surface of the tungsten sample without causing a
thermal release of the trapped D in the self-damaged zone. Furthermore, the method works on a
timescale of minutes rather than of hours or days as it would be the case for thermal oxidation.
Another advantage of these films is their smoothness. This can be seen in Fig. 3.6, which com-
pares SEM images of a electro-chemically grown oxide with a thermally grown one. While the
electro-chemically grown oxide film (Fig. 3.6 a) is very smooth and does not show a crystalline
structure in itself, the thermally grown oxide (Fig. 3.6 b) shows a nano-crystalline microstruc-
ture. A further advantage is that the oxide thickness does not depend on the orientation of the
underlying W grain as is the case for thermally grown oxide films [52]. This is because the
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Figure 3.6 – W oxide films by top-view SEM images in secondary electron mode: a) electro-
chemical grown oxide (40 nm). Parts of five W grains and their grain boundaries are
visible underneath the oxide film. The black square is an artifact. b) thermally grown
oxide (55 nm) prepared at 600 K at atmospheric pressure in a dry mixture of 80 % ar-
gon and 20 % oxygen. Parts of threes W grains are visible and the oxide shows a
nano-crystalline microstructure.

oxide film thickness is determined by the applied voltage and not by different growth rates on
different crystal orientations.

It should, however, be noted that the electro-chemically grown W oxide has an amorphous
structure (as observed by Raman and infrared spectroscopy [55, 56]) and thus differs from the
nano-crystalline thermally grown W oxide. A more detailed characterization of the electro-
chemically grown oxides with these techniques is presently under way and will be the content
of an upcoming publication.

The oxygen areal density of the electro-chemically grown oxide film was determined ex-situ
by NRA after each experimental step. This method is applicable, before and after TDS and
is described in detail in section 3.6.1. The results of these measurements are presented in the
results section in chapter 5.

In addition, laser ellipsometry was applied to the electro-chemically grown films and their re-
sults match with stoichiometric WO3 for all film thicknesses. Finally, the oxygen areal density
and stoichiometry of the oxide film was determined by RBS, which is described in detail in
section 3.6.2. The RBS results for the electro-chemically grown oxide also match with stoi-
chiometric WO3. However, oxide films with an thickness of 15 nm or below cannot be reliably
quantified by this method. Furthermore, after D release during TDS, the roughness of the ox-
ide film increases strongly, so that a quantification of the oxygen depth profile with RBS is no
longer possible. Therefore, RBS oxygen depth profiles of the electro-chemically grown oxide
films are only available for the thicker oxide films (25, 50 and 100 nm) prior to D release.

3.6 Ion beam analysis

Ion beam analysis (IBA) describes a wealth of different methods that use beams of highly en-
ergetic ions to probe different material properties with minimal invasiveness. Here especially
Nuclear Reaction Analysis (NRA) and Rutherford Backscattering Spectroscopy (RBS) are em-
ployed as they are capable of determining not only areal densities but also depth-resolved con-
centration profiles of deuterium and oxygen in the surface near region of the samples. The
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limitation of IBA to the surface near region (several μm) is due to energy loss of the ion beam
in the sample. However, the interesting regions of the W samples in this work are the oxide film
(< 100 nm) and the self-damaged zone (2.3 μm). Thus, IBA techniques are ideally suited for
the present study and are the main source of information on D uptake/release and also on oxy-
gen concentration. All IBA measurements were carried out ex-situ, meaning that the samples
have been carried through ambient air in-between the experimental steps (oxidation, plasma
exposure, TDS) and the ion beam analysis.

3.6.1 Nuclear reaction analysis

NRA can be used to determine the areal density of D and O in the surface near region (7.4 μm
in the present case) of the W samples by detecting highly energetic particles that are created
in nuclear reactions with specific target atoms. Quantitative information on the abundance of
these target atoms can be acquired when the cross section of the reaction and solid angle of
the detector setup are known. D is detected via the D(3He, p)α nuclear reaction3 and oxygen
via 16O(3He, p0)18F. Conveniently, both reactions occur during irradiation with a 3He beam at
4 MeV and thus the D and O areal density can be measured simultaneously. In addition, for D
also depth-resolved concentrations profiles can be measured with NRA by varying the energy
of the incident 3He beam. For oxygen this is not possible due to the broader form of the energy-
dependent cross section of this reaction. Both D and oxygen measurements with NRA are
described in more detail in the following two paragraphs. In the last paragraph in this section
the uncertainty quantification of NRA is discussed.

D areal density and depth profiles: By varying the energy of the incident 3He beam it
is possible to obtain a depth-resolved concentration profile of D atoms in the sample – the
so-called “D depth profile”. A detailed description of this technique can be found in [57]. It
exploits that the cross section of the D(3He, p)α reaction has a sharp peak at 690 keV and is
significantly lower at higher energies. For incident 3He particles with 690 keV, the nuclear
reaction takes place very near the surface and thus probes predominantly small depths. For
higher beam energies the cross section at the surface is significantly lower but peaks at a certain
depth in the sample, when the incident particles have lost sufficient energy in the material. This
principle is illustrated in Fig. 3.7 for incident energies of 500 to 6000 keV. In the present studies
10 different energies were used (500, 690. 800, 1000, 1200, 1800, 2400, 3200, 4000, 4500 keV).

The protons resulting from the nuclear reaction were detected by a Si(Li) annular detector with
a solid angle of 19.5±0.5 msr (Millisteradian). The detector circularly encloses the ion beam at
a laboratory scattering angle of 175°. This allows for a depth resolution at the surface of 54 nm
for pure W or 80 nm in WO3. Note that the depth resolution of NRA measurements depends
on the stopping power of the material on the incident particles. Due to the lower W density, the
stopping power and thus the depth resolution in the WO3 film is lower than in pure W. All depth
resolutions were calculated with the program “ResolNRA” [58] using SRIM stopping powers
[43].

For 3He energies below 1200 keV the α particles from the D(3He, p)α nuclear reaction can
contribute information about the D concentration in the near surface region. The α particles
were measured with a passivated implanted planar silicon (PIPS) detector with a solid angle of

3In this notation the two particles inside the brackets mark the incoming particle (in this case 3He) and the
measured particle (in this case the proton p). The particle before the brackets denotes the quantity to be
measured and the particle behind the brackets is a byproduct that is not analyzed in this context
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Figure 3.7 – Schematic of the effective, differential cross section of the D(3He, p)α reaction in W
depending on the energy of the incident 3He ions and the depth in the W sample (i.e.,
on the remaining energy of the 3He ions in a certain depth after attenuation by the
material). The cross section data for the reaction was convoluted with stopping sim-
ulations for different incident He energies and includes range straggling. Taken with
kind permission from Armin Manhard (IPP).

7.65±0.26 msr at a laboratory scattering angle of 102°. As the stopping power of α particles
in W or WO3 is higher than that of protons, they provide a better depth resolution of 27.5 nm
(pure W) or 50 nm (WO3). The drawback of this method is that it yields information on the D
content only to a depth of approximately 0.3 µm. Thus, the information from the α particles is
combined with the information from the protons to enhance the depth resolution of the D depth
profile near the surface. This is a pivotal point as it allows to separate D content in the oxide
film from D content in the underlying (self-damaged) W, when the oxide film is thicker than
50 nm.

However, the D depth profiles cannot be directly drawn from the NRA spectra, as the (depth-
dependent) cross section of 3He ions with different initial energy overlaps at certain depths (see
Fig. 3.7). Therefore, the measured signal intensity at a given incident beam energy does not
only depend on the D concentration at one given depth but also (to a minor degree) on the D
concentration at smaller depths. To obtain a D depth profile it is thus necessary to perform a
deconvolution of the measured NRA spectra and the depth-dependent cross sections. This is
possible with the program “NRADC” [59] which uses the proton and α spectra at all measured
energies as input to construct the most likely distribution of D across the sample depth. A
detailed description can be found in [59].

Please note that in the following, when D areal densities are stated, these values are always
obtained from integrating over D depth profiles. It is also possible to obtain the D areal den-
sity from a single measurement at high incident ion energy (similar to the approach for the
oxygen areal density discussed in the next paragraph), but the depth profiles contain multiple
measurements at different energies and thus have a lower statistical uncertainty.
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Oxygen areal density: The 16O(3He, p0)18F nuclear reaction allows to directly measure and
quantify the areal density of oxygen in the surface oxide film. The cross section of this reaction
was recently measured [60] and has an absolute accuracy of 4.7 % at an 3He ion energy of
4000 keV. This energy was used for all NRA oxygen measurements here, since the cross section
of the reaction is flat in this energy range. Therefore, uncertainties in the incident ion beam
energy cause only a small change of the cross section. The energy loss of the 3He ions due to
stopping in the oxide is small and can be neglected. The maximum probing depth in the WO3/W
material is in the range of several µm, i.e., much larger than the oxide film thickness. Thus, the
areal density of oxygen in the oxide film is reliably measured by this method for all samples in
this study.

On the other hand, this high penetration depth is associated with a low depth resolution at the
surface. Therefore, this method cannot yield a depth-resolved concentration profile of the oxy-
gen in the oxide film. From the areal density of O atoms the corresponding thickness of the
oxide film in nm can be derived via the density of the oxide, which is assumed to be stoichio-
metric WO3 (see section 3.5). The literature values for the density of WO3 vary between 6.87
[61] and 7.3 g/cm3 [34]. Here we assume a density of 7.16 /cm3 according to [62].

The protons from the nuclear reaction with oxygen are measured with a Si(Li) detector with
a solid angle of 78.7±0.5 msr at a scattering angle of 135°. To determine the areal density
of oxygen in the sample, the background-subtracted integral of the proton peak is taken, and
compared with SIMNRA [63, 64] simulations.

Uncertainty quantification: In order to assure that the conclusions drawn from NRA deu-
terium depth profiles are backed by the data, a thorough understanding and quantification of
the uncertainty of the method is necessary. There are two classes of uncertainty involved: The
first one is the systematic uncertainty that is given by the uncertainty of the cross sections of
the reaction D(3He,p)α measured by [65] and the reaction D(3He,α)p measured by [66]. Both
cross sections have a total uncertainty of <±5 %. This systematic uncertainty applies only to
the absolute amount (or concentration) of D that is measured but does not affect the comparison
of different D depth profiles with each other. Also, the relative comparison of D concentrations
at different depths in the sample is not affected by this uncertainty. Therefore, it is not shown
in the graphs depicting D depth profiles in this work and is also not used when D amounts are
compared relative to each other. It is, however, included when absolute values of the D areal
densities are stated in text or tables.

The second kind of uncertainty is the statistical uncertainty that affects the relative compara-
bility and reproducibility of different D depth profiles and also of D concentrations at different
depths in the same depth profile. This statistical uncertainty comprises the uncertainty of the
ion dose measurement which is determined via the beam current and the uncertainty of the
deconvolution via NRADC which includes the counting statistics of the spectrum. The beam
current measurement is influenced by the secondary electron emission coefficient of the sample
surface and its uncertainty is estimated to lie below 3 %. The uncertainty of the deconvolution
is determined via Markov-Chain Monte Carlo post processing as described in [67] and gives an
asymmetric 1-σv confidence interval of the D concentration around the median concentration for
each sub-layer of the target. The resulting total statistical uncertainty of the total D amount is
calculated with Gaussian error propagation and stated for all D concentrations given in text or
tables in this work that describe relative comparison of D areal densities.

However, due to the convolution of the D concentration and the depth-dependent cross section
at different energies, the uncertainties in the ion dose measurement (for each incident beam
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energy) do not directly translate to the uncertainty of the D concentrations or the depth sampling
in the final depth profiles. Thus, they are not included in the graphical representation of the D
depth profiles in this thesis and only the uncertainty of the deconvolution process is shown. An
incorporation of the uncertainty of the ion dose measurement into the NRADC post processing
is currently envisaged, but not yet implemented.

Lastly it should be mentioned that NRADC assumes a perfect energy calibration of the mea-
sured data, as a quantification of the resulting uncertainties for the D depth profile is not possible
within practical boundaries with the current version of NRADC. It can, however, be assumed
that the contribution of this uncertainty is small, since a) the energy uncertainty of the accel-
erator is small (< 15 keV) and b) a significant mismatch of the energy calibration for a certain
energy is obvious in the raw data and can be manually corrected by adjusting the energy offset
of individual spectra.

3.6.2 Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy (RBS) uses an incident beam of light ions (e.g. He) to
gain information on the elemental composition of a target by analyzing the energy spectrum of
backscattered particles. In contrast to NRA, no nuclear reaction is involved and the backscat-
tering process is purely determined by the coulomb potential. The energy of the backscattered
particle depends on the scattering angle, the energy of the incident particle directly before the
collision and on the masses of the target atom and the incident particle. RBS is thus well suited
to detect different elemental compositions in a target and provides another independent method
to quantify the areal density of oxygen in the sample. Furthermore, the energy of backscattered
particles decreases due to energy loss in the material, when the scattering process takes place
deeper in the sample. Thus, RBS can yield depth-resolved information on elemental composi-
tion. Consequently, the strength of this method in the current context is its ability to determine
the oxygen depth profile of the surface oxide film, i.e., the oxygen concentration at different
depths within the oxide film.

Note, however, that RBS is best suited to detect heavy ions in a light matrix and it is thus
not straight forward to detect (light) oxygen on a (heavy) W substrate. Incident ions that are
scattered from (light) oxygen have far less energy than He ions scattered from (heavy) W atoms.
As, additionally, the RBS cross section is proportional to Z2, the oxygen signal is much lower
than the W signal. Consequently, the low intensity O signal at low energy is superimposed by a
huge W background and cannot be reliably quantified.

However, the information of the oxygen depth profile appears indirectly in the RBS spectrum
as a “lack of W signal intensity” at high recoil energies. This is illustrated in Fig. 3.8, where the
RBS spectrum (4He ions at 800 keV) of a 55 nm thick oxide film on W (red) is compared with
the spectrum of a W reference sample with only natural oxide (blue). The RBS spectrum of the
bulk W of the reference sample exhibits a single step at about 730 keV followed by a continuum
towards lower energies. This is the typical picture for a bulk sample of a single element. In this
case, the energy scale can be interpreted as a depth scale, where lower backscattering energies
correspond to larger distances from the sample surface. The RBS spectrum of the thick oxidized
sample, on the other hand, exhibits two steps; a first step of lower intensity ranging from 730
to about 600 keV that marks the oxide film and a second one at about 575 keV that marks the
transition to metallic W. From the width of the “first step”, one can deduce the W and O areal
densities and thus (indirectly) the areal density of the oxide film. In addition, one can infer the
oxygen concentration at a certain depth, from the height difference of the two spectra at the
corresponding energy.
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Figure 3.8 – Measured RBS spectra of W with natural oxide (blue) and with a 55 nm thick oxide film
(red) together with SIMNRA simulations of pure W (dotted black line) and WO3on W
with and without roughness (solid and dashed black line, respectively).

It is worth mentioning that backscattering of incident He atoms from O atoms is not the main
reason for the reduced W intensity within the oxide. The dominant cause for the lower intensity
in the surface oxide (above about 600 keV in Fig. 3.8 ) is the additional electronic stopping from
the O atoms. This additional, statistical energy loss in between W atoms “stretches” the number
of recoiled He atoms over a wider energy region. Thus, the number of detected recoils per
energy interval is decreased within the oxide film. An instructive example of this phenomenon
can be found in the appendix A.1.

Please note that the absolute height (counts per energy interval) of the spectrum does not only
depend on the composition of the sample at this depth but also on the composition closer to the
surface (where the ions have to go through to be detected). Thus, absolute heights of different
spectra are not directly comparable and a simulation with, e.g., SIMNRA [63, 64] is necessary
for quantitative interpretation of the sample composition. It is also important to note that the
corresponding concentration of O atoms at a given depth can only be deduced in this way when
assuming that there are no other impurities present in the material. This assumption is valid
here, as only negligible amounts of other light elements (e.g., carbon < 1 at.%) have been found
on the sample with NRA, XPS and energy dispersive X-ray (EDX) measurements.

All RBS spectra were measured by a PIPS detector with a solid angle of 1.108±0.038 msr at a
scattering angle of 165° in Cornell geometry. To obtain the RBS spectrum in Fig. 3.8, the sample
was rotated such that the surface normal forms an angle of 70.5° with the incident ion beam.
This prolongs the geometric path of the ions through the oxide film and thus enhances the depth
resolution of the RBS measurement by a factor of three. The depth resolution in the oxide film in
this configuration was calculated with RESOLNRA [58] and is 43×1019 atoms/m2 at the surface
and 53×1019 atoms/m2 at the deepest part (55 nm) of the thick oxide film. For the evaluation of
the RBS spectra an average depth resolution of ≤ 50×1019 atoms/m2 (corresponding to 7 nm of
WO3) was applied for the oxide film.

The modeling of the depth-resolved oxygen concentration in the sample is realized by the fitting
program “MultiSIMNRA” [68]. It uses multiple instances of SIMNRA (version 7.02) [63, 64]
to simulate RBS spectra at different energies and varies the target elemental composition to give
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the best fit to the experimental data. In MultiSIMNRA the oxide film is divided into several sub-
layers with constant composition. The layer thickness is set equal to the depth resolution of the
RBS measurement (50×1019 atoms/m2 corresponding to 7 nm of WO3). The concentration of O
and W atoms in these sub-layers is then varied to optimize the fit to the experimental spectrum.
As an example, the simulation results for a pure W sample as well as for WO3 (55 nm) are
shown in Fig. 3.8 and it is evident that they agree very well with the experimental data.

It is important to note that the size of the analyzing beam spot of 1 mm2 is larger than the typical
W grain size of 10–50 μm. For the thermally grown oxide films, the beam hence averages over
many W grains with different oxide thicknesses. In SIMNRA such variation in film thickness
can be described by defining a sub-layer of constant composition with a so-called “layer rough-
ness”. The influence of this thickness variation is also shown in Fig. 3.8 in which two cases
are compared: A smooth oxide film (no roughness) with one where the known oxide thickness
distribution [53] is taken into account. It is clear that the model with roughness provides a far
better fit to the experimental data. It is obvious that the thickness variation affects only the left
part of the low intensity step in the RBS spectra, i.e., the deepest part of the oxide films. As
can be seen in Fig. 3.8, the high energy (and hence surface near) part of the spectrum is unaf-
fected. This holds true as long as the backscattered 4He does not stem from collisions with the
underlying metallic substrate. Once this happens a gradual transition from the oxide film to the
underlying W substrate leads to a smearing out of the step in the RBS spectrum in this energy
region. In general, the same effect would be observed if an oxygen concentration gradient in
the film would be present. However, the assumption of a gradient is not necessary as the know
roughness distribution describes the measured spectrum very well. Consequently, the W-grain-
dependent thickness variation of the oxide film can be fully accounted for in the RBS spectra
and does not affect the quality of the obtained oxygen depth profiles.

For the study on D uptake (chapter 4) RBS measurements were performed for all samples before
and after plasma exposure and the corresponding oxygen areal densities and depth profiles were
determined. For the D release experiments (chapter 5) RBS measurements were only conducted
prior to the D release, as the partial reduction and strong lateral inhomogeneity of the oxide
after the release prohibited accurate oxygen depth profiles afterwards.

3.7 Scanning electron microscopy

Scanning electron microscopy (SEM) uses a focused electron beam with electron energies of
several keV to probe the sample surface. The much higher energy and consequently smaller
wavelength of the electrons allows a significantly higher resolution (in the range of a few nm)
compared with the photons used for optical microscopy. To acquire a two-dimensional picture
of the sample surface, the beamspot is scanned across the surface. Information on the sample
is gained from (primary or secondary) particles that are emitted from the surface and detected
by the SEM. The detected signal intensity from a certain beamspot (area on the sample) is then
encoded by the brightness of the corresponding pixel in the SEM image. Those particles can be
a) backscattered primary electrons (BSE) that recoil from collisions with atomic nuclei in the
sample; b) secondary electrons (SE) that are knocked on by the primary (beam) electrons and
c) X-ray photons that are created by an outer-shell electron falling to a position in an inner shell
after an inner-shell electron is knocked out by a primary electron from the beam. The spatial
(and especially depth-) resolution of these particles depends on the interaction volume in the
sample from which they can escape to the surface and reach the detector, as is illustrated in
Fig. 3.9 from [69].
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Figure 3.9 – Schematic representation of the electron interaction volume and the volume fractions
from which particles (SE, BSE or X-rays) can escape the sample to be detected. [69]

The intensity of backscattered electrons depends on the atomic number (Z) of the elements
in the sample. BSE images thus show a strong material-dependent contrast (also called Z
contrast). Furthermore, the crystal orientation of the material plays a role, as primary electrons
can be “channeled” deeper into the sample when they enter parallel to a crystal plane. As a
consequence, the electrons are backscattered in larger depth and are less likely to escape the
sample towards the detector. Thus, BSE images give also a crystal orientation contrast that
shows, e.g., differently oriented grains in a metal in different gray scale values. The depth from
which BSEs can leave the sample and be detected is about half of the maximum penetration
depth of the primary electrons, as the BSE need sufficient energy to escape the sample after the
backscattering event.

The secondary electrons in general have a rather low energy and thus have to be created very
close to the surface in order to be detected. Consequently, small protrusion or sharp edges light
up in SE mode, because the average path length to the next surface is smaller in these cases and
more SEs can escape the sample. Thus, images in SE mode have an excellent surface sensibility
and highlight small structures on the surface.

Lastly the X-ray photons contain direct information on the elemental composition of the sample.
The energy differences between the outer and inner shells depend on the atom and the photon
energies are thus characteristic for certain elements. The X-ray detectors are energy sensitive
and the corresponding measurement technique is called energy dispersive X-ray spectroscopy
(EDX). The drawback of this method is that X-rays can escape the sample from larger depths
due the lower stopping they experience in material compared with electrons. Thus, the interac-
tion volume from which an X-ray can stem is relatively large and the areal and depth resolution
of the EDX image is lower than for BSE and much lower than for SE images.

In addition to the (non-destructive) imaging of the sample surface with an electron beam, the
used SEM (FEI HELIOS NanoLab 600) is also equipped with an Focused Ion Beam (FIB). The
ion beam can be used to prepare cross sections through the sample surface. The FIB source is
tilted by 52° with respect to the electron beam. In order to prepare a cross section, first a coating
is applied on the desired area of the sample by electron- or ion beam deposition (via cracking of
a coating gas). The coating protects the surface edge of the cross section from rounding and is
thus necessary for clean cuts through the surface near region. It is visible on top of the sample
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surface in all FIB cross section images shown in this work. It should be mentioned already here
that depending on the exact parameters of the ion beam and the coating, the FIB cuts sometimes
create vertically aligned linear artifacts in the image that look like pearl strings (compare e.g.
Fig. 4.1 a)). These artifacts also extend below the coating into the oxide film and metallic W
underneath but are not a specific feature of the material.

After the coating, the sample is tilted to be perpendicular to the ion beam, which is then used to
cut the sample. As ion beam cuts have typical dimension of μm in width and depth, the sample
is not fully cut through but a slope is dug with the ion beam in front of the cut to allow imaging
of the cross section. As the surface normal of the sample is tilted by 52° to align with the FIB,
the cross section is tilted by 38° relative to the electron beam. Therefore, the vertical scale in
the shown SEM image is compressed by a factor cos(38°) = 0.79. This is the case for all FIB
cross section images shown in this work.

Together with the SEM imaging, FIB cutting provides an excellent tool to study the thickness
and also the structure of thin oxide films on W, as the high resolution of this method allows to
resolve even the very thin (5 to 100 nm) oxide films that are studied in this work.

3.8 Ellipsometry

Ellipsometry is a non-invasive analysis technique from surface science for the characterization
of systems of thin, transparent films on a reflective substrate. It measures the polarization
change of light that is reflected from the sample to determine the complex refractive index and
the optical film thicknesses. A detailed description of this analysis technique is given, e.g., in
[70] and here only the fundamental principle is outlined.

The incident, (typically linearly) polarized light is reflected from the film surface or the inter-
faces of the transparent film(s) and the sample substrate. Due to back-reflection at the film
surface, the beam can cross a transparent film multiple times, which leads to phase shifts and
self-interference of the reflected light. With respect to the plane of incidence (spanned by the
incident and reflected beam) the light can be polarized either parallel (p) or perpendicular (s).
These two components are subject to different levels of attenuation and phase shifts in the ma-
terial, which typically leads to an elliptical polarization of the reflected light. The polarization
change is measured via an analyzer that is comprised of a rotating polarization filter and an light
intensity sensitive diode. This yields the complex reflectance ratio of the material, which is ex-
pressed as an amplitudeΨ and a phase shiftΔ between p and s polarized light. From the change
of the p and s components of the polarization, one can infer the optical properties (refraction
index n and extinction coefficient k) and the thickness d of the thin film(s). Since only two
quantities are measured (Ψ andΔ), at least on of the film properties (n, k or d) has to be known
to fully determine the system. Alternatively, several measurements of a system, between which
only one property changes (e.g. film thickness), can be used to determine all three properties.
It is also possible to analyze systems with multiple layers of transparent films by ellipsometry,
but this of course increases the number of free parameters and additional information has to be
inserted or gained by additional measurements to correctly model the results.

As only the relative intensity shifts are measured, ellipsometry does not need calibration via a
reference beam and is quite stable against intensity fluctuations of the light source. In contrast
to other optical measurement techniques, which are limited to a resolution comparable to the
wavelength of the used light, ellipsometry also uses phase information of the light waves and
can thus be used to measure film thicknesses that are much smaller than the wavelength of the
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light. The measurement range of ellipsometry goes from a few angstrom to several μm and is
thus ideally suited for the thin transparent oxide films on W studied in this work. Here, a Jobin
Yvon PZ 2000 laser ellipsometer operating at a wavelength of 632.8 nm is used. The laser has
a spot size of 10 μm×50 μm which is in the range of the typical grain size of recrystallized W.
Thus, most data points are averages over several W grains which can have different oxide film
thicknesses for the thermally grown oxide.

The measured data points are typically depicted in a Ψ-Δ graph. To interpret the data, an
optical model of the layer system on the sample is needed. Besides the film thickness this
model requires knowledge of the optical constants (n, k) of the layers. These optical constants
are known for W and WO3 but not for non-stoichiometric W oxides [71].

3.9 Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS) is an analysis method for the release behavior of
atoms/molecules from solids at elevated temperatures. It can provide information about binding
energies of atoms/molecules in the material, the number of desorbed particles and their desorp-
tion mechanisms. Here, it is applied solely to samples of the D release study (chapter 5). In
the present case, D is trapped predominantly in material defects in the self-damaged W layer
underneath the oxide film. The D is released from the defects once the sample temperature is
sufficiently high for thermal de-trapping. In previous experiments with only thin natural oxide
films, a double peak structure of the D release was observed [6]. Example for such TDS spectra
of not-oxidized, self-damaged W reference samples will be discussed later and can be seen e.g.
in Figs. 5.3, 5.4 and 5.6 in chapter 5. Details on the determination of binding energies of D traps
in W from TDS spectra can be found elsewhere [13–15]. In this work, the focus lies on how
the oxide film affects the release behavior, i.e., if the temperature of the D release peaks and the
composition of released D-containing species are altered.

The ultra-high vacuum (UHV) device TESS (Thermal Effusion Spectroscopy Setup) was used
for TDS. A detailed description of the setup is given in [72, 73]. The samples are loaded into a
quartz tube that is connected to the main UHV chamber. Samples inside the tube can be heated
by an external tubular furnace (single wire wound Gero SR 40-250/11), which can be moved
over the tube. Several samples can be stored in a side arm of the tube far away from the heating
area and can be moved to the heating area via a piece of nickel that is manipulated by an external
magnet. Thus, batches of several samples can be measured under identical vacuum conditions.
Furthermore, this setup has two advantages: a) it allows outgassing of the quartz tube prior to
the sample measurement and b) it does not need a sample holder, which could contaminate the
measurement by outgassing. The oven temperature is programmed and feedback controlled so
that it undergoes a linear temperature ramp. The actual sample temperature is lower than the
oven temperature and lags behind it depending on the ramping speed and the emissivity of the
sample surface. Therefore, the temperature at the sample is measured separately via a shielded
thermocouple touching the sample surface. The TDS measurements were all performed with
a slow temperature ramp of 3 K/min from room temperature up to 1000 K (except for a single
experiment with only 500 K, described in section 5.4). This slow ramp together with the inside
thermocouple assures an excellent reproducibility of the sample temperature. Near the onset of
the temperature ramp (T < 500 K), the reproducibility of the sample temperature is better than
10 K. For temperatures above 600 K, which are most relevant for D release, the variation is even
smaller and lies well below 5 K. In all TDS spectra in this work, the temperature reading of this
shielded thermocouple and not the oven temperature is shown.
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The desorbed gases were measured with a Pfeiffer/Inficon DMM 422 quadrupole mass spec-
trometer (QMS) whose detector was operated in single-ion-counting mode. This allows apply-
ing Poisson statistics and assures negligible background noise. The following 15 mass channels
were recorded with the so-called multiple ion detection mode: m/z = 1, 2, 3, 4, 12, 14, 16, 17,
18, 19, 20, 28, 32, 40 and 44. Residual backgrounds were measured before as well as after the
temperature ramp and, in addition, also for ramps without a sample in the hot zone (as refer-
ence). Background subtraction and absolute calibration was conducted for mass channels 3, 4,
19 and 20 to derive absolute fluxes of D2, HD, HDO and D2O. The calibration procedure for HD
and D2 follows the description in [6]. The calibration of heavy water species will be discussed
in detail in a separate upcoming publication [74] as a full description is beyond of the scope
of this work. Here only a short outline of the principle shall be given: The calibration utilizes
the fact that the absolute amount of D in the oxidized samples was additionally measured with
NRA before and after TDS (see section 5.2). The absolute amount of D released in form of HD
and D2 is determined from TDS. The difference yields the absolute amount of D released in
form of HDO and D2O, which can be related to the measured counts in mass channels 19 and
20.

The TDS measurements were performed in two different campaigns for the three batches of
samples that are discussed in section 3.5.2. The reference sample and the samples with 25, 50
and 100 nm thick oxides were in batch one. The samples with 5, 10 and 15 nm thick oxides
were in batch two. The final batch contained only samples without D; two electro-chemically
grown oxides with thicknesses of 20 and 40 nm and a thermally grown oxide with a thickness
of 33 nm. They were exposed to a TDS ramp to 1000 K to analyze the purely thermal changes
of the oxide film without the presence of D (see section 5.1).
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Chapter 4

D uptake through thin tungsten oxide
films

This chapter describes the effects that thin (33 to 55 nm), thermally grown surface oxide films
have on the D uptake from a plasma into metallic W. It also discusses the partial reduction of the
oxide films during D plasma exposure and the consequences this has for D uptake. The chapter
is structured on the basis of several experimental campaigns with different plasma exposure
conditions. Sections 4.1 and 4.2 are based on the first campaign with low D energy (< 5 eV/D)
and low D fluence. The following sections (4.3 and 4.4) discuss the effects of higher D fluence
and higher D energy/temperature, respectively. Along the experimental results a model of the
W oxide/metallic W-system is developed and successively refined. At the end of the chapter the
results are summarized and the consequences for laboratory experiments with a natural oxide
film are outlined.

The results shown in 4.1 and 4.2 (except for 4.1.2) are based on a previous publication by the
author and others [75].

4.1 Oxide film reduction by gentle plasma exposure -
formation of a W-enrichment zone

In this and the next section (4.2) three different W samples were used: A sample with a thick
oxide (55 nm), one with a thin oxide (33 nm) and a reference sample with only natural oxide
(1–2 nm). They were prepared as described in sections 3.2 and 3.3 and then thermally oxidized
(section 3.5.1). After this, they were exposed to gentle (5 eV/D) plasma at 370 K with a total
fluence of 1.4×1024 D/m2 in the device PlaQ (see section 3.4). They were analyzed with ion
beam analysis and SEM imaging before and after plasma exposure.

In this section the results of several independent analysis methods for the oxide film thickness,
the oxygen areal density and stoichiometric composition of the oxide are presented. Further-
more, the changes in surface morphology and depth-resolved oxygen concentration in the oxide
film after D plasma exposure are discussed.

4.1.1 SEM images of cross sections through the oxide film before
and after plasma exposure

The most direct way to visualize the changes of the oxide film after D plasma exposure is
SEM imaging of FIB cross sections through the oxide film. Fig. 4.1 a) depicts such a cross
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section of the 55 nm thick thermally grown oxide film before D plasma exposure. The oxide
film is visible as a band atop the lighter gray of two different W grains and below the darker
protective coating that is applied before the FIB cut. The vertical stripes across the picture are
an artifact of the ion beam cutting. The oxide film coherently covers the surface of the W grains;
it appears to be relatively smooth and shows no porosity. The thickness of the film was directly
measured on three different W grains and is on average 53.9±1.5 nm. This agrees well with
the oxygen amount measured with NRA and RBS (see section 4.1.3) assuming a nominal bulk
density of WO3 of 19.25 g/cm3. However, due to the small size of the observation area, this
is not necessarily representative for the full, grain-orientation-dependent thickness distribution
of the oxide (see section 3.5.1 for details of the oxide thickness distribution). The average
thickness of the oxide film on the three W grains measured here varies between 42.3±1.2 nm
and 59.2±0.9 nm, which shows the large difference between individual grains.

Figure 4.1 – SEM images of FIB cross sections through the originally 55 nm thick oxide film. a)
before and b) after exposure to D plasma with < 5 eV/D at a sample temperature of
370 K to a total fluence of 1.4×1024 D/m2. Please note that the magnification differs
by a factor of two between a) and b). The vertically aligned striped structure in a) is an
artifact of the FIB cut through the coating and not a feature of the oxide film or metallic
W.

Fig. 4.1 b) shows the oxide film on a different spot on the sample after plasma exposure. Please
note the two times higher magnification. A thin, bright layer has formed on the surface of the
oxide film, which indicates a material of higher Z number. This indicates that a at least partial
reduction of the oxide film took place on the surface of the oxide film during plasma exposure
and a thin layer of W-enriched oxide has formed on the topmost part of the film. The W enriched
layer has a uniform thickness of 11.9±1.5 nm on the three measured W grains (again only two
are shown) and seems to be independent of the original thickness of the oxide film.
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4.1.2 Surface modification and crack formation

SEM images: The surface modification of the oxide film is investigated via SEM imaging.
Figure 4.2 a) depicts a top-view image of the oxide film before plasma exposure. The film con-
sists of many nano-sized grains (section 3.5.1) and homogeneously covers the surface without
any obvious cracks. Fig. 4.2 b) shows a sample with identical oxide after exposure to the gen-
tle (5 eV/D) plasma at 370 K sample temperature and a total D fluence of 1.4×1024 D/m2. It
is obvious that the oxide film has undergone strong surface modification and several cracks
with lengths of a few hundred nanometer are visible in the image. Please note that due to the
much higher contrast introduced by the cracks, the nano-crystalline structure of the oxide is no
longer visible on the image after plasma exposure. However, there is no indication that the crys-
tallinity of the oxide changes during plasma exposure. The crack formation cannot be explained
by temperature differences between storage (room temperature) and plasma exposure (370 K)
conditions, since the sample was oxidized at 600 K and has shown no cracks after cooling down
to room temperature. Thus, the crack formation hints at a plasma-induced change in the oxide
properties. The most likely explanation is a (partial) reduction of the oxide film surface, which
would change the volumetric expansion of the oxide and lead to tensile stress at the surface. As
discussed in section 3.5.1, the volumetric difference of W and WO3 is about a factor of 3.4.

Figure 4.2 – Comparison of SEM top-view images of 55 nm thick thermal oxide. a) before plasma
exposure and b) after exposure to gentle (5 eV/D) D plasma at 370 K sample tempera-
ture and a total D fluence of 1.4×1024 D/m2

The width of these cracks and their extent into depth was investigated via a FIB cross section
through the oxide film. This cross section is shown in Fig. 4.3 and several cracks in the oxide
film are visible. Their depth is similar to the depth of the W-enrichment layer indicating that
the cracks indeed form due to a change in oxide composition. Furthermore, the W-enrichment
layer extends deeper into the oxide film at the position of the cracks which indicates that D
ions from the plasma can enter the cracks and penetrate deeper into the oxide in their vicinity.
However, under these gentle plasma exposure conditions neither the cracks themselves nor the
W-enrichment layer beneath them extends through the full W oxide film so that the metallic W
is still fully covered by not-reduced oxide.

Ellipsometry: Figure 4.4 shows ellipsometry measurements of a 55 nm thick thermally grown
oxide after plasma exposure. The data is taken from a region of the sample that was partially
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Figure 4.3 – FIB cross section through an originally 55 nm thick thermally grown W oxide film
after exposure to a gentle (5 eV/D) D plasma at 370 K sample temperature and a total
D fluence of 1.4×1024 D/m2. The cracks that form during plasma exposure are clearly
visible but they do not fully penetrate the oxide film.

sheltered from D plasma by a fastening screw. Fig. 4.4 b) shows a x-y map of the sample region
and visualizes the sheltered area that is characterized by higher Psi values (green area) compared
with the exposed (blue) area. These two areas correlate to the two black data clouds in image
a), which shows the Psi-Delta graph (see section 3.8). The right data cloud in image a) (at Ψ
values >35) corresponds to the area that was sheltered by the screw head. It coincides well with
the predictions of an optical model for WO3 on W that is shown in red in image a). This model
shows the predicted Psi-Delta values for WO3 from 1 to 55 nm thickness on W and each data
point marks a 1 nm step in thickness. Note that the measurement spot size is 10×30 μm and
hence comparable to the grain size of the W substrate. Therefore, the data points are spread
along the red model curve due to the grain-dependent thickness of the oxide film.

The left data cloud (psi values 22 to 29) corresponds to the exposed sample area. Here the Psi-
Delta values of the oxide film cannot be matched by the optical model for pure WO3 any more.
This data cloud can, however, be approximately described by a 42 nm thick WO3 film with a
3 nm thick layer of metallic W on top, which is depicted as the orange branch of the optical
model. This result indicates a change or (partial) reduction of the oxide film on the surface.
Unfortunately, it is not possible to simulate a layer of partially reduced W oxide (e.g. WO2),
as no optical model for this case is available. Thus, it cannot be concluded from ellipsometry
whether a full reduction of WO3 to W or a partial reduction of WO3 to sub-oxides (e.g., WO2)
takes place. Nevertheless, the ellipsometry measurements suggest that oxygen is removed by
the plasma, leaving behind a W-enriched zone at the surface and thus confirming the results
from the FIB cross sections above.

Chemical surface changes: According to literature, WO3 can be removed from W by aque-
ous alkali hydrate solutions [34] and indeed it was found here that the oxide films can be eas-
ily removed by dipping into aqueous sodium hydrate solution (1.5 % NaOH). However, after
plasma exposure a removal of the films was no longer possible. This shows that the surface of
the oxide film undergoes changes during plasma exposure that protect it from chemical removal
by NaOH, which agrees with the formation of a W-enrichment zone.
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Figure 4.4 – Ellipsometry results: Image a) shows a Psi-Delta plot of an originally 55 nm thick oxide
film (black) that was partially covered by a screw during plasma exposure. In addition,
also W with only a natural oxide film is shown for reference (gray). An optical model
for the expected Psi-Delta graph values of WO3 for 1–55 nm thickness is shown in red
and a modified model that shows 42 nm thick WO3 with 1–3 nm metallic W on top
is shown in orange. Image b) shows Psi values over x-y coordinates of the sample.
The area of the oxide film that was covered by the screw is visible on the left and
shows higher psi values (green color) compared with the area that was not covered
(blue color). Correspondingly, the black data points in image a) show two different
aggregation clouds. The one on the right coincides very well with the optical model
for WO3 and corresponds to the sheltered (green) area in image b). The black data
cloud on the left in image a) is best described by the optical model of WO3+metallic
W (orange) and corresponds to the exposed (blue) area in image b).

4.1.3 Oxide areal density

The oxygen areal density before and after plasma exposure was determined by ion beam anal-
ysis via the nuclear reaction 16O(3He,po)18F and backscattered 4He atoms as described in sec-
tions 3.6.1 and 3.6.2. Figure 4.5 shows the result for the thin (initially 33 nm) and thick (ini-
tially 55 nm) oxide films derived from measurements with NRA (blue) and RBS (red). For both
samples the oxygen areal density before and after plasma exposure is shown, as well as the
difference between this two values. The NRA and RBS measurements of the thick oxide were
performed on the same sample before and after plasma. The RBS measurements of the thin ox-
ide were performed on two samples with nominal identical oxide thickness (identical samples
oxidized for the same time under the same conditions) of which only one was plasma exposed.
The numeric values to the data points in Fig. 4.5 are given in the appendix A.2.

From both NRA and RBS measurements, it is evident that a substantial amount of oxygen is
lost from the sample during plasma exposure. Both methods agree very well and the amount of
lost oxygen is reproduced within the uncertainty of the methods.

The loss of oxygen during plasma exposure is roughly equal (difference < 10 %) for the two
oxidized samples and seems to be independent of the initial oxide thickness. This indicates that
the oxygen removal process takes place mostly from the surface of the oxide film and is not a
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Figure 4.5 – Comparison of oxygen areal density for originally 33 and 55 nm thick oxide films be-
fore and after D plasma exposure (5eV/D) at 370 K sample temperature and a fluence of
1.4×1024 D/m2. A remark to the units on the y-axis: 1×1019 O atoms/m2 corresponds
roughly to one monolayer of oxygen on the surface.

volume effect. This is noteworthy, since D is highly mobile in WO3 and can diffuse inside the
poly-crystalline oxide film within minutes at room temperature [40, 76].

In addition, D uptake is reported to cause a color change of the oxide [25, 40, 77] (see also
section 2.3). Indeed, a rapid color change of the oxide film was observed during the “burn in”
phase were only atomic D can reach the sample and within the first minutes of D plasma expo-
sure where charged D reaches the sample. After that, a second slower color change occurred
over the course of several hours of plasma exposure. A video analysis of the color change of
the thick (55 nm) oxide during the “burn in phase” and plasma exposure can be found in the
appendix A.3. The first (fast) color change can be attributed to the intercalation of D atoms into
the WO3 and the formation of tungsten bronze (DxWO3), which changes the optical properties
of the oxide film. The fast color change has previously been reported, e.g., by Addab et al. [25]
for similar conditions and it is also utilized commercially for gas sensors based on tungsten ox-
ides [22, 23]. Note, however, that for these gas sensors a thin catalyzer (Pd or Pt) is used on the
surface to dissociate the D2 molecules into atoms, before they can enter the oxide. Accordingly,
no color change was observed during D2 molecular gas exposure prior to the “burn in” phase.
The formation of tungsten bronze, and thus the color change, is expected to be slowly reversible
during storage at room temperature [25] and indeed a partial reversal of the color change was
observed over several weeks after plasma exposure.

The second, slower color change observed during plasma exposure is, in contrast, attributed to
the gradual removal of oxygen from the oxide film in the surface-near region by the plasma.
Such a removal of oxygen from tungsten oxide has been previously observed by Hopf et al.
[20], although in a hydrogen plasma with much higher H energies of 200 to 400 eV compared
with the < 5 eV/D gentle D plasma used here. The oxygen loss leads to a change of the optical
properties and also a thinning of the oxide film, which permanently changes the interference
color of the film. The slow color change, thus, comes in addition to the fast color change
induced by the intercalation of D atoms.
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The average oxygen loss during the gentle plasma exposure is 76±9×1019 O atoms/m2, which
corresponds to 13.5 nm of stoichiometric WO3. With a total applied D fluence of 1.4×1024 D/m2

this yields an oxygen loss rate of 5.4±0.7×10-4 O atoms per incident D.

The thin natural oxide film has an areal density of 8.4±1.2×1019 O atoms/m2 (corresponding
to 1.5 nm WO3) before plasma exposure, according to NRA measurements. Under the assump-
tion that it is removed in the same fashion and with the same speed as the thermally grown
oxide films, it would take 1.6±0.4×1023 D/m2 to remove the natural oxide film during plasma
exposure under the given conditions, i.e., ≈ 10 % of the fluence applied in this experiment.
Therefore, it can be assumed that the natural oxide is fully removed during the early phase of
the D plasma exposure.

4.1.4 Depth-resolved oxygen concentrations after plasma exposure

The RBS spectrum of the thick (initially 55 nm) oxide after plasma exposure is shown in
Fig. 4.6. The measurement was performed with 4He ions with 800 keV under an incidence
angle of 70.5°. The experimental spectrum is shown in red and the simulated spectrum from
SIMNRA in blue. A detailed explanation of the interpretation of such RBS spectra is given in
section 3.6.2. For comparison with an RBS spectrum of the oxide film before plasma exposure,
refer to Fig. 3.8. The distinct difference before and after plasma exposure is a peak at about 730
keV. This peak can be described by a higher local W concentration at the surface-near region
of the oxide film after plasma exposure. For comparison, the simulated spectrum of a WO3

sample without W-enrichment at the surface is shown as a gray dashed line in Fig. 4.6. This
W-enrichment proofs that the removal of oxygen by the D plasma starts at the surface of the
oxide film.

Figure 4.6 – Experimental (red) and simulated (blue) RBS spectrum for the thick oxide film after
plasma exposure. The peak at about 730 keV shows the W-enrichment in the surface-
near region of the oxide film. The background colors indicate the following parts
of the spectrum: green: surface-near region of the oxide where the oxide thickness
distribution has no effect on the RBS signal; red: deeper region of the oxide, where the
RBS signal is influenced by oxide thickness distribution; gray: underlying W substrate.
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For the high energy part of the RBS spectrum (shaded in green in Fig. 4.6), the backscattered
He ions all stem from within the oxide film on all grains. No He ions detected in this energy
interval reached the metallic W underneath. This region, nearest to the surface of the oxide
film, can, therefore, be directly modeled without the need for further assumptions of the oxide
thickness distribution. For the area shaded in red in Fig. 4.6, the W grain-dependent thickness
variation [53] of the thermally grown oxide needs to be taken into account. For comparison,
the simulated spectrum of a WO3 sample without grain-dependent roughness is shown as a gray
dashed line in addition. As most grains are close to the maximum in the thickness distribution,
the difference between the two simulations is most pronounced for the deep part of the oxide
film. However, due to technical limitations in the program SIMNRA a layer that incorporates
a thickness distribution cannot be further divided into sub-layers. Therefore, the area shaded in
red can only be represented as a single layer of constant elemental composition in the oxygen
depth profiles. Nevertheless, as the relevant changes in oxygen concentration during plasma
exposure appear only in the green-shaded area of the RBS spectrum (near surface region of
the oxide film), this will not affect data interpretation. Finally the gray-shaded area in Fig. 4.6
marks the metallic W substrate underneath the oxide film.

The oxygen depth profiles derived from the RBS spectra of all samples are presented in Fig. 4.7.
The color code of the background is the same as in Fig. 4.6. The area shaded in red is always
represented by a single layer of constant composition, whereas the area shaded in green allows
depth-resolved steps. The steps have equal thickness (50×1019 atoms/m2) that is determined
by the depth resolution of the RBS measurement in the oxide film. The upper axis of the plot
shows the (approximate) thickness of the layers in nm under the assumption of stoichiometric
WO3 with a density of 7.16 g/cm2. For the W enriched zones in Fig. 4.7 b) and c) this thickness
scale is no longer accurate and serves only as an approximate frame of reference.

Fig. 4.7 a) shows the oxygen depth profile of the thick (55 nm) oxide before plasma exposure. It
is derived from the RBS spectrum shown in Fig. 3.8. The W concentration is shown in red and
the O concentration in blue. It is evident that the thick oxide film before plasma exposure can
be described by WO3 (i.e., 25 at.% W and 75 at.% O) over its full depth of 385×1019 atoms/m2.
After this, the metallic W begins. The slight increase of oxygen at the very surface (by about
1 at.%) can be attributed to a small mismatch of the simulation and the experimental spectrum.
This is possibly due to electronic noise in the detector readout electronics, which causes the
background of the RBS measurement (Fig. 3.8) to increases slightly stronger towards lower
energies than predicted by the simulation. This in turn leads to a slightly higher O content
near the surface (high-energy side in the spectrum). In any case, this O increase is barley
significant. The uncertainty of the W and O concentration in the depth profile was derived by
manually varying the concentration and the solid angle of the detector around the fitted values
until obvious mismatch between the simulated and the experimental RBS spectra occurred.
With this method, the error in the concentration is estimated to be < 1 at.%.

Fig. 4.7 b) in turn shows the oxygen depth profile for the thick oxide sample after plasma ex-
posure. The corresponding RBS spectrum is shown in Fig. 4.6. It is evident that the W con-
centration of about 40 at.% at the surface is significantly higher than the 25 at.% expected for
stoichiometric WO3. The W concentration decreases with distance to the surface and reaches
the nominal 25 at.% at a depth of about 100×1019 atoms/m2 corresponding to roughly 13.5 nm
of stoichiometric WO3. This shows that the oxide removal by the D plasma starts at the surface
and most likely penetrates deeper into the bulk with increasing plasma fluence. It definitely
does not occur homogeneously throughout the bulk of the oxide film. Due to the limited depth
resolution of the RBS measurement, it is not possible to determine if the oxygen concentration
decreases gradually towards the surface or if there is an abrupt jump in concentration. It can,
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Figure 4.7 – Oxygen depth profiles derived from 800 keV 4He RBS measurements: a) Thick oxide
before plasma exposure (RBS spectrum shown in Fig. 3.8). b) Thick oxide after plasma
exposure (from the RBS spectrum shown in Fig. 4.6). c) Thin oxide after plasma ex-
posure (RBS spectrum not shown). The color code for the background is the same as
in Fig. 4.6.

however, be excluded that WO3 is fully reduced to metallic W at the surface before the oxygen
loss can progress deeper into the oxide film. Such behavior would lead to a region of fully
reduced metallic W at the surface with intact WO3 underneath, but simulations of this case de-
viate strongly from the experimental spectrum in Fig. 4.6, even if one takes into account that
this layer of pure W would form natural oxide on top again after the plasma exposure. The mea-
sured spectrum (and the same is true for the not shown RBS spectrum belonging to Fig. 4.7 c))
is much better represented by the simulation if one assumes that a partial reduction of the W
oxide takes place across the first 100×1019 atoms/m2 (≈ 13.5 nm) of the oxide film. However,
the D implantation depth in WO3 for the used D energies is only 0.7 nm for 5 eV/D and 1.6 nm
for 15 eV/D, according to simulations with SDTrimSP (v. 6) [78] when considering the average
implantation depth plus a two σv interval (see appendix A.4). By comparing these values, it
becomes clear that the kinetic energy of the incident D ions cannot be the immediate cause for
the removal of oxygen from the film.

Fig. 4.7 c) shows the oxygen depth profile of the sample with thin oxide after plasma exposure.
Here, the same trend as in Fig. 4.7 b) is visible. At the surface, the W concentration is also
increased to about 40 at.%. In the next layer, it is closer to the nominal value of 25 at.% for
WO3. The deeper region of the oxide film can still be well described by stoichiometric WO3,
which matches the results for the thick oxide film. This shows that the removal of oxygen from
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the surface near region of the oxide films is identical in both cases and is independent of the
film thickness.

This partial oxygen loss in the near surface region agrees with previous experiments by Alimov
et al. [21]. They have observed a thicker W-enrichment zone in the first 130 nm of 1–2 µm
thick, thermally oxidized WO3 layers after D plasma exposure at temperatures between 340 K
and 515 K. They used a total D fluence of 1026 D/m2, a D flux of 1022 D/m2s and an energy
of 38 eV/D. Despite all three critical parameters that could influence the thickness of the W-
enrichment zone being one to two orders of magnitude larger than in the present case, they
observed an increase of only one order of magnitude in the thickness of the reduction zone
(130 nm compared with 13.5 nm in the present work). This is interesting as one could assume
that the difference in D fluence (1026 D/m2 vs. 1024 D/m2) would already lead to a thicker reduc-
tion zone. Furthermore, the 1–2 µm thick oxide layer in their work exhibited strong cracking
due to the different densities of W oxide and metallic W. These cracks might also cause a deeper
oxide reduction zone compared with the thin, crack-free oxide films in the present work. All
this implies that the depth-progression of the oxygen loss saturates or at least slows down dras-
tically with increasing D fluence; possibly due to the growing W-enriched layer on top of the
oxide film. To address this effect quantitatively, the oxygen loss rate was further studied at
higher fluences of gentle D plasma as described in section 4.3.

Another interesting question is, which mechanism leads to the oxygen loss and the W-enrichment
at the surface of the oxide film. It is possible to exclude preferential sputtering of the O atoms
by the D plasma as the sole driver of this, because the overall depth of the oxygen loss region
of 100×1019 atoms/m2 (corresponding to 13.5 nm of stoichiometric WO3 or 4 nm of metallic
W) is much larger than the D ion implantation depth (1.6 nm for 15 eV/D). Furthermore, the D
energy used here is far too small to allow direct sputtering of W atoms and the W-enrichment
zone would quickly prevent further removal of atoms from the surface. A investigation of the
sputter yield of W from W oxides by D at different D energies was also conducted in the present
work and is described in section 4.5.

Another possibility for the oxygen loss could be that after the first step of chemical reduction of
WO3 by D atoms under formation of deuterium tungsten bronze (DxWO3), a second chemical
reaction takes place that forms oxygen-containing molecules that become mobile within the
oxide film. However, as the diffusion of D in the WO3 layer is expected to be high [21, 40,
76], it is likely that chemical reduction of the tungsten oxide by diffusing D takes place across
the full depth of the oxide film, as is indicated by the fast color change of the oxide film that
was observed during D plasma exposure (see section 4.1.3). Therefore, chemical reduction by
D atoms (formation of DxWO3) can be excluded as the rate-limiting step of oxygen loss, as it
would lead to a uniform removal of oxygen across the full depth of the oxide film and not only
close to the surface.

Thus, the following can be proposed as a possible mechanism for the oxygen loss in the near-
surface region of the oxide film: While in a first step the reduction of WO3 by D takes place
across the full oxide film, the rate-limiting step is the diffusion of O-containing molecules from
the place of creation to the surface. The oxygen loss from the sample is then driven either by
thermal or ion-induced desorption from the surface.

However, since it became clear in the previous section that significant amounts of oxide remain
on the sample surface after gentle plasma exposure, the most interesting question still remains:
To what extent does the oxide film affect D uptake into metallic W?
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4.2 D uptake during gentle plasma exposure

This section investigates how oxide film affects the D uptake into metallic W. To this end,
several D depth profiles were measured on all three samples (thick, thin and natural oxide) with
NRA at different time steps after the plasma exposure. The profiles were created from NRA
spectra at several different primary 3He ion energies. In order to achieve a very high depth
resolution near the surface, the information from protons and α-particles created in the nuclear
reaction were combined. See section 3.6.1 for details of the NRA measurements.

4.2.1 Deuterium depth profiles

Fig. 4.8 a) shows the D depth profiles for all three samples two days under vacuum after plasma
exposure. The blue line represents the D concentration profile in the reference sample with
only a 1–2 nm thick natural oxide film. The areal density of D retained in the reference sample
is 31.9±1.6×1019 D/m2. Its D concentration profile extends about 1.3 µm deep into the self-
damaged W, but does not completely fill it to its full extent of 2.3 µm. This is an expected
outcome, as it reproduces the results of similar experiments under these conditions that previ-
ously have been conducted in the work group of the author [12, 44, 79].

The D depth profiles of the samples with thick and thin oxide film two days after plasma expo-
sure are depicted in red and green in Fig. 4.8 a), respectively. They both consist of only a single
D-containing layer close to the surface with no measurable amounts of D deeper in the samples.
The depth resolution of the depth profiling with NRA in a WO3 film is approx. 50 nm at the
surface, which is about the same as the thickness of the thick oxide film (initially 55 nm). This
directly confirms that the D in the sample with thick oxide (red in Fig. 4.8 a)) is located solely
within the oxide film. For the thin oxide film (initially 33 nm; green in Fig. 4.8 a)), the depth
resolution of NRA is larger than the film thickness and consequently this conclusion cannot be
directly drawn from the measurement. Nevertheless, it is reasonable to assume, that also for the
thin oxide film, D is retained only within the oxide. If D could penetrate through the oxide into
the self-damaged W, the D concentration would extend deeper into the sample, which would be
clearly visible in the D depth profile and also in the NRA spectrum itself (not shown).

Due to the limited depth resolution of NRA it is not possible to determine a depth profile of the
D concentration within the oxide film itself. Therefore, it is not possible to conclude from NRA,
if the D concentration within the oxide film has a gradient throughout the layer. Nevertheless,
assuming a homogeneous distribution of D within the oxide film seems reasonable (at least for
the not-reduced part of the oxide), considering that D is mobile within WO3 at room temperature
[40, 76]. This assumption is further supported by Alimov et al. [21] who found D diffusion in
thick WO3 oxide films over several µm already at temperatures of 340 K, i.e., lower than the
370 K used in this experiment. Therefore, in Fig. 4.8 a) the D concentrations in the oxide films
(red and green) are shown as dotted lines under the assumption of homogeneous D distribution
within the oxide films. The D concentration under this assumption is 1.3 at.% for the thick oxide
and 0.9 at.% for the thin one. The difference may be an indication that the D is predominantly
retained in the stoichiometrically unaffected part of the oxide film that consist still of WO3 after
plasma exposure. The fraction of this unaffected zone relative to the total thickness of the film
is bigger for the thick oxide.

Independent of the D distribution within the oxide films, the absolute D areal density in these
surface layers can be determined very precisely by the NRA measurement. The areal density
in the oxide film is 4.02±0.28×1019 D/m2 for the thick oxide and 1.30±0.09×1019 D/m2 for
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Figure 4.8 – Deuterium depth profiles measured with NRA after exposure to gentle D plasma with
D energies of 5eV/D at a sample temperature of 370 K and a fluence of 1.4×1024 D/m2.
a) Depth profiles two days after plasma exposure. b) Depth profiles ten months after
plasma exposure. The yellow background color indicates the approximate oxide film
thickness after plasma exposure.
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the thin one. The fact that the D retention in the thin oxide is disproportionately smaller than
in the thick oxide, again suggests that the D is predominantly retained in the remaining, sto-
ichiometrically unaffected WO3 deep in the oxide film. When comparing the amount of this
remaining WO3 for the two oxide films (see Fig. 4.7 b) and 4.7 c)), it is obvious that the thick
oxide film has about three times more WO3 left than the thin oxide film. This corresponds very
well to the difference in D retention in the two oxide films. In any case, the absolute D reten-
tion in the oxidized samples is significantly smaller (factor of 8 and 25 for the thick and thin
oxide, respectively) than in the reference sample with only natural oxide that shows a retention
of 31.9±1.6×1019 D/m2.

Thus, the D depth profiling with NRA clearly shows that oxide films of initially 33 and 55 nm
thickness effectively block D diffusion into the (self-damaged) metallic W at 370 K. This is a
new and unexpected result.

There is one study by Ogorodnikova et al. [24] who claims that D is retained deep in the bulk W
beyond a WO3 film of 100 to 400 nm thickness for thermally oxidized W samples after irradia-
tion with D ions at an energy of 200 eV. However, this statement relies on a sole measurement
of the D concentration in the sample with 3He NRA at a single energy of 1 MeV, which corre-
sponds to a probing depth of about 1 µm depending on the oxide thickness. With only one single
energy and the detector setup used in [24], no depth profiling of the D concentration in the sam-
ple can be achieved. It is, therefore, not clear, how this measurement can yield information on
whether D is located inside or beyond the oxide film.

In the present work, however, employing detailed RBS and NRA depth profiling with 3He
energies from 0.5 to 4.5 MeV and using the very surface sensitive alpha spectrum, made it
possible to obtain a reliable picture of the depth distribution of both the oxygen and the D
concentrations in the sample. Therefore, it can be concluded that for the thick oxide any D
that is retained in the sample is retained within the oxide film. For the thin oxide, this is also
strongly indicated. No D has penetrated through the oxide films into the self-damaged W after
the here applied gentle D plasma exposure with D energies of 5 eV/D at a sample temperature
of 370 K and a D fluence of 1.4×1024 D/m2.

4.2.2 D release at room temperature

The D depth profile of the three plasma-exposed samples (natural, thin and thick oxide) was
measured again after a waiting period of ten months. The samples were stored at room tem-
perature in a desiccator under vacuum during this time. The D depth profiles after the waiting
period are shown in Fig. 4.8 b).

The D content in the reference sample with the natural oxide (blue) was 29.8±1.5×1019 D/m2

after the waiting period, and has thus stayed about constant with a measured change of 6.6 %
from the initial value of 31.9±1.6×1019 D/m2. This small relative difference is close to the
experimental uncertainty. Therefore, only a very small amount of D is lost from the natural
oxide sample. This was expected, since most of the D should be firmly trapped in defects in the
self-damaged W underneath the natural oxide film and much higher temperatures are needed
for a thermal release [12, 33]. A similar small reduction (in the order of 5 %) of the trapped D
amount due to storage in vacuum was also observed in a dedicated study by Wielunska et al.
[12].

But more importantly, the deuterium amount in the oxidized samples (red and green) has di-
minished drastically. From 4.02±0.28 to 0.40±0.03×1019 D/m2 (90 % reduction) in the case
of the thick oxide (red) and from 1.30±0.08 to 0.59±0.04×1019 D/m2 (55 % reduction) in the
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case of the thin oxide (green). From the strong reduction of D over time, one can conclude two
things: First, the D must be mobile in the oxide at room temperature to be able to leave the
oxide. Second, it does leave the oxide towards the surface and not towards the self-damaged W.
Otherwise, it would still be detectable by NRA as the defects in the self-damaged W do not re-
lease trapped D at room temperature (see above). The first conclusion is already well known in
literature, see e.g. [25]. The second conclusion, however, is new and leads to the interpretation
discussed in the next section.

The observed reduction of the D content in the oxide over time leads to the question whether
significant amounts of D could leave the oxide film already within the first days after D loading
(i.e., the time usually needed to transfer the sample to the NRA setup and measure the con-
tent). To this end a dedicated study of the D loss over time at room temperature and elevated
temperature has been conducted and is described in 4.2.3.

4.2.3 D loss from oxide over time

To investigate whether significant amounts of D are released from W oxide directly after D ex-
posure, a dedicated study with a much thicker oxide film was conducted. The thicker oxide film
allows a higher total D retention in the oxide and thus improves the accuracy of the measure-
ment. Since the W grain-dependent thickness variations may pose a problem for thicker oxide
films, a W single crystal with (100) orientation was used. The single grain orientation leads
to a homogeneous growth of W oxide with constant thickness. The sample consists of a thin
disc with a diameter of 10 mm and was thermally oxidized at 723 K for 5.5 h in the same setup
and fashion as described in section 3.5.1. The resulting oxide areal density (measured by 3He
NRA at 4 MeV) was 3231±190×1019 O/m2. This corresponds to a thickness of 529±31 nm for
stoichiometric WO3.

After oxidation, the sample was exposed to gentle D plasma in PlaQ (< 5 eV/D) at 370 K for
65 minutes (D fluence: 2.2×1023 D/m2). After that, it was cooled down in D gas with a pressure
of 1 Pa and reached room temperature after 15 minutes. Immediately afterwards, the sample
was transferred through air to the NRA setup and set under vacuum again. Then, the D and
O signals were measured with 3He NRA at 4 MeV in various time steps in the interval from
41 minutes to 27 h after the end of the plasma exposure on different locations on the sample.
Since the goal of this experiment was to detect possible relative changes, only the integral counts
from the D and O peak in the NRA spectrum are shown and no calibration to areal density was
performed. After 22.5 h the sample was removed from the NRA chamber and broken in two
halves. One half was inserted into PlaQ and heated to 500 K in vacuum (18 minutes heat up, 32
minutes constant T, 39 minutes cool-down to room temperature). Afterwards both halves were
again inserted into the NRA chamber and two more measurements points were taken for both
samples.

The results are shown in Fig. 4.9. The oxygen content (black symbols — right axis) stays con-
stant over time and is not affected by exposure to air or heating to 500 K. The blue symbols
show the D content for the full sample (first seven points) and in the unheated half after sample
breaking (last two points). The D content stays constant within the uncertainty of the measure-
ment of 3 % (relative changes for high counting statistics; see section 3.6.1 for details) over the
first 22.5 h and it is also not affected by the (second) exposure to air (last two points). These
results show that the D content does not significantly decrease during storage at room temper-
ature within the first day (27 h) after D exposure at 370 K. Neither storage in vacuum (NRA
chamber) nor exposure to air (for transfer and sample breaking) seem to affect the D content in
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this time period. It should be noted, however, that from these ex-situ measurements it cannot be
concluded whether significant amounts of D are lost immediately after plasma exposure, either
upon first contact with ambient air or by a fast outgassing during the 41 minutes between the
end of plasma exposure and the first NRA measurement. Nevertheless, one can conclude that
the D contents measured within a few days after D exposure are comparable with each other
and — apart from the potential initial loss — additional D loss from the oxide in significant
quantity occurs only on a timescale of weeks or months for thermally grown oxide films.

Finally, the D content in the heated half is shown in red in Fig. 4.9 and a strong decrease in the
D content (by 63 %) is visible. This indicates that the majority of D trapping (or binding) sites
within the oxide are depleted at this temperature, but some still contain D and thus may have a
higher binding energy. However, from this single exposure at one temperature it is not possible
to determine the D binding energies of these sites within the oxide.

Figure 4.9 – Integral counts of the D and O peaks in the 3He NRA spectrum during the first 27 h
after gentle D plasma exposure at 370 K for heated and unheated samples.

4.2.4 Interpretation of results: Difference in heat of solution
between W oxide and metallic W

The results from above indicate that tungsten oxide films act as a permeation barrier for D into
W. This holds true even after a waiting period of ten months at room temperature in vacuum.
D permeation into metallic W is not prevented by a limited transport of D within the oxide, but
by the interface of W oxide to metallic W. Based on the current knowledge of the system, the
following conclusions are made: During plasma loading, D is implanted beneath the surface
into the oxide film (implantation range 0.7 nm for 5 eV/D). Within minutes [40], it diffuses
throughout the full depth of the oxide film up to the interface and forms deuterium tungsten
bronze (DxWO3). In contrast to a direct, plasma-driven implantation into the metallic W, the
thermalized D in the oxide film does not possess enough energy to overcome the difference in
the enthalpy of solution (QSol) between WO3 and metallic W, which is schematically illustrated
in Fig. 4.10.
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The enthalpy of solution of D in metallic W is 1.14±0.04 eV [29]. However, for D in WO3

literature data is scarce. A study by Dickens et al. [37] (which appears to be the most substan-
tiated), has found a slightly negative enthalpy of formation of −0.28±0.04 eV and this value is
used for the schematic in Fig. 4.10. This value fits well with the observation by Ippolito et. al
[80] that HIs can be absorbed in WO3 from a HI-rich atmosphere at temperatures above 394 K
when catalysts are present to assist with molecular dissociation (see activation barrier for H2

desorption indicated in Fig. 4.10). Additionally, in the present study it was observed that D can
desorb again into vacuum at room temperature over a timescale of months, which also indicated
that the enthalpy of solution of D in WO3 must be close to that of D2 in vacuum. Consequently,
the difference in the enthalpy of solution for D atoms in WO3 and in W should be close to
1.4 eV. This energy difference is too high to be overcome by D atoms in WO3 in the present
experiment at 370 K. Note that the energy necessary for a diffusion step ΔEdiff for hydrogen in
WO3 is stated as 0.35 eV from DFT calculations [38] and as 0.4 eV from experiments [39]. For
metallic tungsten, ΔEdiff for HIs was recently remeasured with high precision and is stated as
0.28±0.06 [30].

Figure 4.10 – Schematic representation of the energy landscape of D in WO3 and W (blue). The
dashed gray line at the surface marks the energy of a D atom. The dotted gray line
marks the repulsive potential for the D2 molecule close to the surface. At the inter-
section of these lines the dissociation of molecular D2 to atomic D takes place. The
heat of solution (Qsol) and the energy necessary for a diffusive step (ΔEDiff) for D in
WO3 and W are shown. In the self-damaged W bulk also a D trap with the binding
energy ΔETrap is shown. A detailed discussion of the absolute values is provided in
the text.

One can assume that the thin (1–2 nm thick) natural oxide film, present in many laboratory ex-
periments, exhibits the same behavior and reduces or even prevents the D transport into metallic
W at a temperature of 370 K. However, since the sample with only natural oxide showed sig-
nificant D concentration in the self-damaged zone, it can be concluded that this effect only
lasts until the natural oxide film is sufficiently reduced by the D plasma. The presented data
cannot confirm this assumption, since the thermally grown oxide films have obviously not
yet reached this state. They show only a partial oxide reduction in the surface near region
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(100×1019 atoms/m2). In larger depths, especially at the interface between oxide and metallic
tungsten, the stoichiometric composition of WO3 is still intact. A direct measurement of the
reduction of the natural oxide is also not possible since it reforms before ion beam analysis can
be applied. Therefore, the D fluence was extended to investigate if the thermally grown oxides
can reach a sufficiently reduced state for D to enter metallic W. The results are discussed in the
next section.

Lastly, it is worth mentioning that the proposed barrier mechanism acts only in one way. While
the uptake of D from the WO3 into the metallic W is reduced or blocked, the transport in the
opposite direction should not be affected by the interface. It may, however, be affected by
the oxide itself. The present experiments allow only to draw conclusion on D uptake. The
effects that surface oxide films have on the release of D from self-damaged W have also been
investigated in this work and are discussed in chapter 5.

4.3 Effects of higher D fluence at low D energy

This section describes a second experimental campaign that was conducted with the same sam-
ples as in section 4.1 and 4.2 but with a significantly higher D fluence, in order to investigate
how the reduction of the oxide progresses and whether a higher D fluence leads to a break-
down of the D permeation barrier. The fluence was increased in several steps from the original
1.4×1024 to 3.0×1024, 4.6×1024 and finally 1.6×1025 D/m2. After each fluence step, D and O
depth profiles were measured with IBA and the surface modification was investigated by SEM
imaging and FIB cuts. Section 4.3.1 describes the changes and reduction of the oxide film,
section 4.3.2 discusses the D uptake through the (partially reduced) oxide and section 4.3.3 pro-
vides a short summary and discussion of the results. The results presented in section 4.3 and 4.4
will also be published in a forthcoming peer-reviewed journal publication.

4.3.1 Oxide reduction and surface modification

Oxygen loss: Fig. 4.11 shows the changes of the oxygen areal density for the thick, thin
and natural oxide (red, blue and black, respectively) as a function of applied D fluence as mea-
sured with NRA. Image a) shows the remaining oxygen and b) the loss of oxygen. The first
three fluence steps are almost identical and correspond to plasma exposure times of 7, 8 and
another 8 hours (1.4 and 1.6×1024 D/m2, respectively). It is apparent that the additional oxygen
loss decreases with each successive fluence step for both the thick and thin thermally grown
oxide. A possible explanation for the saturation of the oxygen loss may be the growth of the W-
enrichment zone that has formed after the first fluence step (see 4.1). A thicker enrichment zone
would increase the distance the oxygen has to diffuse to reach the surface. The final fluence
step is much longer (58 h or 1.2×1025 D/m2), but causes only a very small additional O loss,
indicating that the W enrichment zone blocks further O transport to the surface. Furthermore,
the loss of oxygen follows the same trend for both oxide thicknesses and after the final step an
almost identical amount of oxygen has been removed from both samples. This indicates that
the oxygen removal by the plasma stays independent of the oxide thickness even for a higher D
fluence. Apparently, both oxides are thick enough so that the oxygen loss saturates before they
are fully reduced.

The natural oxide (black) reforms after each plasma exposure in ambient atmosphere during
transit to the diagnostics. Therefore, the measured oxygen areal density is about the same in all
measurements.
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Figure 4.11 – Oxygen areal density evolution of the thick, thin and natural oxide films over D flu-
ence as measured by NRA. The films have been exposed to D plasma at 370 K and
D energy of 5 eV/D in several fluence steps to 1.4×1024, 3.0×1024, 4.6×1024 and
finally 1.6×1025 D/m2. The dashed lines serve only as an guide for the eye. a) shows
the remaining oxide areal density on the sample surface and b) the loss of oxygen (in
relation to the initial value) in the same units.

Growth of the W-enrichment zone: The W-enrichment zone was (re-)investigated with
SEM imaging of FIB cross sections through the thin and thick oxide film after the 3th and 4th D
fluence step. The thickness of the W-enrichment zone grew from the 11.9±1.5 nm after the first
plasma exposure (see section 4.1.1) to 15.5±2.6 nm after 4.6×1024 D/m2 (image not shown),
which agrees well with the additional oxygen loss shown in Fig. 4.11. After the final fluence
step to 1.6×1025 D/m2, the W-enrichment zone did not grow further and shows a thickness
of 14.7±2.7 nm (measured from the image in Fig. 4.13). Thus, the SEM images indicate that
the thickness of the enrichment zones does not change during the last fluence step. However,
due to the grain-dependent thickness distribution and the limited number of observed grains
these values are not as representative as the NRA measurements in Fig. 4.11. Nevertheless, the
SEM results are compatible with the observation that the oxygen loss saturates after a certain
D fluence. This supports the hypothesis that the oxygen loss is slowed down by the growing
W-enrichment zone, which hinders the diffusion of O-containing species to the sample surface.
Eventually, the W-enrichment zone fully prevents further diffusion and stops its own growth. It
acts as a barrier protecting a layer of not-reduced, stoichiometrical WO3 beneath it. This should
in principle create a stable state that prevents D uptake into the underlying W indefinitely for the
given plasma exposure conditions, as the interface to the metallic W is still covered by a layer
of stoichiometrical WO3. However, as discussed in the next paragraph, surface modifications,
such as crack growth, turn out to play an important role and the simple one-dimensional picture
of the layer system has to be modified.

Surface morphology changes and crack evolution: Fig. 4.12 shows an SEM image of
the initially 33 nm thick oxide film after exposure to the highest fluence of 1.6×1025 D/m2 under
gentle plasma conditions. The straight dark lines are grain boundaries of the underlying W sub-
strate. It is obvious that strong crack formation has occurred in the oxide film. By comparison
with Fig. 4.2 b) it seems that the cracks may have grown in number and in thickness since the
first plasma exposure to a fluence of 1.4×1024 D/m2, but the changes are moderate and are hard
to quantify in the top-view images.
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Figure 4.12 – SEM image of the originally 33 nm thick thermally grown oxide film after gentle
(<5 eV/D) plasma exposure at 370 K to the highest D fluence of 1.6×1025 D/m2. The
straight, dark lines are grain boundaries of the W substrate. Apart from that, strong
crack formation in the oxide film is visible.

The evolution of the W-enrichment zone and the cracks with D fluence is much better visualized
by comparing a FIB cross section through the oxide film after the highest fluence (Fig. 4.13)
with a cross section after the first exposure (Fig. 4.3). It is obvious that the cracks in the oxide
film have strongly increased in width and depth after the higher D fluence (please note the
higher magnification in Fig. 4.13). Furthermore, the cracks now (almost) completely penetrate
the oxide film and form channels to the surface of the metallic W, which in these spots appears
to be covered only by a very thin layer of remaining reduced W oxide. This shows that in the
fraction of the surface area that consists of such deep cracks, the interface is no longer covered
by intact WO3. Thus, one could expect at least some D to enter the metallic W via these cracks,
which will be discussed in the next section (4.3.2).

Most of the surface area is, however, still covered by an oxide film that consists of a W-enriched
top layer (bright) with mostly intact oxide (dark) beneath. According to the model developed
in 4.2.4, this indicates that for most of the surface area the oxide film should still prevent D
uptake into the metallic W. It is, however, not possible to determine the exact composition and
stoichiometry of the oxide film from the SEM images alone. Oxygen depth profiles with RBS
are necessary to determine whether the remaining oxide is indeed still WO3 or if it has been
reduced (to some extent) by the higher D plasma fluence.

Oxygen depth profiles: The stoichiometrical composition of the remaining oxide film is
investigated by oxygen depth profiles from RBS measurements. Fig. 4.14 shows such profiles
after the highest D fluence of 1.6×1025 D/m2 for the thin and thick oxide in a) and b), respec-
tively. For the thick oxide, intact WO3 is still present near the interface to the metallic W even
after this high fluence. The W-enrichment zone at the surface, however, has a higher W con-
centration (48 %) than after the first exposure (40 %; compare with Fig. 4.7) and extends far
deeper into the oxide film (150–250×1019 atoms/m2 compared with 100×1019 atoms/m2 after
the first exposure). This shows that the oxide reduction is progressing both in intensity (W
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Figure 4.13 – FIB cross section through the oxide film shown in Fig. 4.12 after exposure to gentle
D plasma to the highest fluence of 1.6×1025 D/m2. The vertical stripes are an artifact
of the FIB cross section.

concentration) and in depth.

Figure 4.14 – Depth profiles of O and W concentration in the oxide film after exposure to the highest
fluence of 1.6×1025 D/m2 of gentle (5 eV/D) plasma at 370 K. a) shows the thin and
b) the thick oxide film. Please note that in this graph the presentation of the oxygen
depth profile is slightly different than in other graphs in this work and the interface to
the metallic W is fixed to illustrate the thickness difference of the oxide films. The 0
on the y-axis marks the surface of the oxide film and the dark gray area on the right
marks the metallic W.

However, the RBS depth profiles are affected by the strong cracking that penetrates through
the full oxide film. In contrast to the first exposure, where the cracks occurred only in the
topmost layer of the oxide and did not affect the surface near part of the oxygen depth profiles1,
the deeper cracks here affect the full film and lead to a pronounced lateral inhomogeneity of the
oxide film. Due to the lateral inhomogeneity, the oxide film can no longer be described as a one-
dimensional system consisting of layers with different oxygen concentration. As the separation
into such a stack of layers is the basis for oxygen depth profiling with RBS, the method becomes
unreliable and different oxide film thicknesses (areas with cracks vs. areas without cracks)
cannot be distinguished from homogeneous layers with different oxygen concentrations by RBS
alone. Consequently, the RBS-based depth profiles can no longer be assumed to accurately

1This peculiar feature of the RBS depth profiling may seem counter intuitive, but a detailed explanation is given
in section 3.6.2
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describe the stoichiometry of the oxide film and the W concentration will appear higher (due to
the metallic W that lies at the surface in the areas with deep cracks). For the thick oxide this
has only a minor effect as the oxide at the interface can still be described as WO3 by the RBS
measurement. For the thin oxide film (Fig. 4.14 a)), however, this effect is more pronounced,
as the remaining oxide film is too thin and the fraction of surface area with deep cracks is too
large, for the oxygen depth profile to be interpreted as an accurate description of the absolute
stoichiometry of the oxide film.

Nevertheless, even for the thin oxide, the RBS profile still yields valuable information on the
laterally averaged oxygen concentration. It clearly shows that the oxygen concentration is lower
at the surface (W-enrichment zone) and close to WO3 at the interface. The difference to sto-
ichiometrical WO3 can in this case be attributed to cracks that fully penetrate the oxide film.
For the thin oxide film, it is thus not possible to determine from the RBS depth profiles alone
whether the remaining oxide at the interface is still a layer of stoichiometrical WO3 with cracks
in between or if it is, in addition, also partially reduced. However, considering the results for
the thick oxide film, which clearly shows intact WO3, and the FIB cross section through the thin
oxide film in Fig. 4.13, it seems reasonable to assume that the remaining oxide on the interface
consists mostly of intact WO3 also for the sample with thin oxide film.

This is an important result as it strongly indicates that the interface between W oxide and metal-
lic W is in the same state as after the first plasma exposure for most of the surface area and
should thus exhibit the same properties towards D uptake, i.e., prevent it completely with the
possible exception of the fraction of the surface area that contains deep cracks.

4.3.2 D permeation into metallic W through slowly growing cracks

The D depth distribution was measured with NRA after each fluence step. For all but the
last step the D depth profiles show that D does not penetrate into the metallic W and only
accumulates within the oxide film. This indicates that the model assumption that intact WO3 on
the interface blocks D uptake also holds true for a higher D fluence.

After the last fluence step to at total fluence of of 1.6×1025 D/m2, however, the depth profiles
suggest that a small amount of D has passed into the metallic W. Fig. 4.15 shows the depth-
resolved D concentration profiles for the thick, thin and natural oxide film after this last fluence
step. The light green and red background marks the approximate thickness of the thin and thick
oxide film, respectively. For the thin oxide it is obvious that D has penetrated beyond the oxide
film into the metallic W. For the thick oxide, only a very small amount of D is located beneath
the oxide film, which in principle could be an artifact of the deconvolution with NRADC. Fur-
thermore, since the concentration of D in the oxide film is relatively high compared with the
fraction beneath the film, it dominates the depth profile and complicates determining the exact
amount of D that has entered the metallic W.

To gain direct evidence on how much D has penetrated into the metallic W, an attempt was
made to remove the oxide film from parts of both samples by Argon sputtering with 200 V bias
in PlaQ. The thin and thick oxide sample were partially covered by an W sheet and exposed to
an Ar plasma for 85 and 200 seconds, respectively. Unfortunately, the Ar flux in PlaQ is not
well quantified under these conditions and the sputter yield of the partially reduced oxide by Ar
is not well known. Therefore, the necessary exposure time could only be roughly estimated and
the oxide was not fully removed by the sputter process. Prolonged sputtering with Ar was also
not an option as eventually even the metallic W would be sputtered at these energies. Accord-
ing to subsequent NRA measurements, for the thick oxide about 90 % or 221±6×1019 O/m2
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Figure 4.15 – D depth profiles for the thick (red), thin (green) and natural oxide (blue) after exposure
to gentle D plasma to the highest fluence of 1.6×1025 D/m2. The areas shaded in
light green and red mark the approximate thickness of the thin and thick oxide film,
respectively.

of the oxygen on the surface has been removed by the 200 s of Ar plasma (from 246±5 to
25.2±2.2×1019 O/m2). Thus, much clearer information could be gained from the subsequent
NRA measurement. Fig. 4.16 shows an SEM image of the thick oxide film after sputtering. The
oxide film is mostly removed and the surface area is partially oxide free. Only small islands of
oxide remain. The image has been taken in BSE mode, which is sensitive to the atomic number
(Z) of the material (see section 3.7 for details) and thus the oxide islands appear darker than the
metallic W.

For the thin oxide, on the other hand, the shorter sputter time (85 s) reduced the surface oxygen
amount only by about 40 % or 38±4×1019 O/m2to 60±3×1019 O/m2). The most likely reason
for the smaller relative sputter yield of the thin oxide is that the W-enrichment zone on top of the
oxide film exhibits a higher resistance to Ar sputtering than the stoichiometric oxide below it.
Once this protective top layer is removed, however, the underlying, not-enriched tungsten oxide
is sputtered more quickly. This assumption is based on literature values from Guseva et al. [81]
and Roth et al. [82], which indicate that W oxide has a lower sputter threshold and higher sputter
yield compared with W2. Nevertheless, in both cases the Ar sputtering substantially reduced the
oxygen amount and thus the amount of D that is stored in the oxide film. Thus, the D content
in the underlying metallic W could be determined with higher precision.

The D depth profiles after Ar sputtering are shown in Fig. 4.17. The approximate oxide thick-
nesses of the thick and thin oxide are again marked by the shaded red and green area in the
background. The formerly thick oxide (red) is now actually thinner than the originally thin ox-
ide, but the naming convention is kept unchanged regardless. It is now discernible that also for
the thick oxide sample some D has entered the metallic W. Since the oxide film is almost com-

2More details to this can be found in section 4.5, which investigates the sputter yield of W from W oxide.
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Figure 4.16 – SEM image of the “thick” oxide sample after sputtering with 200 eV Ar ions for 200 s
in PlaQ. The oxide film is mostly removed and only small oxide islands remain on
the surface. The oxide appears darker than the metallic W in this Z contrast image.

pletely removed, the amount can be estimated very well. For the originally thin oxide sample
still some oxide remains and a clear separation between D in the metallic W and D in the re-
maining oxide is not possible. To get an approximate number of the D amount in the metallic W
in this case, the D amount in the oxide film is estimated and subtracted from the total D amount.
To estimate the D in the oxide film the concentration of 1.5 % is assumed and multiplied by the
approximate oxide thickness. The same is done for the thick oxide. This yields an approximate
D amount in the metallic W of 1×1019 D/m2 for the thick oxide sample and 4×1019 D/m2 for
the thin oxide sample. These numbers have to be compared with the D uptake into the reference
sample that was treated in exactly the same way but has only a very thin natural oxide film on
top. For the reference sample the D uptake into metallic W was 145×1019 D/m2.

4.3.3 Summary and conclusions of D uptake and oxide film
reduction after high fluence at low D energies

In sections 4.1 to 4.3 it was investigated whether D can enter metallic W through 33 and 55 nm
thick W oxide films after (prolonged) exposure to gentle D plasma (5 eV/D). A fluence series up
to 1.6×1025 D/m2 was conducted at a sample temperature of 370 K. After each fluence step, the
D uptake and the changes of the oxide film were investigated with IBA and SEM. During the
first three fluence steps (up to 4.6×1024 D/m2), D was only retained in the oxide film itself and
could not cross the interface into the self-damaged, metallic W. The oxide film showed reduction
and a W-enrichment zone formed at the film surface (first 13.5 nm). In addition, cracks formed
in the oxide but did not fully penetrate the oxide film.

At the highest fluence (1.6×1025 D/m2), however, small amounts of D entered the metallic W.
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Figure 4.17 – D depth profile of the thick (red), thin (green) and natural oxide (blue) after Ar sput-
tering of the surface oxide film. The areas shaded in light green and red mark the
approximate thickness of the remaining fraction of the thin and thick oxide film, re-
spectively.

They are in the order of a few % compared with the much larger D uptake of the reference
sample with only natural oxide. The thick and thin oxide block 99 % and 97 % of the D, that
would otherwise enter the metallic W, respectively. Even after this highest fluence, the oxide
film still covered most of the surface area and showed a W-enrichment layer on the surface
with intact WO3 underneath at the interface to the metallic W. However, detailed analysis of the
surface modification of the W oxide films showed that after the highest D fluence cracks have
fully penetrated the oxide film. In the small fraction of the surface area that is covered by such
deep cracks, the metallic W is covered only by a very thin layer of reduced oxide. This suggests
that the observed D uptake into the metallic W occurs only via these cracks.

Furthermore, the data on the oxygen loss and oxide reduction shows that the loss of oxygen
from the oxide film has saturated above a D fluence of 4.6×1024 D/m2. After that, the oxygen
loss is almost zero (thick oxide) or very small (thin oxide). This suggests that the oxide will be
long-time stable under these plasma exposure conditions and little to no further oxide reduction
(oxygen loss) is expected. As the formation and growth of cracks is caused by shrinking of
the oxide film with oxygen loss due to the volumetric difference between W and W oxide (see
section 4.1.2), no further crack growth is expected.

The results suggests that thin (33 and 55 nm), thermally grown WO3 films on W effectively re-
duce D uptake into metallic W up to a high D fluence of > 1.6×1025 D/m2 under gentle plasma
conditions (5 eV/D; 370 K sample temperature). D can only enter the metallic W through sur-
face cracks, which constitute a small fraction of the total surface area and appear to be stable
after a certain D fluence. This leads to the conclusion that the remaining stoichiometric WO3

on the interface to the metallic W still prevents D from overcoming the energy barrier between
WO3 and metallic W, which confirms the results that were obtained in section 4.2.
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However, partial oxide reduction and crack formation, eventually leading to D uptake into
metallic W, show that the oxide film is fragile under D exposure and may lose its properties
as a barrier when the oxide is sufficiently reduced. It is not clear at this point, whether W oxide
films will also reduce D uptake under different conditions such as higher D energy or higher
sample temperature, as both might lead to a stronger reduction of the oxide. In order to in-
vestigate whether thin natural oxide films might influence laboratory studies of D uptake, it is
important to determine under which conditions and in which (reduction) state the oxide film
stops to prevent or reduce D uptake. Only with this information will it become possible to make
useful predictions under which conditions and after which D fluence the natural oxide film loses
the property to prevent D uptake into metallic W. To this end, further experimental campaigns
with higher D energies or higher sample temperature have been conducted and are described in
the next section.

4.4 Influence of D energy and exposure temperature on
D uptake and oxide reduction

To study the influence of D energy and sample temperature on the oxide reduction and D up-
take through the oxide film, a series of D plasma exposure experiments has been conducted
at different D energies and at higher sample temperature. For all experiments in this section,
identically prepared samples were used. Each sample was polished, annealed, self-damaged
and then thermally oxidized to a thickness of 55 nm, following the procedure described in sec-
tions 3.2, 3.3 and 3.5.1. The results presented in section 4.3 and 4.4 will also be published in a
forthcoming peer-reviewed journal article.

4.4.1 Higher D energy

Higher D energies were realized by applying negative, direct current bias voltages of −30 V and
−100 V to the sample holder during D plasma exposure. Together with the plasma potential of
−15 V this respectively yields an effective energy of 15 and 38 eV per D for the majority species
of D+

3 molecular ions in the plasma source (see section 3.4 for details).

In order to probe the dynamics of the oxide reduction and D uptake process, two almost identical
D fluence series of 2 h, 21 h (or 22 h) and 72 h were conducted for the two higher D energies at
370 K. The exact D fluence depends on the applied bias voltage and is stated individually for
the different energies later in the text. After each fluence step, the D uptake was measured with
NRA and the reduction of the oxide film was investigated with NRA, RBS and SEM imaging
of FIB cross sections through the oxide film.

Furthermore, the maximum implantation depth of D (molecular) ions with these higher ener-
gies into W oxide was determined with SDTrimSP [78] in the same way as for low energy D
(< 5 eV/D) (see section 4.1). For the majority species (D+

3 , 94 % of the non-neutral D flux),
the maximum implantation depth is 1.6 nm for −30 V bias and at 3.1 nm for −100 V bias. For
the single charged D+ minority species (3 % of the non-neutral D flux), the particle energies
are 45 and 115 eV/D with a maximum implantation depth of 3.5 nm and 7.1 nm, respectively.
Thus, in all cases the penetration depth of D from the plasma is much lower than the oxide film
thickness of 55 nm and no direct implantation of D into the self-damaged W is possible.
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Oxygen loss: Fig. 4.18 shows the oxygen loss as a function of D fluence for higher D energies
in red (−100 V bias) and green (−30 V bias). The oxygen loss from the previously described
D uptake experiments at floating potential (< 5eV/D; gentle plasma) are also shown for com-
parison in gray. It is apparent that the oxygen loss increases significantly with D energy. The
oxygen loss after only 2 h exposure (about 6×1023 D/m2) already surpasses the maximum oxy-
gen loss observed after exposure to gentle plasma. After this first exposure at higher energies,
55 % and 40 % of the original oxygen content is removed from the samples for −100 V and
−30 V bias, respectively.

Figure 4.18 – Oxygen loss as a function of D fluence for sample bias voltages of −100 V (red) and
−30 V (green) at 370 K and for a sample temperature of 500 K for floating potential
(orange). For comparison, the oxygen loss as a function of D fluence for floating
potential at 370 K (gentle plasma) is shown in gray. The original oxygen areal density
on the sample prior to plasma exposure is 307×1019 atoms/m2 and the dark gray band
on top marks the area were all oxygen would be removed from the sample. Please
note that the dashed lines connecting the data points serve only as an guide for the
eye.

Similarly to the gentle plasma case, the oxygen loss per incident D decreases with D fluence.
This indicates that also for higher D energies a W-enrichment zone forms at the surface of the
oxide film and slows down oxygen loss. However, in contrast to the gentle plasma exposure, the
oxide reduction does not appear to saturate completely for the higher D energies. The curves
for both energies clearly show additional oxygen loss during the final D fluence step, although
this step starts at D fluence where the oxygen loss from samples exposed to gentle plasma has
already saturated. This shows that the process of dynamic oxide reduction carries on throughout
all applied fluence steps. After the final fluence steps to 2.1 and 2.3×1025 D/m2, 79 % of the
oxygen is removed from the oxide film at −30 V bias and 89 % is removed for −100 V bias.
Compared with the 37 % oxygen loss after the final fluence step during gentle plasma exposure
(gray circles in Fig. 4.18), this illustrates the much stronger oxide reduction at higher D energies.

For D exposure at higher sample temperature at floating potential (orange in Fig. 4.18), the
oxygen loss is far larger than for 370 K. After 7 h of exposure (1.4×1024 D/m2) at 500 K, the
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oxide film has lost 63 % of its oxygen content, while the film exposed at 370 K with identical D
energy and fluence has lost only 24 %.

−30V sample bias (15 eV/D): Figure 4.19 shows the oxygen (left) and D depth profiles
(right) after plasma exposure at −30 V bias for the three fluence steps. Figure 4.20 is arranged
in the same fashion and shows SEM images of FIB cross sections through the oxide film (left)
and top-view images of the oxide film (right) after each fluence step. Together these two figures
provide a compact overview over the oxide reduction and D permeability of the oxide after
plasma exposure at −30 V bias.

Comparing the oxygen depth profile after the first fluence step of 5.9×1023 D/m2 (Fig. 4.19 a))
with that of an identical oxide film exposed to a gentle plasma to a fluence of 1.4×1024 D/m2

(Fig. 4.5 b)), it becomes apparent that higher D energy caused much stronger reduction although
the fluence was more than a factor two lower. Not only is the W-enrichment at the surface
stronger for higher energy (51 % W vs, 42 % W), but also the remaining thickness of the oxide
film is smaller (291 vs. 336×1019 atoms/m2). Furthermore, the depth of the W-enrichment zone
is larger for higher energy (150 compared with 100×1019 atoms/m2). These values confirm that
the D energy strongly influences the speed and depth of the oxide reduction.

However, for this low fluence at −30 V bias, the oxide still seems to consist of stoichiometric
WO3 at the interface to the metallic W. This is also indicated by the SEM image of the FIB cross
section through the oxide film in Fig. 4.20 a). It shows that beneath the bright W-enrichment
layer a homogeneous and almost completely intact film of darker not-reduced oxide remains
and covers the metallic W. On the top-view image (right side in Fig. 4.20 a)) several cracks in
the oxide are visible. However, in the FIB cross section along the three grains that are cut (only
two are shown) the cracks are sparse and do not go deep into the oxide film. Compared with the
first exposure to gentle D plasma (see Fig. 4.1 and 4.3) the cross section image of the oxide film
looks very similar and the oxide film seems to have reached a comparable state of reduction
(although with more oxygen loss and after significantly lower fluence). According to the model
developed in section 4.2.4, the full coverage of the interface by intact WO3 suggests that no
D should be able to enter the metallic W as it cannot overcome the difference in the enthalpy
of solution between WO3 and metallic W. And indeed the corresponding D depth profile in
Fig. 4.19 b) shows that D is only present within the oxide film (indicated in yellow in the graph)
and does not penetrate deeper. The total amount of D in the oxide film is 1.67±0.12×1019 D/m2.

The situation changes after the second fluence step to 6.4×1024 D/m2. The oxygen depth profile
in Fig. 4.19 c) shows strong reduction of the oxide throughout its full depth. The W-enrichment
at the surface has further increased and the overall oxide thickness has further decreased. The
corresponding SEM image of a cross section through the oxide (Fig. 4.20 b)) shows growth of
the W-enrichment zone and, in addition, also a strong and laterally inhomogeneous modification
of the oxide film. On some parts of the sample (left grain and parts of right grain) the interface is
still mostly covered by the darker, intact oxide. However, in other parts (especially the middle
grain) the oxide film shows much stronger reduction. Several deep cracks are visible and in
many places the bright W-enrichment zone has direct contact with the metallic W. Between
these contact points, islands of darker, not-reduced oxide are still visible. Overall the reduction
of the oxide seems to be further progressed than after gentle plasma exposure at the highest
fluence of 1.6×1025 D/m2 (see section 4.3). Consequently, a higher D uptake into metallic W
can be expected although the total D fluence is more than a factor two lower compared with
the highest fluence during the gentle plasma exposure. This prediction is confirmed by the D
depth profile in Fig. 4.19 d), which shows a total retention of 14.0±0.7×1019 D/m2 of which
11.2±0.6×1019 D/m2 are located in the self-damaged metallic W beneath the oxide film. This
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is about 11 times higher than the D in an identical sample (55 nm oxide) after exposure to gentle
D plasma to the highest fluence (see section 4.3.3).

Furthermore, the inhomogeneity and roughness of the oxide film after this second fluence step is
much more pronounced than the roughness after long exposure to gentle D plasma. This strong
lateral inhomogeneity shows that the oxide film can no longer be described as a one-dimensional
system consisting of layers with different oxygen concentration. As described in section 4.3.1,
the RBS method can no longer be assumed to accurately describe the stoichiometry of the
oxide film under these circumstances, but can still yield laterally averaged values of the O and
W concentration. For example, the relative fraction of 63 % O and 37 % W at the interface to
metallic W in the RBS depth profile in Fig. 4.19 c) do not necessarily mean that there is WO2 at
the interface. It can also indicate that there is no longer a closed layer of intact WO3 and that the
W-enrichment has reached the interface in some spots (as is the case). In order to distinguish
between the two cases and to get an accurate two-dimensional picture of the reduction state, the
RBS profiles have to be viewed in tandem with SEM images of the cross sections through the
oxide film.

For the final fluence step to 2.1×1025 D/m2 the same trend as above continues. The oxide reduc-
tion progresses even further and the oxygen profile in Fig. 4.19 e) shows again a reduction of the
overall thickness of the oxide film and an increase in the W to O ratio of the oxide. The SEM
image in Fig. 4.20 c) shows that the bright W-enrichment zone touches the metallic W in many
places and only small islands of darker, not-reduced oxide are visible on the interface. Neverthe-
less, a substantial part of the interface area is still covered by this not-reduced oxide and on these
parts D uptake should still be blocked according to the model assumption. As expected, the
corresponding D depth profile in Fig. 4.19 f) shows substantial D uptake of 38±3×1019 D/m2.
This is significantly higher than the 4.8±0.4×1019 D/m2 that is retained in an identical sample
(55 nm thick oxide) exposed to a similar fluence (1.6×1025 D/m2) of gentle D plasma (see sec-
tion 4.3.2). However, the amount is still small compared with the 145±8×1019 D/m2 found in
the reference sample with only natural oxide that was exposed to the same fluence of gentle D
plasma (the corresponding depth profile is indicated in gray in Fig. 4.19 f) for reference). This
shows that even for a D energy of 15 eV/D, a 55 nm thick thermally grown oxide film reduces D
uptake into metallic W significantly (74 %) compared with a reference sample with only natural
oxide, although the D fluence and D energy were higher than for the reference sample.
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Figure 4.19 – Oxygen (left) and deuterium (right) depth profiles of samples with 55 nm thermal
oxide after exposure to D plasma at 370 K and −30 V sample bias (15 eV/D) after
different D fluence steps of: Top level (a, b): 5.9×1023 D/m2 (2 h exposure time).
Middle level (c, d): 6.4×1024 D/m2 (22 h). Bottom level (e, f): 2.1×1025 D/m2 (72 h).
In f) also a reference D depth profile is shown in gray. It stems from a sample with
only natural oxide that was exposed to 1.6×1025 D/m2of gentle plasma. An areal
density of 1019 atoms/m2 approximately corresponds to one monolayer of atoms.
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Figure 4.20 – SEM images of FIB cross section through the oxide film (left) and the corresponding
top-view image of the oxide film (right) for different D fluence steps with −30 V
bias (15 eV/D) at 370 K sample temperature. Fluence steps: a) 5.9×1023 D/m2, b):
6.4×1024 D/m2, c): 2.1×1025 D/m2. The vertical stripes on the cross section images
are an artifact of the FIB cut (see section 3.7 for details).
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−100V sample bias (38 eV/D): For a sample bias of −100V (38 eV/D) the oxide reduction
is even faster and stronger. The oxygen depth profile in Fig. 4.21 a) shows significantly stronger
reduction after the first two hours of plasma exposure (6.5×1023 D/m2) than for a similar flu-
ence at −30 V bias. Furthermore, the interface to the metallic W shows signs of reduction. The
oxygen concentration at the interface (measured with RBS) is less than the 75 at.% of stoichio-
metric WO3. This indicates that the interface is bridged at least in some spots already after the
first fluence steps at this high D energy. The corresponding SEM image of the cross section in
Fig. 4.22 a) shows two well separable layers of bright W-enrichment zone on top and dark intact
oxide below in most places. The bright W-enrichment zone appears to be of similar thickness
than after a similar fluence at −30 V bias, but the oxide film shows more roughness, cracks and
lateral inhomogeneity. In addition, the top-view images on the right side of Fig. 4.22 a) show
stronger and thicker cracks compared with the lower energy. Together these findings indicate
that the stronger reduction by higher D energies is mostly caused by the stronger roughening
and cracking of the oxide film and not by a thicker homogeneous W-enrichment zone.

The corresponding D depth profile in Fig. 4.22 b) shows that a small amount of deuterium
(4.9±0.4×1019 D/m2) is retained in the sample of which about 4×1019 D/m2 is located in the
metallic W beneath the oxide (which is indicated in yellow). Due to the short exposure time
and low fluence, the D is bound in traps near the surface and could not progress deep into the
sample. It can, however, be excluded that it is retained only within the oxide film.

After the second fluence step (to 6.8×1024 D/m2) the reduction has progressed substantially.
The corresponding RBS oxygen depth profile in Fig. 4.21 c) shows a state of reduction that is
comparable to the state after the highest fluence at −30 V bias (Fig. 4.19 e)) both in the actual
oxygen depth concentration and in the overall areal density of the remaining oxide film. The
SEM image of the cross section in Fig. 4.22 b), however, shows that the reduction is even fur-
ther progressed. The remaining oxide film is extremely rough and inhomogeneous. It consists
mostly of the bright W enriched layer and has only small and sometimes vertically aligned pock-
ets of darker, not-reduced W oxide. Additionally, the top-view image on the right shows that
the cracks have grown strongly and that the surface between the cracks shows strong porosity.

The corresponding D depth profile in Fig. 4.21 d), shows strong D uptake of 67±4×1019 D/m2

into the metallic W. This already surpasses the maximum D uptake after the final fluence step
at −30 V by more than 75 % although the fluence is a factor of three lower. This shows that the
interface between the oxide film and the metallic W is permeable for D at this point.

After the final fluence step (to 2.3×1025 D/m2), the oxygen reduction has reached a completely
new stage. The oxygen depth profile in Fig. 4.21 e) shows no gradient in oxygen concentra-
tion any more but a homogeneous and strongly W enriched state of 35 % O and 65 % W with
an areal density of 126×1019 atoms/m2. The corresponding SEM image of the cross section
(Fig. 4.22 c)) shows that the oxide film is almost completely gone. Especially in the middle and
middle right part of the image a rough structure is visible on the surface of the metallic W. This
seems to be the remaining and fully W-enriched part of the oxide film. Some dark “holes” are
visible which are most likely wide (former) cracks. No spots of darker, not-reduced W oxide
are visible on the surface anymore and it seems likely that no intact islands of not reduced WO3

exist in the oxide film any longer. However, the fact that there is still a considerable contribution
of oxygen measured by RBS (35 %) in the former oxide film indicates that the W oxide is not
fully reduced to metallic W by the D bombardment.

According to NRA, the remaining oxygen areal density is 32±2×1019 O atoms/m2, which is
about four times higher than the oxygen areal density measured for natural oxide on W before
plasma exposure. This suggests that re-oxidation in ambient atmosphere after plasma exposure
can only account for about 25 % of the oxygen that is found on this sample. It should, however,
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be mentioned that the strong roughening of the remains of the oxide film (see Fig. 4.22 c) may
increase the surface area of the W sample, which would increase re-oxidation and could in
principle also explain the higher amount of remaining oxygen in the ex-situ measurements.
With the present ex-situ diagnostic, it is not possible to clarify whether the measured oxygen
is due to stronger re-oxidation, small spots of still intact WO3 or due to a more homogeneous
distribution of a sub-stoichiometric W oxide that is very resistant to both preferential sputtering
of oxygen and chemical reduction by D. Unfortunately, the stoichiometry of this remaining
oxide cannot be precisely determined due to the lateral inhomogeneity of the remaining film. In
areas with deep cracks and thin remaining oxide film, backscattered ions from the underlying
metallic W interfere with the signal from the oxide film and thus the W concentration within
the oxide film will be overestimated by RBS.

Nevertheless, the D depth profile in Fig. 4.21 f) shows a strong D uptake of 130±7×1019 D/m2

into the metallic W after this highest fluence at −100 V bias. This D uptake is close to the
fully filled reference sample with only natural oxide (145±8×1019 D/m2), which shows that the
oxide film in this highly reduced state is very permeable for D.

Two conclusions can be drawn from these results: 1) It is likely that the oxide film cannot be
fully reduced by D plasma under the given exposure conditions (−100 V bias, 370 K exposure
temperature and a maximum fluence of 2.3×1025 D/m2) and an oxide with an O concentration of
about 35 % remains. 2) The remaining, strongly reduced oxide only slightly reduces D uptake
into metallic W. This means that the enthalpy of solution for D in this reduced oxide is high
enough (closer to metallic W) for D to cross over the barrier into metallic W at a temperatures
of 370 K.

As the probability to overcome the potential energy barrier depends on the temperature of the
thermalized D, it may be possible for D to enter the metallic W even across an intact interface at
a higher temperature. Such an exposure at an elevated temperature (500 K) has been investigated
and is presented in the next section.
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Figure 4.21 – Same as in Fig. 4.19 but for −100 V bias (38 eV/D). Please note the slightly different
fluence steps due to the energy-dependent D flux.
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Figure 4.22 – Same as in Fig. 4.20 but for −100 V bias (38 eV/D). a) 6.5×1023 D/m2 (2 h exposure
time); b) 6.8×1024 D/m2(21 h exposure time) and c) 2.3×1025 D/m2 (72 h exposure
time).
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4.4.2 Higher sample temperature (500 K)

The influence of higher sample temperature on D uptake through W oxide is interesting under
two aspects: 1) It accelerates the reduction process of the oxide under D plasma exposure
(Fig. 4.18) and 2) it might enable D to overcome the potential energy barrier between W oxide
and metallic W, even before the oxide is reduced.

Here one sample with 55 nm thick thermally grown oxide (identical to the samples used in
section 4.4.1 and to the thick oxide sample used in sections 4.1 to 4.3) was exposed to gentle
plasma (< 5eV/D) at 500 K instead of the 370 K used before. The sample was exposed for 7 h
amounting to a D fluence of 1.4×1024 D/m2, which is identical to the fluence used for the first
gentle plasma exposure that is described in section 4.1 and 4.2. Thus, the effects of the sample
temperature on oxide reduction and D uptake can be compared directly for otherwise identical
conditions.

Figure 4.23 – Oxygen (left) and deuterium (right) depth profiles of samples with 55 nm thermally
grown oxide film after exposure to gentle (< 5 eV/D) plasma at 500 K to a fluence
of 1.4×1024 D/m2. The gray profile in b) depicts the D concentration in a reference
sample with only natural oxide that was exposed at 370 K but otherwise identical
conditions. The reference profile was scaled by a factor of 0.7 to account for the
lower fill level of D trapping sites at 500 K and thus allows a direct comparison with
of the D uptake of the measured sample.

Fig. 4.18 shows the oxygen loss as a function of D fluence for all D uptake experiments. For
the sample exposed at 500 K (orange), the oxygen loss of 195×1019 O/m2 is far larger than
the loss for the sample exposed at 370 K under otherwise identical conditions (72×1019 O/m2).
This shows that oxide reduction strongly depends on sample temperature and an increase by
130 K increases the oxygen loss by a factor of 2.7. This strong difference poses the question
if the oxide reduction at high temperatures resembles the reduction at lower temperature (W-
enrichment layer formation, cracking) or if other processes take place.

The corresponding oxygen depth profile in Fig. 4.23 a) shows that the oxide reduction is much
more homogeneous compared with previous findings. The reduction zone goes through the
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full depth of the oxide film and shows a concentration of 60 % O and 40 % W in its deeper
half. While a clear drop in the oxygen concentration is visible near the surface, the reduction
there is only slightly stronger than for the exposure at 370 K at floating potential (see Fig. 4.7).
However, compared with D exposure at higher D energies at a about a factor of two lower
fluence (Fig. 4.19 and 4.21 a)), the surface near W-enrichment zone at 500 K is smaller and less
strongly reduced. This shows that D exposure at a higher sample temperature does increase the
W-enrichment at the surface, but the effect is less pronounced than for an increase in D energy.

Figure 4.24 – SEM images of an originally 55 nm thick thermally grown W oxide film after
exposure to D plasma at 500 K at floating potential (< 5 eV/D) to a fluence of
1.4×1024 D/m2. a) FIB cross section through the film, b) top-view SEM image and
c) SEM image of oxide film under 52° to surface normal.

The corresponding SEM image of the cross section through the oxide film in Fig. 4.24 a) shows
that the oxide film is significantly roughened at the surface but appears to cover the metallic W
almost completely. There are only a few cracks visible in the cross section in image a) or in
the top-view images in b) and c), but they go all the way through the oxide to the surface of the
metallic W. The image in c) is taken under an angle of 52° towards the surface normal and has a
two times lower magnification than b). It shows a strong roughening of the sample surface and
the oxide film appears to be spongy with many small pores. The most striking feature, however,
is the absence of a clearly separated W-enrichment zone in the cross section in Fig. 4.24 a). In
contrast to D exposure at lower temperature, the W-enrichment/oxide reduction is much more
diffuse and appears to be spread out through most of the oxide film. However, small spots
of darker not-reduced oxide are visible at numerous places throughout the oxide as well. The
density of not-reduced oxide spots is lower near the surface and higher at the interface where
small islands of not-reduced oxide still cover some of the interface to the metallic W. This more

66



4.5. SPUTTER YIELD OF W FROM W OXIDE DURING D PLASMA EXPOSURE

irregular form of W-enrichment may be caused by the pores which form open pathways for
oxygen containing molecules to reach the surface and diffuse into vacuum even from larger
depth.

In any case, from the partial coverage of the interface with intact oxide one could expect that D
uptake into the metallic W is reduced but not prohibited. The D depth profile in Fig. 4.23 b)
indeed clearly shows that D (blue) is located both inside the oxide film and in the metal-
lic W. The D concentration is, however, very low (0.22 at.%) with at total D retention of
2.5±0.2×1019 D/m. This clearly shows that the oxide film strongly decreases D uptake even
in this reduced state at 500 K. However, to make a quantitative estimate of the factor by which
D uptake is reduced, the temperature-dependent filling of the traps in the self-damaged W (and
also of the oxide) has to be taken into account. According to previous measurements of D up-
take into self-damaged W with only natural oxide films at various temperatures under floating
potential in PlaQ [83], the maximum D concentration in the self-damaged W is 30 % lower for
500 K than for 370 K. To allow a direct comparison of the reduction of D uptake by the oxide,
the D depth profile from a reference sample with only natural oxide that was exposed at 370 K
but otherwise identical conditions was scaled by a factor of 0.7 to account for the lower D up-
take at 500 K and plotted in gray in Fig. 4.23. The scaled D uptake of the reference sample was
calculated to be 22.3±1.6×1019 D/m2, which shows that the oxide film reduced D uptake by
almost 90 % compared with a sample with only a natural oxide film for the given exposure con-
ditions. This result indicates that even at 500 K, D cannot overcome the difference in enthalpy
of solution between the remaining WO3 and the metallic W.

However, due to the strong reduction of the oxide film at this elevated temperature, it can be
expected that most of the intact WO3 will be reduced at higher fluence, even at this low energy.
Based on the oxygen loss at this D fluence (Fig. 4.18) it can be estimated that the oxide reduction
per D fluence at 500 K and floating potential (< 5 eV/D) is comparable to the oxide reduction
at 370 K at a sample bias of −100 V (38 eV/D). Together with the much more diffuse oxide
reduction zone (due to the formation of pores) this indicates that also the oxide at the interface
will be fully reduced at higher fluence, which would allow mostly unhindered D uptake into the
metallic W (similar to the case at −100 V sample bias in section 4.4.1).

4.5 Sputter yield of W from W oxide during D plasma
exposure

From the results above it is clear that oxygen is removed from the oxide film during D plasma
exposure. The process takes place already for gentle exposure conditions (<5 eV/D, 370 K) and
accelerates for higher D energies. However, it is not clear if also W atoms can be removed from
the oxide by sputtering with D from the plasma.

As a reminder: The charged D flux in PlaQ consist of 3 % D+, 3 % D+
2 and 94 % D+

3 (see
section 3.4). The energy of these (molecular) ions is determined by the plasma potential of
approx. −15 V plus the sample bias and is shared equally between the individual D parti-
cles in the molecular ions ( D+

2 and D+
3 ) when their bond shatters upon impact on the target.

Consequently, the D with the highest energy in this work stems from D+ during experiments
with −100 V sample bias. Together with the plasma potential they have a maximum energy of
115 eV. For metallic W the literature value for the sputter threshold by D+ ions varies between
160 eV [81] and 229 eV [84]. In any case, it is above the highest D energies in this work and it
can be assumed that metallic W is not sputtered.
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For W oxide on the other hand far lower threshold energies for sputtering of W by D are reported
in literature: 65 eV by Guseva et al. [81] and even 15 eV by Roth et al. [82]. The investigation
by Roth et al. used a 2 keV, magnetically separated D+

3 beam, which was decelerated in front of
the target, so that a single, well-defined D energy was ensured. The fraction of highly energetic
neutralized D atoms in the beam was measured and its effect on the target was corrected. To
create W oxide, they introduced a oxygen rich atmosphere (oxygen partial pressure: 1×10-2 Pa)
in their sputter chamber before and during sputtering with D at room temperature. This created
a natural oxide film on the W target but may also have caused sputtering by knock-on oxygen
atoms from the gas. They found a sputter yield of 1×10-4 W/D for 38 eV/D and a sputter
yield of about 2×10-4 W/D for 115 eV/D. Guseva et al., on the other hand, created W oxide
by thermal oxidation of W at 700 °C which lead to an oxide film of about 50 nm thickness.
They measured the sputter yield and threshold energy with field ion microscopy for short D
irradiation pulses with a very small D fluence of < 1019 D/m2. They used D+ ions by D gas
ionization and accelerated the ions to the target by a short negative voltage pulse. Thus, also
in their case, the nominal energy of the D ions is well-defined and other D ion species can be
neglected. Due to the short pulses and low fluence, the W oxide should be largely intact WO3

even after irradiation in their case. They have found a sputter yield of about 1×10-4 W/D at a
D energy of 115 eV but claim that no W is sputtered for energies of 38 eV. Both these results
indicate that direct sputtering of W atoms from the oxide by D ions may take place in the D
uptake experiments in this work and both publications agree on the sputter yield at 115 eV/D
within a factor of two. However, the results disagree at the energy threshold for sputtering.
Since the majority of D (97 %3) in the experiments at −100 V bias in the present work has an
energy of 38 eV/D, the exact position of the energy threshold for sputtering will have a huge
impact on the W sputter rate in this case.

The question whether W is sputtered from the oxide is relevant for two reasons: 1) It may
influence the erosion of the oxide film and, if W is indeed sputtered, this will eventually lead to a
complete removal of the oxide film for a sufficiently high D fluence. 2) A lower sputter threshold
for W in oxidized surface films may cause higher W erosion by the plasma in fusion reactors
(if significant surface oxidation occurs in a reactor). In this work, dedicated experiments to
determine the sputter yield of W from W oxide have been conducted for energies of 5 to 15 eV/D
(floating potential) and 38 to 115 eV/D (−100 V bias). It is, however, not possible to directly
determine the W loss from the massive W samples. Weight loss measurements are impaired by
the weight loss from oxygen removal and the weight gain by D uptake during plasma exposure.
Direct determination of W loss by RBS is also not possible due to the background of the massive
W sample.

Therefore, special samples were prepared to determine the W sputter yield. They consist of
15×12 mm2 silicon plates which are coated with a thin layer of W by magnetron sputter de-
position. The surface of the W layer is then electro-chemically oxidized (see section 3.5.2).
Thermal oxidation is not possible for these samples due to diffusion and intermixing of W
atoms with the Si substrate at elevated temperatures. After the oxidation, the samples consist of
a thick Si substrate, a metallic W layer in the middle and a WO3 film on top.

These samples are then analyzed with RBS to determine the thickness of the oxide film and
the underlying metallic W layer with high precision. The uncertainty for W quantification is
estimated to be < 1% in the present case. In a next step, the samples are exposed to D plasma in
PlaQ at the same conditions as the other D uptake samples, i.e., 370 K sample temperature and
floating potential or −100 V bias, respectively. Afterwards, the samples are again measured
by RBS and the oxygen and W loss is determined via fitting with SIMNRA [64]. The RBS

3The 94 % D+
3 molecular ions carry 97 % of the total charged D flux.
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measurement method is identical to the one used for determining the oxygen depth profiles on
the massive W samples and is described in detail in section 3.6.2. Here 4He atoms at 800 keV
under an incidence angle of 60° were used.

4.5.1 No sample bias

One of these Si samples with the W and W oxide films upon it was exposed to D plasma at float-
ing potential (5 to 15 eV/D) to a fluence of 1.21×1025 D/m2 (58 h). Prior to D plasma exposure,
the sample consisted of a WO3 film with an areal density (thickness) of 329±4×1019 atoms/m2

(44±0.5 nm) on a metallic W layer with an areal density of 147±1.5×1019 W/m2 (23±0.3 nm)
on a Si substrate. The RBS profiles before and after plasma exposure are shown in Fig. 4.25.
In both cases, the oxide is visible by the lower step at the high energy side of the spectra and
after plasma exposure also the W-enrichment is visible by the small peak near the cut of energy
(see section 3.6.2 for details on RBS). However, the potential W loss from the oxide film cannot
directly be determined from the spectra and the data has to be fitted by simulations with SIM-
NRA to extract quantitative information. Those fits are also shown in Fig. 4.25 and it is clear
that they match the data well. The total W areal density in the metallic W and the oxide film
before plasma exposure is 229±2.3×1019 W/m2 and after D plasma exposure it stayed constant
and is 228±2.3×1019 W/m2. Considering the uncertainty of the RBS measurement and the fit-
ting with SIMNRA (see section 3.6.2), this shows that W is not sputtered from W oxide by D
plasma exposure with D energies of 5 to 15 eV/D.

Figure 4.25 – RBS spectra and corresponding SIMNRA simulations for W oxide on W on Si sub-
strate before and after exposure to plasma at floating potential (5 eV/D to 15 eV/D) at
370 K. Spectra taken with 800 keV 3He ions at 70.5 ° angle of incidence. For details
on the interpretation of the spectra see section 3.6.2.

Together with the result that the W-enrichment zone reaches a stable state after a certain D
fluence at these energies, this indicates that the oxide film will be stable up to a very high
D fluence of ≫ 1.6×1025 D/m2 (if it has a sufficiently high initial oxide thickness) and will
continue to reduce D uptake under these conditions (gentle plasma, 370 K).
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4.5.2 −100 V sample bias

The situation is different for plasma exposure at −100 V bias (D energies of 38 to 115 eV/D).
There the initial areal density of the oxide film is 388±4×1019 atoms/m2 (52±0.6 nm) and the
underlying W film has an areal density of 225±2.3×1019 W/m2 (36±0.4 nm). The difference
in total W areal density to the first sample (section 4.5.1) comes from slightly different pa-
rameters during magnetron sputtering. The difference in oxide thickness is caused by a dark
current flowing over the Si sample during electro-chemical oxidation (see section 3.5.2), which
varies strongly with the exact placement and contact of the electric clamps to the Si and sputter-
deposited W. The resulting oxide film is thicker than for the previous one but still very homo-
geneous. To assure that the full depth of the W oxide and W film is reliably measured by RBS,
the angle of incidence of the 3He ion was reduced to 60°, which reduces the path length of the
ions through the film. Nevertheless, the total W amount is very reliably quantified with RBS
regardless of the exact thickness of the metallic W layer and the oxide film.

Figure 4.26 – RBS spectra and corresponding SIMNRA simulations for W oxide on W on Si
substrate before and after exposure to plasma at −100 V sample bias (38 eV/D to
115 eV/D). Spectra taken with 800 keV 3He ions at 60 ° angle of incidence. For inter-
pretation of the spectra see section 3.6.2.

Figure 4.26 shows the RBS spectra and the corresponding simulations with SIMNRA before
and after exposure to D plasma at −100 V bias to a D fluence of 1.6×1025 D/m2 (49 h). As
expected, the areal density of the metallic W layer did not change during plasma exposure and
was 225±2.3×1019 W/m2 in both cases. However, the W areal density in the oxide film dropped
from its initial 90±1.0×1019 W/m2 to to 78×1019 W/m2 after D plasma exposure. This W loss
of 13 % is well above the uncertainty of the RBS measurement method, which shows that W
is indeed sputtered from the oxide film at these energies (38 eV/D to 115 eV/D). Under the as-
sumption that W can be sputtered already by ions with 38 eV/D and that the sputter yield is not
dominated by the higher energy minority species, the resulting sputter yield is 5.6×10-5 W/D.
This value agrees within a factor of two with the one found by Roth et al. [82] for 38 eV/D. How-
ever, when assuming that only the minority species (3 %) with the highest energy (115 eV/D)
contributes to W sputtering, the resulting sputter yield would be 1.9×10-3 W/D, which is a fac-
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tor of 10 to 20 higher than the values from Roth et al. [82] or Guseva et al. [81], respectively.
This discrepancy indicates that the minority of higher-energy D ions is not the sole driver for W
sputtering, but that also D ions with lower energy (38 eV) contribute to W sputtering from the
oxide.

A very recent work by Tu et al. [85] has also investigated the sputtering of W from W oxide
with RBS. They have deposited W oxide directly by magnetron sputtering and investigated the
energy range from 50 to 100 eV/D for a lower D fluence of 1.2 to 1.8×1023 D/m2. They found
W loss in the range of 1 % and claim to observe a W sputter yield of 2.98±1.30×10-3 and
5.35±2.00×10-3 for 50 and 100 eV/D, respectively. This sputter yield is about two orders of
magnitude higher than the yield determined in this work. However, the low percentage loss of
W observed by Tu et al. seems to be close to the uncertainty limit of the measurement method
and their values may have a larger uncertainty than they claim. Furthermore, the ion species
distribution in their case was 9.4 % D+, 86.2 % D+

2 and 4.4 % D+
3 and the given energy values

correspond to their majority species D+
2 . This means that for both energies they had significant

contribution of D+ ions with double the nominal energy which may have affected the resulting
sputter yield.

Another possible reason for the different sputter yields may be due to the larger D fluence in
the present work. It is not clear if the sputter yield of W from the oxide changes when the oxide
is reduced by the D bombardment. During the plasma exposure at −100 V bias the total areal
density of oxygen on the sample was reduced from 291 to 44×1019 O/m2 in the present work.
This significant change of the oxide film and the corresponding W enrichment at the surface
could affect the binding energy of W in the oxide and thus the threshold energy and sputter
yield for W atoms. Indication for such a behavior of the W enriched oxide was also observed
during oxide removal with Ar sputtering, which has been described in section 4.3.

As a last point, it should be mentioned that one cannot exclude a contribution from impurity
sputtering by oxygen atoms, i.e., oxygen atoms that are sputtered from the sample, ionized by
collisions with electrons in the plasma and then accelerated towards the sample by the plasma
sheath potential. This possibility is most likely a factor in the study of Roth et al. and less likely
for the study by Guseva et al. (due to the short D pulses of only a few microsecond duration)
but it can never be ruled out as a contributing factor.

Together all these results indicate that with a sufficiently high D fluence at energies of 38 eV/D
or above, oxide films on W can in principle be completely removed including the W bound in
the oxide film. However, assuming a constant sputter yield of 5.6×10-5 W/D for D exposure at
−100 V bias, it would require a D fluence in the order of 1026 D/m2 to completely remove the
initial 55 nm thick oxide films that are used for most experiments in chapter 4. As a consequence
for the D uptake experiments with −100 V bias conducted in this work, a W loss of about 17 %
can be assumed to take place during exposure to the highest measured fluence (2.3×1025 D/m2).
The possibility to sputter W atoms at this high energy may also contribute to the much stronger
reduction and erosion of the oxide film that has been observed in section 4.4.1 compared with
D exposure at lower energies.

4.6 Summary of D uptake through surface oxide film on
W

In this chapter D uptake through 33 to 55 nm thick, thermally grown surface oxide films into
metallic W was investigated for various plasma parameters. In addition, also the reduction of
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the oxide film during D exposure was examined. Several D fluence series were conducted in
the range of 1023 to 1025 D/m2 for D energies of < 5 eV/D to 38 eV/D at a sample temperature
of 370 K. For < 5 eV/D, also a high temperature exposure at 500 K was conducted.

After each fluence step, the D uptake into the oxide and the metallic W was investigated with
depth-resolved deuterium concentration profiles based on NRA measurements. To determine
the corresponding reduction state of the oxide, the oxygen areal density and the depth distribu-
tion of oxygen within the oxide film were measured with ion beam analysis (NRA and RBS).
This was supplemented by SEM images of the surface and FIB cross sections through the oxide.
Together these methods allow drawing a detailed picture of the dynamics of the oxide reduction
during D exposure and the resulting changes of its ability to prevent D uptake into metallic W.

One main results is that as long as metallic W is fully covered by a film of stoichiometrical
WO3, D uptake into metallic W is prevented. This permeation barrier effect is, however, not
caused by a limited transport of D within the oxide, but by the interface between W oxide and
metallic W. D is thermalized within the W oxide film and cannot overcome the difference in the
enthalpy of solution between W oxide and metallic W (see Fig. 4.10). According to a study by
Dickens et al. [37] the enthalpy of solution of D in WO3 is slightly negative and is given by
−0.28±0.04 eV. This is much lower than the enthalpy of solution of D in metallic W, which is
stated in literature as +1.14±0.04 eV [29]. Consequently, the difference between the enthalpy
of solution for D in W oxide and metallic W is expected to be about 1.4 eV, which is too high
for D to overcome at moderate temperatures. This was experimentally validated for sample
temperatures of 370 K and was indicated for temperatures of 500 K in this work.

However, D from the plasma (partially) reduces the oxide and, in addition, cracks form within
the oxide film during plasma exposure. Both processes degrade the ability of the oxide to
prevent D uptake when the reduction reaches the interface. The degradation of the barrier effect
is proportional to the fraction of the interface where the oxide is reduced or cracked. It has been
found that the speed and extent of the reduction depends strongly on D energy and on sample
temperature. For all D energies examined here, a W-enrichment zone forms at the surface of the
oxide film and grows to a width of 100 to 150×1019 atoms/m2. Since D is highly mobile within
the oxide film [40], this shows that the oxide reduction is not governed by the availability of D
but by the diffusion of oxygen-containing molecules towards the surface. If the availability of
D would be the rate-limiting step, a uniform reduction throughout the full extent of the oxide
film would take place.

The observations in this work indicate that the oxide reduction is a two-step process: First D
diffuses through the full film under formation of so-called deuterium-tungsten-bronze DxWO3-x

and then, in a second step, O-containing molecules (most likely OD or D2O) form and diffuse
towards the surface. However, the reduction process is slowed down by the W-enrichment
zone, as oxygen from deeper inside the film has to diffuse through it to reach the surface and
be released. Consequently, the oxygen loss rate for all exposure conditions is largest at the
beginning of the D plasma exposure and then slows down with increasing fluence as the W-
enrichment zone grows.

For exposure to gentle D plasma (<5 eV/D, 370 K), initially 33 and 55 nm thick oxide films reach
a stable state when the W-enrichment zone at the surface prevents further reduction. In this case,
the interface to metallic W is still fully covered by intact WO3 and would prevent D uptake into
metallic W in principle indefinitely. However, at a very high fluence of 1.6×1025 D/m2, cracks
growing through the oxide film begin to reach the interface to the metallic W and D can enter
the metal at these spots. Since the cracks cover only a small fraction of the surface area, the D
uptake is still strongly reduced by 97 % and 99 % for the thin and thick oxide films, respectively,
compared with a reference sample with only natural oxide.
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At higher D energies (15 and 38 eV/D) or sample temperatures (500 K), the oxide reduction
progresses significantly faster and laterally more inhomogeneous. Eventually the reduction
reaches the interface to the metallic W and D can enter the metal. After plasma exposure at
15 eV/D to the highest fluence of 2.1×1025 D/m2, a large fraction of the interface area is still
covered by not-reduced oxide and D uptake is reduced by 74 % compared with the reference
sample. For exposure at −100 V bias (38 eV/D), however, the D uptake after the highest fluence
of 2.3×1025 D/m2 is almost the same as for the reference sample and the permeation barrier
effect of the oxide has almost vanished. At this point, the oxide film on the sample is no
longer visible in FIB cross sections, but the RBS-based oxygen depth profile shows a thin layer
consisting of approximately 35 % oxygen and 65 % tungsten on the surface. With the current
ex-situ diagnostics, it is not possible to clarify whether the oxide film is fully removed during
plasma exposure (the measured oxide could be caused by increased natural re-oxidation due to
an increase of the surface area during plasma exposure) or if a thin layer of oxide remains on
the sample surface even during plasma exposure. In any case, the oxide is either fully removed,
or does at least not significantly hinder D uptake into metallic W. The areal density of this
remaining layer is 126×1019 atoms/m2 and thus much larger than the implantation depth of D
into the material, even if one conservatively assumes the same implantation depth as in WO3

(7.1 nm for 115 eV/D) but assumes the density of metallic W for the thickness of the layer
(20 nm). This indicates that if some oxide survives during plasma exposure, the difference in
the enthalpy of solution for D between the remaining, strongly reduced oxide and metallic W
is sufficiently diminished for D to cross the interface after it is thermalized within the reduced
oxide.

In addition also the sputter yield of W from W oxide by D has been examined. The results
show that for floating potential (5 eV/D) no W is sputtered from the oxide and only oxygen is
lost. However, for higher energies (38 eV for the majority D species and up to 115 eV for the
minority) W is indeed sputtered from the oxide, although the energy is not sufficient to sputter
W from a metallic W lattice. This shows that for D plasma exposure at this energy the oxide is
not only reduced but also eroded by sputtering of W atoms. This implies that for these or higher
energies, the oxide film can be completely removed from metallic W.

4.7 Implications for natural oxide films and outlook

The above discussed results show that the natural oxide will be reduced very fast even by gentle
(5 eV/D) plasma exposure at 370 K. Since it was shown that the oxygen loss is fastest at low D
fluence, it is likely that the natural oxide will be fully reduced for an even lower fluence than
the 1.6±0.4×1023 D/m2 estimated from the first experiments (see section 4.1). For higher D
energies or sample temperature, the reduction process is accelerated further.

However, the results also indicate that even after plasma exposure at higher D energy at a
significantly higher fluence, a thin oxide layer with an approximate composition of 35 % O and
65 % W remains on samples with an initially 55 nm thick oxide film. This indicates that also
for the reference samples with only natural oxide films, a small amount of not-reducible oxide
may remain on the surface after D plasma exposure. While the experiments at high D energy
have shown that after reduction of the oxide to this state the D uptake is no longer significantly
reduced compared with a natural oxide, no direct comparison to a W sample without any oxide
was possible during the ex-situ experiments conducted in this work. In order to fully exclude
an influence of this possibly remaining oxide on D uptake in W, it would be necessary to use an
in-situ experimental setup capable of combining sputter removal of the natural oxide, D plasma
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exposure and ion beam analysis of the D and O content in a single device.

According to NRA measurements, the natural oxide film on W has an areal density of only
8.4±1.2×1019 atoms/m2 (corresponding to 1.2 nm of WO3) and it can be assumed that this
thickness decreases during reduction. Assuming a reduction to a ratio of 35 % O to 65 % W,
the resulting areal density of the reduced natural oxide would be 3.2×1019 atoms/m2, which
corresponds to a thickness of 0.5 nm (conservatively) assuming the same density as for WO3.
This is below the implantation depth of D even for the gentle conditions (0.7 nm for 5 eV/D).
Consequently, one can assume that in this case the remaining reduced natural oxide will not be
a barrier for D uptake in the sense that it prohibits D from entering metallic W. The remaining
oxygen on the surface could, however, influence the out-diffusion of D that is implanted directly
below the surface during plasma exposure and thus alter the total D uptake. Such effects could,
however, not be measured with the current experimental setup and a thorough treatment of this
remaining open question would also require an in-situ experiment with the above mentioned
capabilities.
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Chapter 5

D release through thin tungsten oxide
films
This chapter discusses the effects of thin (5 to 100 nm) surface oxide films on the thermal
release of D from ion-damaged W. D release studies are commonly used to determine the total
D retention in (damaged) W and to quantify the binding energies of D in material defects.
Any effects of a (natural) oxide film on the D release behavior would affect these values and
pose an unaccounted discrepancy between the ex-situ laboratory studies and a reactor scenario.
Therefore, it is important to estimate at which thickness (or quantity of oxygen) surface oxide
films significantly influence the release spectra

As for the experiments for D uptake, W samples with high purity (99.97 wt.%) were prepared
by polishing, annealing and self-damaging with W ions, as described in sections 3.2 and 3.3.
Differently than for the uptake experiments, the defects in the material were decorated by ex-
posure to gentle D plasma in PlaQ prior to oxidation, so that the self-damaged zone could act
as a D reservoir (see section 3.4). In a next step, the D-filled samples were oxidized electro-
chemically at room temperature, to avoid thermal release of D during the oxidation process.
The electro-chemical oxidation method also yields WO3 but in amorphous form and with a ho-
mogeneous oxide thickness (see section 3.5.2). Lastly, the outgassing of D through the oxide
films was investigated by thermal desorption spectroscopy (TDS; section 3.9). After each step,
the D and O amounts in the samples were measured by nuclear reaction analysis. In addition,
the reduction of the oxide films after TDS were investigated by SEM imaging of the surface and
of FIB cut cross sections through the film.

The results shown in this chapter are based on a previous publication by the author and oth-
ers [86].

5.1 Effects of high temperature (1000 K) annealing on
electro-chemically grown W oxide films

During TDS measurements, the samples experience high temperatures up to 1000 K, which in
itself may already facilitate significant changes within the oxide film. To quantify the effect
that the outgassing of D has on surface oxide films on W, it is necessary to separate these
thermally-induced changes from D-induced changes. Therefore, “empty” samples (batch three;
see section 3.4) without D but with thermally and electro-chemically grown W oxide films were
exposed to a standard TDS cycle with a heating ramp of 3 K/min to 1000 K and were held at
this temperature for 3 h. The changes in the oxide film were investigated via SEM imaging and
NRA measurement of the oxygen areal density. The samples from this third batch were only
polished and oxidized but not self-damaged or D-filled.
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ELECTRO-CHEMICALLY GROWN W OXIDE FILMS

SEM imaging: Fig. 5.1 shows SEM images of a 40 nm thick, electro-chemically grown W
surface oxide before and after heat treatment (3 K/min ramp to 1000 K and holding for 3 h at
this temperature). The images were both taken in SE mode and have the same magnification but
show two different spots on the same sample. In image a), before heat treatment, four different
W grains are shown and the grain boundaries are clearly visible. All grains are covered by a ho-
mogeneous, smooth oxide film as expected after oxidation (compare with section 3.5.2). After
annealing to 1000 K (image b)), the sample shows a crystalline-like, striped surface structure.
This can be interpreted as a temperature-induced transformation of the originally amorphous,
electro-chemical oxide to a nano-crystalline oxide. Such a transformation has been previously
reported in literature and is stated to take place at temperatures above 660 K [87]. Furthermore,
small cracks have formed on isolated spots in the oxide film. As the SEM image in Fig. 5.1 b)
is taken in the edge-sensitive SE mode, the edges of these cracks appear bright. In some cases,
the cracks are wider and enclose small areas that appear to be depressions. It seems likely that
in these cases small portions of the metallic W surface lie uncovered. Examples for such areas
are marked by the arrows in Figure 5.1 b).

Figure 5.1 – SEM top-view images of a D-free W sample with a 40 nm thick electro-chemically
grown W oxide film: a) directly after oxidation, b) after exposure to the same TDS
procedure (3 K/min temperature ramp to 1000 K in vacuum) that was used for the D-
containing samples. The arrows mark cracks in the oxide film, were the underlying
metal appears to be exposed. Both images are taken in SE mode.

The same trend is visible for a thinner 20 nm thick electro-chemically grown oxide, which is
shown in the appendix A.5. It should, however, be noted that the thin (20 nm) electro-chemical
oxide shows more small areas where the oxide film has de-laminated and the metallic W is
visible compared with the thicker (40 nm) film shown in Fig. 5.1. Nevertheless, also there the
oxide film is mostly still intact. For comparison, also a 30 nm thick thermally grown oxide film
has been studied (images in the appendix Fig. 5.1). In this case, the oxide film is mostly intact
and only small regions with snowflake-like cracks in the oxide film are visible after heating.

NRA: The results of the NRA measurement of the oxide areal densities before and after the
high temperature exposure are listed in Tab. 5.1. They show no or only a very minor loss of
oxygen for the thick (40 nm) electro-chemically grown oxide and for the thermally grown oxide
(33 nm). For the thin (20 nm), electro-chemically grown oxide, the oxygen loss in the order of
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10 %, which is in accordance with the SEM images (A.5). This confirms that up to 1000 K, the
oxygen amount on the samples is (mostly) stable and no or only small amounts of oxygen are
lost due to, e.g., evaporation of WOx molecules. Consequently, any significant loss of oxygen
during TDS with D-filled samples must stem from interaction with the outgassing D.

Sample
Oxygen areal density (1019 O atoms/m2)

As grown After 1000 K Difference Difference (%)

20 nm electro-chem. ox. 117.9±2.8 104.4±2.7 13.5±3.9 12±4

40 nm electro-chem. ox 226.8±3.5 221.0±3.5 5.8±5.0 2.5±2.2

30 nm thermal ox. 163.8±3.1 166.8±3.2 -3.0±4.5 -1.8±2.8

Table 5.1 – NRA measurements of oxygen areal density of “empty” (D-free) samples with different
surface oxides before and after exposure to 1000 K during TDS.

5.2 Deuterium depth profiles

This part focuses on the evaluation of the D depth profiles that were obtained by NRA in chrono-
logical order of the experimental steps; i.e, after D loading, after oxidation and after TDS. For
each measurement, a different spot on the sample was chosen to exclude ion-beam-induced ef-
fects on subsequent measurements. The profiles are shown for one representative sample with
an oxide thickness of 100 nm, but all other samples behave in the same fashion. Details of the D
depth profiling technique with NRA and its uncertainty quantification are described in Section
3.6.1.

The first D depth profile was determined after the defects in the self-damaged W were decorated
by exposure to gentle D plasma (5 eV/D) D at 370 K, but before oxidation1. It is represented by
the black line in Fig. 5.2. The maximum D concentration is determined by the material defects
that follow the damage profile, which is represented by the gray dashed line (with units on the
right y-axis). Note that the defect concentration saturates above a certain damage level and the
D concentration is thus flat-topped [5]. Therefore, this shape of the D retention is expected and
coincides well with previous measurements on such samples under identical conditions [6]. The
D concentration in the self-damaged zone is about 1.6 at.% and the areal density of D in this
sample is 196±6×1019 D/m2. Furthermore, it is evident that the D concentration in the bulk W
is negligible in comparison to the D concentration in the self-damaged zone.

The red line in Fig. 5.2 represents the D depth profile measured after the electro-chemical oxi-
dation. In the self-damaged zone, it coincides very well with the previous profile (black), which
indicates that the D remains trapped in the defects there. However, at the surface where W is
converted to W oxide (light gray area), the D concentration is significantly lower (0.14 at.%)
than for the first (black) D profile. This shows that most of the trapped D is released from
W when it is converted to oxide. However, since this affects only a small portion of the D-
containing self-damaged area, the total amount of D in the sample stays constant within the
measurement uncertainty and lies at 197±6×1019 D/m2 after oxidation. Thus, the fraction of D

1A natural oxide film is of course present on the sample, but cannot fully prevent D uptake during plasma exposure
(see chapter 4).
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Figure 5.2 – D depth profiles of a 100 nm thick electro-chemically grown oxide after D plasma
exposure (black) and after oxidation (red). The lower x-axis shows the areal density
and the upper x-axis shows the approximate depth from the surface assuming a W
oxide density of 7.26 g/cm3 and W bulk density of 19.25 g/cm3. The dashed gray line
shows the calculated damage profile in dpa according to SRIM (units on the right y-
axis). The light gray area on the left marks the oxide film after oxidation and the dark
gray area on the right marks the un-damaged bulk W.

that is released during electro-chemical oxidation is negligible, as intended with this oxidation
method at room temperature.

A third NRA measurement was performed after TDS exposure to 1000 K for all samples. In
all cases, no remaining D was detectable with NRA which shows that all D was completely
released from the samples during TDS.

5.3 TDS results

This section will discuss the TDS experiments with temperature ramps of 3 K/min up to 1000 K
for various oxide thickness from 5 to 100 nm. Details on the TDS setup or measurement proce-
dure can be found in section 3.9.

5.3.1 QMS signals of the natural and 100 nm oxide sample

To illustrate the effects that oxide films have on TDS spectra, it is instructive to compare a
sample with only natural oxide (reference) with a sample with a 100 nm thick oxide film. Fig-
ure 5.3 a) shows such a comparison and depicts the background subtracted quadrupole mass
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spectrometer (QMS) signals of mass channel 3 (HD) and 4 (D2) (left y-axis) as function of time
for the natural oxide (black) and the 100 nm thick oxide (red). The thin gray line (right y-axis)
shows the temperature ramp.

Figure 5.3 – Background-corrected QMS signals of natural oxide and 100 nm thick oxide during a
3 K/min ramp to 1000 K: a) D2 and HD signal; b) HDO and D2O signal (heavy water).
The temperature ramp is indicated in gray with units on the right axis.

The D2 signal for the natural oxide (solid black line) shows two distinct peaks, which coincide
well with previous studies of such samples [6, 14, 15]. The double peak structure shows that
D is trapped either in different defect types or in defects with multiple, fill-level-dependent
trapping energies in the self-damaged zone. Depending on the trapping energy, D is released
at higher or lower sample temperature. Furthermore, the onset of D release occurs at 410 K,
which is as expected, since the samples were plasma-loaded at 370 K and traps that can release
D at this temperature have already done so during the loading.

The QMS signal from the 100 nm thick oxide (red lines) shows a strongly different release
behavior. The HD and D2 signals seem to be much weaker for the oxidized sample, especially
for high temperatures. While the onset of D release starts at the same temperature for both
samples, the signal of the 100 nm oxide rises much slower and stays at a constant and low
plateau from 475 K to 540 K before it starts to rise again. The maximum of the first release
peak occurs significantly later (at 595 K) and is significantly lower than for the reference sample,
which reaches tits maximum already at 565 K. After the first peak, the D2 signal of the 100 nm
oxide strongly decreases with temperature and stays far below the signal of the natural oxide
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until it vanishes at about 825 K. Especially, the second D2 peak (which is measured for the
natural oxide sample at 770 K) has completely vanished for the oxidized sample. Integrating
over time, there are about 80 % less D2 counts for the 100 nm oxide than for the natural oxide
sample. The HD signal behaves qualitatively similar as D2 but on a much lower level.

This shows that the presence of a 100 nm thick oxide film on the surface has a strong influence
on the D release from W. Furthermore, since the D depth profiles from NRA show that all D is
released from the sample after TDS to 1000 K (see section 5.2), this result immediately raises
the question what happened to the remaining D, as it obviously was released in a form other
than D2 or HD.

Figure 5.3 b) gives a possible answer to this question. It shows the QMS signals of mass chan-
nels 19 (HDO) and 20 (D2O) for the same two samples. For the natural oxide, virtually no D2O
is detectable and only small amounts of HDO are released. For the oxidized sample, this is
clearly different and there are strong signals for HDO and D2O. Furthermore, these heavy water
signals again show two clear peaks, similar to the D2 release from the natural oxide sample. The
first notable increase of the heavy water signal is measured at a temperature of 475 K, which
coincides with the start of the plateau phase of the D2 signal. and the first peak is reached at
about the same temperature as the first D2 peak. The second (high temperature) peak reaches
its maximum at the same temperature as for the natural oxide sample (770 K), although it now
consists only of heavy water instead of D2 or HD.

This clearly indicates that D interacts with the oxide film during release and that it is converted
to heavy water species during the release process. However, since Fig. 5.3 shows background
subtracted QMS counts, the results are so far only qualitative. Nevertheless, these results also
show that for low temperatures (first peak) D is not partly converted to heavy water and the
release is delayed to higher temperatures or later times. At high temperatures (second peak) the
release is not delayed (same peak position for natural oxide and 100 nm thick oxide) but the D
is (almost) completely converted to heavy water species before it is released.

No significant contribution was detected in any of the other measured mass channels.

For further understanding of this conversion mechanism it is necessary to quantify the heavy
water contribution. Typically, calibrating and hence quantifying water molecule fluxes is not
possible or requires at least a special setup, as these molecules can stick onto the chamber walls
on their way to the QMS [88]. However, due to the additional NRA measurements of the total
D amount in the samples before and after TDS, such a calibration was possible in the present
case. As discussed in section 3.9, the comparison of the total amount of released D (NRA)
with the amount of D released as HD or D2 (TDS), allows to obtain the absolute amount of D
released in form of HDO and D2O during TDS. This value can then be related to the measured
counts in mass channels 19 and 20 to yield the calibration factors for heavy water. Based on
these calibration factors, absolute fluxes of D/s in the form of D2, HD, HDO, and D2O will be
discussed in the following sections.

5.3.2 Reactions of outgassing D with oxide and production of heavy
water

Fig. 5.4 shows the quantified out-flux of D in the unit of D-atoms/s for electro-chemically grown
oxide films with small thicknesses up to 15 nm. The graph depicts: 1) D-containing molecules
without oxygen (the sum of HD + D2, solid lines) and 2) heavy water molecules (the sum of
HDO + D2O, dashed lines). For comparison, a reference sample with only natural oxide is
included (blue lines).
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Figure 5.4 – Quantified D release in form of deuterated molecular hydrogen isotopes (HD + D2;
solid lines) and heavy water (HDO + D2O; dashed lines) for thin oxide samples with
varying thickness of the oxide film. The temperature ramp is indicated in gray with
units on the right axis.

For the sum of the HD and D2 desorption, a small shift to higher temperatures of the first release
peak is visible with increasing oxide thickness, which indicates a delay of the D release. The
reference sample was exposed in a different batch and its release signal is thus slightly shifted,
with respect to the other samples. Furthermore, one can see that D release in form of heavy
water molecules sets in already during the low-temperature peak at about 490 K. It forms a
sharp step-like rise, followed by a relatively constant plateau up to about 700 K. The height of
the plateau increases with increasing oxide thickness. For the natural oxide, no such feature is
visible and the release of heavy water stays very low during the full TDS. This serves also as
a check, that the heavy water signals of the oxidized samples is not just created from reactions
of desorbing deuterium with possible oxygen contamination of the chamber walls, but stems
directly from a reaction of outgassing D with the oxide film on the samples. This clearly shows
that already at relatively low temperatures (490 K) the outgassing D chemically reacts with the
oxide film and produces heavy water.

The behavior of the second peak, however, is even more curious. There, the sum of the HD
and D2 desorption shows a clear peak for the natural oxide (solid blue line), which becomes
smaller and appears later with increasing oxide thickness until it completely vanishes for the
15 nm thick oxide (solid green line).

Since D is already thermally de-trapped from the defects in the self-damaged W at these tem-
peratures, the D that is “missing” from the HD and D2 desorption flux in the second peak has
to be released in form of other volatile species, i.e., heavy water molecules. And indeed, the
dashed lines which represent the heavy water molecules show a rise when the HD + D2 signal
in the second peak is lower than expected from the natural oxide. The green lines (15 nm oxide)
clearly show that for temperatures above 700 K, D is released almost exclusively as heavy water.
In this case, the oxide film is thick enough to supply enough oxygen to interact with all released
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D. The situation changes for the 10 nm thick oxide (red lines). Here, the heavy water signal
drops roughly at 3 h (about 800 K). This drop is accompanied by an increase in HD and D2

desorption, which indicates that the oxide on the surface has been fully reduced to heavy water
species and released into vacuum. Once the oxide is fully removed, the remaining D desorbes
in form of HD and D2 in the same way it would do for a sample with only natural oxide. For
the 5 nm thick oxide (black lines) this effect is even more pronounced and the changeover sets
in at a lower temperature, as less oxygen is available and the oxide is fully reduced earlier.

Figure 5.5 – SEM images in SE mode of the second batch of self-damaged, D loaded and electro-
chemically oxidized W samples after D release during TDS up to 1000 K. In all images
different W grains are visible in different shades of gray and the grain boundaries
appear as slightly brighter lines between them. In a) and b), the thin surface oxide films
(originally 5 and 10 nm, respectively) are completely removed. In c), some remnants
of the originally 15 nm thick oxide film remain. They are distributed in small islands
on the otherwise clean W surface.

The assumption that the observed rise of the HD + D2 signal occurs only after all oxygen in the
oxide film is consumed is supported by the SEM images of the sample surface after TDS, which
are shown in Fig. 5.5. For the originally 5 and 10 nm thick oxide films in Fig. 5.5 a) and b), the
oxide is completely removed from the surface. For the originally 15 nm thick oxide film in
Fig. 5.5 c), however, some oxide is remaining on the surface. This is in agreement with the
interpretation of the TDS spectra for this sample, where heavy water production continues until
all D is released from the sample. Obviously, all D stored in the self-damaged zone underneath
the oxide was completely released before all oxygen available in the oxide film was converted
to heavy water.

The remaining oxide in Fig. 5.5 c) is not distributed homogeneously across the W surface, but
is clustered in small islands on an otherwise oxide free W surface2. Please also note that for
SEM imaging, the samples were carried through air and thus a natural oxide film (invisible in
the SEM images) has re-formed on the sample surface. The oxide islands visible in Fig. 5.5 c)
cover a much smaller fraction of the surface area than the clean W. However, the dominant
release channel of D towards the end of this TDS run was still heavy water. This observation
indicates that although most of the D reaches the surface at a spot where the oxide was already
removed, the D atoms diffuse across the surface until they reach an oxide island where they
form heavy water before being released. The average distance between two neighboring oxide
islands is in the range of several µm to several 10 µm. This indicates a high mobility of D

2Please note that for this apparently “oxide free” surfaces it might be possible that the last one to two monolayers
of oxygen are more strongly bound than the rest of the oxide and thus might remain on the surface, even during
D release at high temperatures. Therefore, the terms “oxide free” or “clean” are used here only to denotes that
surfaces have no more than one or two monolayers of oxide.
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atoms on the sample surface. It should be noted that D atoms that reach the surface cannot
immediately desorb, but have to find another D atom and recombine to a D2 molecule before
they can be released as molecule (see section 2.1). As only minor contribution of D2 and HD
are visible in the D release as long as oxide is present, the mean free path of D on the W surface
is larger than 1–10 µm before it meets another D atom. This also indicates that D that reaches
an oxide island is bound there and remains until a second D atom reaches the spot and forms a
water molecule that is then released.

Oxide thickness in nm O amount in 1019 atoms/m2 O/D ratio in %

natural oxide 8.4 ± 1.2 4.2 ± 0.5

5 30.0 ±1.4 13 ± 0.7

10 59.8 ± 1.9 26 ± 0.9

15 84.4 ±2.2 37 ± 1.0

Table 5.2 – Ratio of oxygen to D for different oxide thicknesses

Furthermore, the results in this section allow an estimate of when surface oxides become rel-
evant for D release signals in TDS in general. As heavy water quantification in TDS is very
difficult, the D2 and HD signals are often the only ones that can be evaluated quantitatively.
Therefore, it is important to estimate at which thickness (or quantity of oxygen) surface oxide
films significantly influence the release spectra of these two mass channels. From Fig. 5.4 it is
obvious that even the 5 nm thick oxide film significantly alters the D2 +HD spectra; especially
the position and magnitude of the high temperature peak. For the natural oxide, on the other
hand, the ratio of heavy water signal to D2 +HD signal is negligibly small and it can be assumed
that the release behavior is not strongly affected. However, it is important to keep in mind that
the present study used self-damaged W, which has a D retention that is orders of magnitude
higher than for un-damaged W. Thus, for experiments that use un-damaged W, even the small
amounts of oxygen in the natural oxide film could influence the D release.

Considering the SEM images in Fig. 5.5 a) and b), it is clear that the oxide can be completely
removed by outgassing D, if enough D is available. Thus, it is reasonable to assume that the
ratio of O atoms on the surface to D atoms in the sample is the decisive quantity that determines
whether or not the oxide film influences the D release. In the present case, the total amount
of D that was retained in the self-damaged W (as measured by NRA) is 2.3×1021 D/m2 for the
samples with thin oxide (5, 10, 15 nm) and 2.0×1021 D/m2 for reference sample with natural
oxide. The amount of oxygen (also measured by NRA) in these samples and the ratio of O/D is
given in Tab. 5.2.

In case of the natural oxide, the oxygen amount is in the order of eight monolayers which gives
a ratio of oxygen to deuterium of 4.2 %. This indicates that for O/D ratios of < 5 % the effect
of heavy water formation on D release during TDS seems to be negligible. However, it cannot
be fully excluded that a very thin (one to two monolayers thick) oxide film remains on the
W surface, which could affect the recombination of D atoms to D2 and HD molecules that is
necessary for release from the surface. To fully exclude such a possibility, an in-situ study with
very clean surfaces would be needed.
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For the 5, 10 and 15 nm thick oxides the situation is different. By comparing the O/D ratios in
Tab. 5.2 with the D release spectra in Fig. 5.4, it becomes evident that for O/D ratios of > 10 %
(5 nm thick oxide), the oxide film already strongly affects the D release spectra. If the O/D ratio
is > 30 % (15 nm thick oxide), the D release spectra is completely dominated by the oxide film
in the sense that the second (high) temperature peak vanishes completely in the D2 +HD signal
and is only present in the heavy water signal.

5.3.3 Comparison of the total D release for all different oxide film
thicknesses (5 to 100 nm)

It has been shown above that surface oxide films can alter the molecular species in which D is
released from W. However, in order to asses if an oxide film affects also the release temperature
and thus the determination of binding energies of D in W defects, a comparison of the total
D flux is necessary. Fig. 5.6 shows the total D flux derived by summing up the quantified
contributions from HD, D2, HDO and D2O for samples with different oxide thickness.

Figure 5.6 – Total D release: a) thin oxide films of 5 to 25 nm; b) thicker oxide films of 25 to
100 nm. The natural oxide signal is shown in both graphs for comparison. In a) the
signals for the natural oxide and the 25 nm thick oxide are scaled by a factor of 1.15 to
match the D content of the other samples shown in a); see text for details. The solid
gray line shows the temperature ramp (units on the right y-axis).
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Figure 5.6 a) shows the samples with thin oxide films (second batch) of 5 nm (red), 10 nm (blue)
and 15 nm (line). Additionally, it shows the reference sample with only natural oxide and the
25 nm oxide film from the first batch (black and green dashed line, respectively) to allow a
direct comparison of the different thickness regimes. Note that the signals from the natural
oxide and the 25 nm thick oxide (batch 1) have been scaled by a factor of 1.15 to match the
higher D content in the samples with thin oxides (batch 2). Details about the different D loading
conditions between these two batches are described in section 3.4.

It is obvious that the total D release of all samples has remarkably similar peak shapes. The sum
spectra in Fig. 5.6 a) show two distinct peaks for all oxide thicknesses, i.e., the total D release
spectrum matches the expected general shape of the release in form of D2 +HD of the natural
oxide sample. However, a slight difference between the samples is visible. With increasing
oxide thickness, the left flank of the first peak slightly shifts to higher temperatures, indicating
a delay in the D release already at these thin oxide thicknesses.

Figure 5.6 b) presents the total D flux from samples of the first batch, i.e., natural (black), 25 nm
(green), 50 nm (blue) and 100 nm (red) thick oxide. For these thicker oxide films, the shift of
the first peak is much more pronounced than for the thinner ones. The first peak maximum shifts
from 560 K for the natural oxide to 590 K for the 100 nm thick oxide. It is worth mentioning
that the release of D from trapping sites in the self-damaged zone is thermally activated and thus
is not affected by the oxide film on top of the self-damaged zone. This means that the D release
from the traps in the self-damaged zone occurred in the same manner for all oxide thicknesses.
The peak shift in the release spectrum of the sample with thick oxide films thus shows that the
oxide films delay the D on its way to the sample surface. As the oxide film itself shows a high D
retention at temperatures around 500 K (see Fig. 5.11 in section 5.4), the delay can be explained
at least in part by re-trapping (or chemical binding) of D in the oxide film. This indicates that
only after all trapping or binding sites in the oxide are filled with D, the D that is released from
the self-damaged zone can pass through the oxide and reach the surface. The oxide film thus
acts as a sink or reservoir for outgassing D.

However, it is worthy to mention already at this point that the ramp-&-hold experiments, which
are discussed in the next section (5.4), indicate that the oxide film acts not only as a sink for D
but also as an transport barrier that reduces D release from the sample even after the oxide is
filled with D.

Furthermore, with increasing oxide thickness, the first peak becomes narrower but higher and
the amount of D that is released in the first peak decreases slightly. The first peak contains
63 % of the total D release for the sample with natural oxide, 59 % for the 25 nm, 56 %, for the
50 nm and 53 % for the 100 nm thick oxide. The shift of the peak position and the change of the
quantity of released D in the two peaks shows that in this case also the calculation of binding
energies of D in defects in W (that can be derived from such TDS spectra) would be affected by
the oxide film.

When using self-damaged W and samples with only natural oxide, which is common for exper-
iments that determine D trapping energies in displacement-damaged W, the amount of stored D
is very large compared with the amount of oxygen in the oxide film. Consequently, the natural
oxide film will be reduced early on by the first outgassing D, which means that heavy water
formation will play only a minor role and the expected peak shift due to the oxide will be small.
Thus, it can assumed that the natural oxide will not significantly influence the D release be-
havior from W in these cases. For experiments with un-damaged W with only few defects,
however, even the natural oxide may significantly influence the positions and relative quantities
of D release during TDS even when considering heavy water as an additional release channel
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for D and monitor the total D release as is done in Fig. 5.6. Thus, even the natural oxide may
influence the determination of binding energies of D in material defects in these cases.

The second (high-temperature) peak has a very similar shape and position for all samples; only
the natural oxide shows a slightly higher maximum at slightly lower temperatures (770 K instead
of 785 K). Furthermore, for the high-temperature side of the second peak, the curve of the
natural oxide (black) falls off fast, whereas the curves of the oxidized samples decay slower.
The D signals of the oxidized samples surpass the black curve at about 3.3 hours and thus the
D release has a high temperature tail in these cases. This effect can be attributed to the “wall
sticking” of heavy water molecules that are released by the oxidized samples. In contrast to the
natural oxide where almost no heavy water is formed, this leads to a delayed signal as heavy
water is repeatedly adsorbed and released from the chamber walls before it reaches the QMS.

5.3.4 Oxide film changes after D release

Fig. 5.7 shows SEM images of the thicker oxide films (25, 50 and 100 nm) after D release during
TDS up to 1000 K. The surface morphology of the oxide films is changed drastically by the
outgassing D. In the case of the 25 nm thick oxide film (Fig. 5.7 a)), snowflake-like structures
are visible on top of a smooth surface. The elemental composition of the sample surface was
checked with energy-dispersive X-ray (EDX) mapping, which is shown in Fig. 5.8 for a different
spot on the same sample. There, it is clearly visible that the snowflake-like structure represents
the remaining W oxide while the area in between consists of smooth, oxide-free W. This shows
that the reduction of the oxide film is not a homogeneous process but leads to two-dimensional
modifications of the film. Please note that the different gray scales of the metallic W surface are
caused by two different W grains that are visible in Fig. 5.7 a).

Figure 5.7 – SEM images of self-damaged, D loaded and electro-chemically oxidized samples with
thicknesses of 25, 50 and 100 nm after D release during TDS up to 1000 K taken in SE
mode with identical magnification.

For thicker oxide films (50 and 100 nm) in Fig. 5.7 b) and c) the surface is still mostly covered
by the oxide film. Nevertheless, the film shows strong modification of either columnar crystal
structures or coral-like structures. Comparing these images to the annealed D-free reference
sample shown in Fig. 5.1 b), it is obvious that the changes during D release far surpasses those
of the solely temperature-induced oxide modification.

For the thinner oxide films (5, 10, 15 nm), SEM images of the surface after D release have
already been shown in Fig. 5.5. There the surface was completely free of oxide in the self-
damaged area except for the 15 nm oxide, which contained some small oxide islands. For these
samples, it is interesting to take a closer look to the region at the edge of the self-damaged
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Figure 5.8 – Energy-dispersive-X-ray (EDX) mapping of the 25 nm thick oxide film (different spot
on the same sample as in Fig. 5.7 a)) after TDS: a) SEM image in SE contrast, b)
oxygen signal and c) W concentration.

Figure 5.9 – SEM images in SE mode of the edge of the self-damaged zone for the originally 15 nm
thick oxide film after TDS. The round edge is due to the shape of the mask holding the
sample. a) Overview over the edge region, where the top left is not self-damaged and
thus the W underneath the oxide contains only little D. b) Same with higher magnifi-
cation. The edge between the two regions is clearly visible. In the undamaged part,
a closed oxide film is retained after TDS. c) A magnified image of the un-damaged
zone. The oxide shows only minor reduction by outgassing D, since the D amount
underneath was much smaller in this region.

zone, where the sample has been shielded by the Molybdenum mask during the W ion bom-
bardment (see section 3.3). SEM images of the edge separating the damaged and un-damaged
zones are shown for the 15 nm thick oxide in Fig. 5.9. The borderline between the two zones is
clearly visible in Fig. 5.9 a) and b). In the D-containing damaged zone most of the oxide film is
removed, as discussed above. However, in the un-damaged zone the oxide film is still mostly
intact and covers the surface area almost completely. This area is shown in higher magnification
in Fig. 5.9 c). The film still shows some modification that goes slightly beyond the alteration
that one would expect from the high temperature exposure alone (compare section 5.1). This is
the case because even in the annealed and un-damaged W, some small amount of D is retained
after the plasma exposure. The quantity of D is, however, too small to cause significant removal
of the 15 nm thin oxide film.

The situation changes when looking at the edge region of the originally 5 nm thick oxide film
that is shown in Fig. 5.10. Here even in the un-damaged zone a significant portions of the
oxide film is removed from large parts of the surface area and only small, needle like oxide
islands remain. This is similar to the case of the 15 nm thick oxide that was partially removed
in the damaged zone. This result indicates that the amount of D stored in an un-damaged and
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Figure 5.10 – SEM image of the edge of the originally 5 nm thick oxide film. The oxide is removed
completely above the damaged area and only partially removed above the undamaged
area, where needle like oxide islands remain. The dark square is an artifact of a
previous SEM image with higher magnification.

annealed (2000 K) W sample is not enough to fully remove a 5 nm thick oxide film during TDS
up to 1000 K. This again indicates that for laboratory experiments with un-damaged, annealed
W even the natural oxide film (1–2 nm) may have a significant influence on TDS spectra.

5.4 Ramp-and-hold experiments to 500 K

In order to further study the before-mentioned D reservoir and transport barrier effect of the
oxide film, the D release from one additional sample with 100 nm thick oxide from the first batch
was analyzed by TDS with a lower maximum temperature. The sample was first ramped with
3 K/min to 500 K and then cooled down immediately by retracting the oven. Afterwards, it was
exposed to a second ramp to 500 K and held at this temperature for 3.5 h. This temperature was
chosen as D2 desorption shows a peculiar plateau starting at this temperature (see Fig. 5.3 a)).
As mentioned before (see discussion of Fig. 5.3 b)) this temperature is just slightly above the
roughly 475 K where the production of heavy water sets in. Thus, the goal of the ramp-&-hold
experiment is to study how D is transported through the oxide film at this reduced temperature
and how the film is modified by the outgassing D and heavy water production in this case.

5.4.1 D depth profiles and O content

The D depth profile after the first heating ramp to 500 K is shown in Fig. 5.11 in blue. For
comparison the D depth before TDS (black and red) are also shown. As is evident that there
is an accumulation of deuterium in the oxide film after the ramp. Analysis of the depth profile
yields that about 11 % (22±0.7×1019 D/m2) of the D that was originally retained in the sample
(197±6×1019 D/m2) was transferred from the self-damaged zone to the oxide film. Assuming
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a constant D concentration throughout the oxide film, the local concentration of D in the oxide
is 3.3 at.%. The total D amount after the ramp is 193±6×1019 D/m2. Thus, only approximately
2 % of the D that was originally retained in the sample was released during the ramp, although
this is barely significant considering the uncertainty of the measurement method.

Figure 5.11 – Depth profiles of a 100 nm thick electro-chemically grown oxide after a 3 K/min ramp
to 500 K (blue) and after a second identical ramp and a 3.5 h hold (green) at 500 K.
The gray dashed line shows the calculated damage profile in dpa according to SRIM
(units one the right y-axis). For comparison the depth profiles before TDS are also
shown (black and red).

After this first ramp and subsequent NRA measurement, the same sample was reinstalled in the
TDS setup and was again ramped to 500 K and held at that temperature for 3.5 h. The deuterium
depth profile after the holding period is represented in green in Fig. 5.11. A small additional
amount of D was transferred from the bulk to the oxide film such that 13 % (26±0.8×1019 D/m2)
of the originally retained D are trapped in the oxide film after the holding period. The corre-
sponding average D concentration in the oxide film is now at 4.0 at.%. The total D areal density
of the oxide and the self-damaged zone underneath was measured to be 143±5×1019 D/m2.
Thus, another 25±4 % of the originally retained D was released during the holding period. This
is about eight times more than during the previous step (ramp only).

In total 27±4 % of the retained D was released from the sample during these two experiments
according to NRA. Consequently, the D concentration in the damaged-region decreased from
originally 1.6 at.% to 0.9 at.%. As the oxygen areal density (also measured by NRA) changed
only by a minor amount during these two experimental steps, it is reasonable to assume that the
oxide thickness after the holding time is comparable to that after oxidation.
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5.4.2 Desorption spectra

Figure 5.12 a) and b) show the D2 (red) and HDO (blue) desorption fluxes for ramp and hold
experiments to 500 K. The signals for HD and D2O follow the same behavior as D2 and HDO,
respectively, but at a lower level and are thus omitted in the graph for sake of a concise presen-
tation. The temperature ramps are shown as straight black lines with units on the right y-axis.
Fig. 5.12 a) shows the D release from a reference sample with natural oxide that was ramped
only once to 500 K and held there. Fig. 5.12 b) shows the D release from a sample with a 100 nm
oxide that was ramped first to 500 K, cooled down and ramped again to be held at that tempera-
ture for 3.5 h. The color code is kept the same in a) and b). However, the absolute scales for the
desorption fluxes differ by a factor of 20. In both images, the D2 desorption fluxes of ‘full’ TDS
spectra (ramped up to 1000 K) of identical samples are shown in gray for comparison. The two
samples with the natural oxide stem from a previous study and underwent identical preparation
as the samples from the present study [6]. Comparing the D2 desorption fluxes from the “full”
TDS samples (gray) with the ramp-&hold-samples (red) for both natural oxide and 100 nm ox-
ide (Fig. 5.12 a) and b), respectively), one can see again the excellent reproducibility of the data.
In both cases the initial D2 desorption fluxes for the ramps to 500 K are identical to the ‘full’
TDS ramps. They only start to deviate above 500 K were the oven is either retracted or the
temperature is held constant.

For the sample with the natural oxide (Fig. 5.12 a)), the D2 desorption flux (red) shows a max-
imum, when the temperature of 500 K is reached and afterwards decays exponentially. This
is expected, as the D release is governed by thermal de-trapping from material defects in the
self-damaged W and thus only a limited amount of D can be accessed at a given temperature.
The maximum of the D2 desorption flux for the ramp-&-hold at 500 K nearly reaches the max-
imum desorption flux of the “full” TDS spectrum (gray). However, the total D amount, which
degassed during the ramp-&-hold of the sample with natural oxide in the form of D2, HD, HDO
and D2O was 9.4×1016 D atoms, which is about 36 % of the total D amount that was originally
retained in the sample. This is the fraction of D that can be de-trapped at 500 K and serves as
reference to quantify the D release through the oxide in the following. It is also clearly visi-
ble that the natural oxide sample emits almost no heavy water, as could be expected from the
investigations of the previous sections.

The spectra of the samples with 100 nm thick oxide (Fig. 5.12 b)) show several differences com-
pared with the ones of the natural oxide already during the first ramp to 500 K (dotted blue and
red lines): 1) The absolute D2 flux is significantly lower. This is in accordance with Fig. 5.3 a),
which shows a direct comparison of the D2 release from samples with 100 nm thick oxide and
natural oxide. This can in part be explained by the reservoir effect of the oxide which takes up
significant amounts of D during the ramping phase (see Fig. 5.11). 2) For the 100 nm oxide,
heavy water formation plays a role and a small heavy water contribution arises already during
the ramp; i.e. below 500 K. 3) The D2 desorption flux shows a short dip at around 500 K that
coincides with a strong rise of the heavy water production. The total D amount, which degassed
during the ramp in the form of D2, HD, D2O and HDO until the oven was retracted is 4.2×1015

D atoms, which agrees well with the D loss measured by NRA after the ramp (self-damaged
area on sample: 1.4 cm2).

For the holding phase of the 100 nm thick sample (solid red and blue lines in Fig. 5.12 b)), the
shapes of the D release spectra are also different compared with the reference ramp-&-hold
spectra with natural oxide (Fig. 5.12 a). Firstly, the D2 signal shows an initial peak after the sec-
ond ramp reaches 500 K. This peak is most likely caused by D that was stored inside the oxide
film after the first ramp (compare with the D depth profiles after the ramp in Fig. 5.11). More
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importantly, during the holding phase, the desorption does not show the expected exponential
decay of the D2 signal, but a relatively constant plateau of about 1×1012 D/s. On the other hand,
the deuterium released as HDO (blue), peaks about half an hour after the holding temperature of
500 K was reached and then decreases continuously by about 60 % until the end of the holding
phase. The sum of both signals, which forms the majority of the outgassing D, decreases in a
linear and not in an exponential fashion by about 55 % during the holding phase. This linear
decrease shows that, in contrast to the natural oxide sample, not all D that is released from the
low-energy D traps in the self-damaged W that are accessible in this temperature range has left
the sample during the holding phase at 500 K. This shows that the oxide film acts as a bottleneck
for the D release at this temperature. In addition to being a D reservoir, the oxide film also acts
a transport barrier that reduces D outgassing even after the reservoir is filled.

According to the TDS measurement, additional 35×1015 D atoms (13 % of the initially retained
amount) have desorbed during the holding period. Thus,together with the first ramp only 14 %
of the initial D content was released during the ramp-&-hold experiment at 500 K according to
TDS. This is significantly lower than the 36 % measured for a reference sample with only natural
oxide, which shows that the oxide film significantly reduces D release at this temperatures.

However, the 13 % of additional D loss measured by TDS during the holding phase are lower
than the 25±4 % measured by NRA (see section 5.4.1). This discrepancy between the two
methods occurs only for this singular experiment and can be used to gain additional insight into
the release behavior of D through the oxide. Assuming both methods yield correct results3,
there are two possible explanations why the results could differ: 1) The oxide film could acts
as a barrier for D release and the thermally de-trapped D in the self-damaged zone could have
diffused deeper into the bulk during TDS instead of being released. The two orders of magnitude
lower trap density in the bulk could in principle be compensated by the much larger extent
(800 μm bulk vs. 2.3 μm self-damaged zone). Due to the limited range of NRA (7.4 μm in W),
D trapped deeper in the bulk would not be measured by this method and the values would differ.
2) Large amounts of D could be trapped in the oxide film and the “missing” D could be released
from the oxide between the end of the TDS measurement and the NRA measurements.

The first option has been investigated by a simulation with the transport code TESSIM-X by
K. Schmid (not shown) under the assumption that the oxide film completely prevents D release
through the surface, which serves as an upper limit scenario. From the simulation, it follows
that diffusion of D into the depth of the bulk could account for only 2 % of the initial D amount
for the given conditions, even under these conservative assumptions. Consequently this effect
alone cannot explain the discrepancy between NRA and TDS.

Thus, it seems possible that during TDS to 500 K, the amount of D that is retained in the oxide
film is larger than measured later by NRA. Under the assumption that the difference in D amount
between the TDS and NRA measurements is fully retained in the oxide film, the total retention
in the oxide would be 51×1019 D/m2 or 26 % of the initial D amount. This would correspond to
a D concentration of 8 % in the oxide film during TDS. It seems possible that the D content in the
oxide decreases before the NRA measurement as a) some D might desorb during re-oxidation
upon contact with ambient air after the sample is removed from the TDS vacuum chamber and
b) the NRA measurement for this particular experiment was delayed and conducted eleven days
after the TDS measurement. It has been previously shown that D can desorb from the oxide
at room temperature over the course of weeks or months (see section 4.2). The present results

3For the NRA measurement, this assumption is backed by the fact that the NRA depth profile of the reference
sample with natural oxide that was held at 500 K during TDS (see Fig. 5.12 a) for TDS spectra), shows an
identical, remaining D concentration of 0.9 % in the self-damaged zone. This indicates that in both cases the
same amount of D is thermally released from the trapping sites in the self-damaged zone.
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indicate that this process is faster for the amorphous, electro-chemically grown oxide, which
also shows significantly higher D uptake than the thermally grown oxide film. These findings
emphasize that the oxide film acts as a reservoir for D that takes up large amounts of D and thus
delays the release from the sample.

On the other hand, the D2 signal in Fig. 5.12 b) stays about constant during the holding phase,
indicating that the ratio of D released as heavy water to D released as molecular hydrogen
decreases during the holding phase. This indicates that over time less D reacts with the oxide to
form heavy water. As the formation of HDO indicates that oxide is reduced and thus removed
from the sample, one would expect that the bottleneck effect of the oxide decreases over time,
which would cause an increase in the D2 flux from the sample. As the overall D release from
the sample declines over time by slow partial depletion of the available D reservoir, this relative
increase of the D2 signal results in the measured constant D2 out-flux. A possible explanation for
this relative increase in the D2 out-flux is the formation of channels through the oxide film due
to reduction by the outgassing D through which the D can be released from the sample without
direct contact with the oxide. In other words, the bottleneck is expanding, which counteracts
the decaying total D out-flux. This hypothesis of channel formation is supported by the SEM
images of the sample after the ramp-&-hold experiment, which also shows pinholes/channels
in the oxide film as discussed in the next section.
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Figure 5.12 – D2 (red) and HDO (blue) desorption from W during ramp-&-hold experiments to
500 K. a) shows a sample with natural oxide and b) shows a sample with 100 nm
thick oxide (note the a factor of 20 different y-scale). The temperature ramp to 500 K
is shown in black. In b) the D release of the first ramp and the quick cool-down
is shown with thick dotted lines; the D release for the ramp-&-hold phase is shown
as thick solid lines and the ramping phase is also indicated by the light gray back-
ground. For identical samples also a “full” D2 TDS spectra (dashed gray lines) and
their temperature ramps up to 1000 K (solid gray lines) are shown for comparison.
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5.4.3 SEM images and FIB cuts

Fig. 5.13 shows SEM images of the surface of the 100 nm thick oxide film after the ramp-&-
hold experiment to 500 K. The oxide film is still mostly intact, as can be expected from the NRA
measurements and the TDS spectra that showed only comparatively little oxygen loss. However,
across the surface many small “hole-“ or “bubble-like” structures are visible (see Fig. 5.13 a)).
They are distributed across the whole sample surface, but appear to be more frequent along
grain boundaries. In Fig. 5.13 b) and c) a magnified image of these features is shown in SE and
backscattered electron (BSE) mode, respectively. Here, the features appear to be small bubbles
that are burst open towards the surface. Please note that these features are only observed after
D release and not after D uptake experiments.

Figure 5.13 – SEM images of a 100 nm thick oxide film after the ramp-&-hold experiment to 500 K.
In a) many small “hole-like” structures can been seen across the surface. They are
more frequent along grain boundaries. In b) and c) enlarged views of these structures
are shown in SE and BSE contrast, respectively. They appear to be burst bubbles,
which are open towards the surface.

To study these features more closely a focused-ion-beam (FIB) cross section has been prepared
through several of these bubbles. Fig. 5.14 a) shows an overview image of the region where
the cut was applied. Besides the bubbles, some “worm-like” remnants of the electro-polishing
or grinding process are visible. They cause an uneven, wave-like tungsten surface, but apart
from that, it can be assumed that they are of no further consequence here. In Fig. 5.14 b), the
cross section through the oxide film and some of the bubbles is shown. It becomes apparent that
the oxide film is mostly intact and still has a thickness close to its original 100 nm. However,
there are several holes or bubbles visible in the oxide film. For some of them channels are
visible which reach towards the surface. It seems likely that the bubbles are formed during D
outgassing in one of two ways: a) outgassing of D forms clusters inside the oxide, which leads
to D2 filled cavity or b) the outgassing D reacts with the oxide film and creates heavy water
(D2O or HDO) filled cavities. In any case, the bubbles seem to eventually burst and create an
open release channel towards the surface.
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Figure 5.14 – SEM cross section image of the 100 nm thick sample after the ramp-&-hold experi-
ment to 500 K. a) an overview image over the FIB cut region. Some artifacts of the
electro-polishing are also visible. b) Cross section image of the FIB cut. The "bubble-
like” features in the oxide film are clearly visible and appear to have burst and form
open channels towards the surface in some cases.

5.5 Summary and conclusion of D release through
surface oxide films on W

This chapter investigated which effects 5–100 nm thick surface oxide films have on D release
from tungsten during thermal desorption spectroscopy (TDS). This question is addressed by a
novel method that uses self-damaged W as a stable and well-quantifiable D reservoir underneath
the oxide films. After all experimental steps, nuclear reaction analysis was applied to determine
the oxygen amount on the sample and the depth-resolved D concentration in the oxide film and
the self-damaged zone. Additionally changes of the morphology of the oxide film due to the
outgassing of D were investigated with scanning electron microscopy (SEM).

It has been found that the thin oxide films significantly influence and alter the release behavior
of D from W in two ways: 1) By changing the release species from D-containing, molecular
gas (HD and D2) to heavy water (HDO and D2O) at elevated temperatures and 2) by shifting
the position of the first D release peak to higher temperatures.

Already at 475 K, D starts to interact chemically with the oxide film and is released not only as
molecular gas but also in the form of heavy water. Above 700 K, this becomes the dominant
release channel and D is released only as heavy water as long as enough oxide is available.
This shows that, if oxide films are present, the signals from heavy water (mass channels 19 and
20) have to be considered and quantified in order to obtain all information on release energies
and the quantity of released D from W during TDS. However, heavy water quantification in
TDS is very difficult and the D2 and HD signals are often the only ones that can be evaluated
quantitatively. Therefore, it is important to estimate at which thickness (or quantity of oxygen)
surface oxide films significantly influence the release spectra of these two mass channels. From
analysis of the D release spectra of very thin oxide films (5, 10 and 15 nm), it can be concluded
that for O/D ratios of > 10 % (5 nm thick oxide), the oxide film already strongly affects the
D release spectra. If the O/D ratio is > 30 % (15 nm thick oxide), the D release spectra is
completely dominated by the oxide film in the sense that the second (high) temperature peak
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vanishes completely in the D2 +HD signal and is only present in the heavy water signal. In case
of the natural oxide, the O/D ratio is 4.2 % for the here used self-damaged W and the effects of
the oxide should thus be negligible. However, it is important to keep in mind that the present
study used self-damaged W, which has a D retention that is orders of magnitude higher than
for un-damaged W. Thus, for experiments that use un-damaged W, even the small amounts of
oxygen in the natural oxide film could significantly influence the D release.

SEM images show that the oxide film is strongly modified by the outgassing of D and forms
a complex two-dimensional structure. The thickest oxide films (50 and 100 nm) still cover the
sample completely but show an inhomogeneous crystalline structure and some pinholes. Thin-
ner films (25 nm) are partially removed and the remaining oxide forms snowflake-like structures
on the metallic W. For 15 nm thick films, only small oxide islands remain on an otherwise metal-
lic W surface and for even lower oxide thicknesses, the oxide is fully reduced and the metallic
W surface is recovered. Since D is released exclusively as heavy water at temperatures above
700 K as long as oxygen remains on the surface, one can conclude that the mobility of D atoms
at the surface is very high. Even D atoms that surface far (several µm) from an oxide island
apparently travel along the surface to form an O-D group at the W oxide before they recombine
with another D atom to be desorbed as water.

Furthermore, the oxide film influences the release spectra also at low temperature: The first D
release peak at about 560 K (and especially its left flank that marks the beginning of strong D
release) is shifted to higher temperature with increasing oxide thickness. This indicates that
the oxide film acts as a transport barrier that reduces D release at temperatures above 475 K.
For lower temperatures, the D release from the self-damaged W is too small to draw any con-
clusions. In addition, the amount of D that is released in this low-temperature peak becomes
smaller with increasing oxide thickness. This is compensated later by a larger D release at
higher temperatures. This indicates that the oxide film also acts as a reservoir that retains D and
delays its release from the sample. A qualitative understanding of this system can be gained
by an analogy to a sponge in a water pipe. The sponge will both retain some water and limit
the total flux of water through the pipe. At temperatures above 700 K, this effect is lost due to
increasing reduction of the oxide and the release of D as heavy water.

The release behavior at moderate temperatures has been further studied by holding a sample
with a 100 nm thick oxide film at 500 K during TDS. At this temperature, the chemical reaction
between oxide and D just sets in and the oxide film is reduced only slowly by the outgassing
D. According to TDS measurements, the total amount of D released during the ramp and the
hold period at 500 K for 3.5 h was 14 % of the amount initially stored in the self-damaged zone.
This is a factor of 2.6 lower than for a reference sample with only natural oxide, which released
36 % of its total D content during an identical treatment. The remaining not released D from the
oxidized sample is most likely stored within the oxide film. According to NRA measurements,
up to D 13 % of the total initial content are located within the oxide film itself after the hold
experiment and D concentrations in the film reach up to 4 %. A discrepancy between the NRA
measurements (eleven days after TDS) and the recorded D release during TDS indicates that
this value could even be a factor of two higher and that D is released from the oxide after TDS
upon contact with ambient air or during storage before the NRA measurement.

However, as a significant amount of D was released through the oxide during the holding period,
it can be concluded that the reservoir is fully filled during the experiment. Nevertheless, the
out-flux of D stays much lower than for a reference sample with only natural oxide during the
course of the experiment. This confirms that the oxide film acts not only as a reservoir but also
as a transport barrier for the D at a temperature of 500 K. This result is further supported by
the fact that the total release of D (in form of HD, D2, D2O and HDO) from the sample with
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a 100 nm thick oxide film decreased only linearly during the holding period. If the thermally
triggered release of D from material defects would be the limiting factor for D outgassing from
the sample, one would expect an exponential decay of the D signal at constant temperature, as
was the case for the reference sample.

Furthermore, during the holding period (3.5 h), the slow reduction of the oxide leads to the
formation of bubbles inside the oxide film, which have been observed by FIB cross sections
after the holding phase. Eventually these bubbles burst open towards the surface and form
channels through which D can be released in molecular form as D2 or HD.

5.6 Consequences of tungsten oxide films on hydrogen
isotope uptake, retention and release in a fusion
reactor

It has been shown that thin surface oxide films on W with thicknesses in the range of 5–100 nm
can have a surprisingly strong effect on the uptake and release of hydrogen isotopes such as
deuterium and tritium from metallic W. In particular, it has been shown that W oxide films
can completely prevent deuterium uptake into metallic W until they are sufficiently reduced by
hydrogen isotopes from a plasma.

While this work is focused exclusively on ex-situ laboratory studies, the obtained results lead
to the question whether hydrogen isotope uptake and release from W PFCs in a future fusion
reactor such as ITER or the European DEMO could also be affected by the formation of oxide
films. A rigorous investigation of this issue is beyond the scope of this thesis, as it would require
detailed information on the rate of formation vs. the rate of reduction/removal of oxide from
each PFC. This, in turn would require not only exact knowledge of the design and operational
regime of the envisaged reactor but also of the temperature, oxygen or water partial pressure,
energy-resolved particle in-flux and hydrogen isotope release flux at each PFC.

Nevertheless, such an estimate will be attempted here for the future European fusion reactor
DEMO by using available data on expected wall temperatures, particle fluxes, oxygen and water
partial pressures and operating scenarios. Current breeding blanked concepts for the European
DEMO assume a wall temperature of 673 K for water-cooled lithium lead [89] or 793 K for a
helium-cooled pebble bed [90], respectively.

An upper limit for the oxidation of PFCs in a fusion reactor can be estimated by calculating the
impingement rate of oxygen containing impurities such as O2 or H2O on the PFCs, assuming a
sticking coefficient of 100 % and further assuming that all adsorbed oxygen reacts to W oxide.
Assuming an ideal gas distribution at the wall temperature, the impingement rate Z is given by:

Z =

√
p2

2πmkBT

where p is the pressure in Pa, m is the mass of the impinging particles in kg (when assuming
H2O, m=2.99×10-26 kg),kB is Boltzmann’s constant and T = 693 K is the temperature of the
gas. According to [91] the base pressure of oxygen or water in the torus vacuum of ITER is
below 10-7 Pa. With these values, Z is 2.4×1015 atoms/m2s and the formation of a monolayer of
oxide (≈1019 O atoms/m2) would take about 1.2 h. The formation of an oxide in the range of the
natural oxide film on W at room temperature in air (1.2 nm or 8.4×1019 atoms/m2) would take
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approximately 10 h, if no reduction by the plasma or the hydrogen partial pressure were taking
place simultaneously. This conservative upper limit for the oxidation rate has to be compared
with the reduction rate by the particle flux from the plasma.

Behrisch et al. [92] have performed substantial calculations of the expected wall fluxes for
a future fusion device similar to the planned European DEMO4 for a given burning plasma
with the code B2-EIRENE. According to their work, the flux of neutral particles from charge
exchange reactions onto the first wall is in the range of 1019 to 1021 particles/m2s with average
energies of 5 to 300 eV. The lowest energies correspond to the wall regions that receive the
highest flux and vice versa. In addition, the flux of D+ ions is in the range of 4×1019 to 2×1020

with plasma ion temperatures between 1 and 100 eV (again the lowest temperatures correspond
to the highest flux). These particle fluxes to the first wall of the reactor are slightly higher than
the D fluxes in the here used laboratory plasma device “PlaQ” (section 3.4), which are 5.6 and
9.0×1019 D/m2s for floating potential (5 eV/D) and −100 V bias (38 eV/D), respectively. Thus,
the oxide reduction rate in PlaQ can be assumed as a lower limit of the oxide reduction on the
first wall of a fusion device.

It has been shown above that oxide reduction strongly increases with sample temperature and
with the energy of the impinging particles (sections 4.4.1 and 4.4.2). For 5 eV/D at 370 K,
the reduction rate is 5.4×10-4 O/D, for 5 eV/D at 500 K it is 14×10-4 O/D and for 38 eV/D at
370 K it is 23×10-4 O/D. Since the wall temperature in the European DEMO will be at least
693 K it can be assumed that the reduction rates in the reactor are significantly higher than
the ones measured in this work even in the small regions of the first wall where the energy of
the impinging particles is low (see [92] for spatially resolved energy distribution of impinging
particles). In regions with a higher average energy of the impinging particles, which are most
parts of the wall, the reduction rate is presumably higher. In order to make a conservative
estimation a minimum reduction rate of 25×10-4 O per impinging D particle is assumed. For an
impinging particle flux of > 5×1019, this yields a minimum reduction rate of 1.25×1017 O/m2s,
which is more than 50 times higher than the maximum oxidation rate.

The fluxes in the divertor region of the fusion reactor are several orders of magnitude higher and
accordingly the reduction rates will be higher. Consequently, during plasma operation no oxide
can form and a 1 nm thick oxide film that might form during a plasma break of 10 h would be
reduced within 11 minutes of plasma operation. It should be stressed again that this is a very
conservative estimate, in which an upper limit for the oxidation rate and a low reduction rate
were assumed.

Thus, it can be concluded that under the here used assumptions of the impurity base pressure
and particle fluxes to the wall, surface oxide films will have none or only a very minor influence
on the uptake, retention and release of hydrogen isotopes from the W PFCs in the first wall
or divertor of a future fusion reactor. Any oxide that could potentially form would be quickly
reduced by the fusion plasma.

4Calculations have been done for the “old” larger version of ITER that was originally planned
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Chapter 6

Summary, Conclusion and Outlook

In this work extensive studies on the effects of surface oxide films on deuterium (D) uptake
and release from tungsten (W) were conducted. These investigations are important to assure
that conclusion from ex-situ laboratory studies (with natural oxide films) are also valid for the
plasma facing components (PFCs) of future fusion reactors, where the oxide will most likely not
be present (see section 5.6). It was observed, that 5–100 nm thick oxide films have a surprisingly
strong effect on both D uptake and D release from W. The results have already been summarized
in sections 4.6 (uptake) and 5.5 (release) and here only the main results will be repeated. After
that, the implications of these results for laboratory ex-situ studies of D uptake and release are
discussed and remaining open questions are addressed.

6.1 Summary of the results for D uptake and release:

Recrystallized W samples have been deliberately oxidized to film thicknesses of 5 to 100 nm
by thermal or electro-chemical oxidation. The resulting oxide films were characterized with
nuclear reaction analysis (NRA), Rutherford backscattering spectroscopy (RBS) and scanning
electron microscopy (SEM) including focused ion beam (FIB) cross sections. It has been shown
that the oxide films consist of stoichiometric WO3 in nano-crystalline form (thermal oxida-
tion) or amorphous form (electro-chemical oxidation) although small contributions of oxygen-
deficient oxides cannot be fully excluded.

Underneath the oxide film, a so-called “self-damaged” W layer was created by bombardment
with 20 MeV W ions. This irradiation introduces displacement damage in the material and
creates a 2.3 μm thick zone of defect-rich material that can trap large quantities of D. For the
experiments on D uptake through the oxide film, this self-damaged zone is used as a “getter-
layer” that binds D that enters the metallic W. This is a crucial and novel experimental technique
to determine the D concentration underneath the oxide in later ex-situ measurements. For the D
release experiments, the self-damaged zone is filled with D prior to oxidation and serves as a D
reservoir underneath the oxide. This reservoir provides sufficient D to quantify the effects the
oxide film has on thermal release of D from W.

For the uptake experiments, the samples were exposed to D plasma at various D energies,
sample temperatures and D fluence in the well-characterized plasma device “PlaQ” with a
temperature-controlled sample holder. After each relevant experimental step, extensive anal-
ysis of the D content in the sample and of the state of the oxide film was undertaken. The
depth-resolved D concentration in the oxide film and in the self-damaged zone was determined
with NRA, which also yields information on the total areal density of oxygen on the sample
surface. The depth-resolved concentration of oxygen in the oxide film was determined with
RBS to gain information on the reduction state of the oxide. Furthermore, the oxide film was
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investigated with SEM imaging and cross section through the films were prepared with FIB to
image the changes in the oxide film directly.

To study the release of D from W through the surface oxide film, thermal desorption spec-
troscopy (TDS) up to 1000 K was performed in a well-quantified device with focus not only on
D-containing species HD and D2 but also on heavy water HDO and D2O.

D uptake: It was shown in the present work, that surface oxide films on W completely block
D uptake into metallic W at an exposure temperature of 370 K. It was concluded that this is
due to the difference in the enthalpy of solution of D in WO3 and W, as long as the interface
of W oxide to metallic W is covered by intact WO3. It was further shown that exposure to D
plasma reduces the oxide film depending on D energy, sample temperature and D fluence. Once
the reduction of the oxide has reached the interface, D can enter the metallic W. The ability to
block D uptake decreases with the fraction of the interface area that is covered by intact WO3.
The oxide film itself can take up a significant amount of D up to a concentration of 1.5 at.%.
In addition, it was observed that D is slowly released from the oxide film on a timescale of
weeks to months, but no significant amount of D is lost in the period of up to 24 h after plasma
exposure. However, an initial outgassing directly after plasma exposure or upon first contact
with ambient air on the transit to the ion beam facility cannot be excluded with the present
ex-situ experiment.

It was shown that the reduction of the oxide is not governed by the availability of D, which
diffuses through the full extent of the oxide film within minutes and form a so called deuterium-
tungsten-bronze (DxWO3), but by the diffusion of O-containing molecules (most likely DO or
D2O) to the surface. The oxygen loss is fastest at the beginning of the plasma exposure and
decreases as a W enrichment zone grows at the surface of the oxide film and slows down further
out-diffusion of O-containing species. For exposure of initially 33 and 55 nm thick oxide films
to gentle D plasma (<5 eV/D, 370 K), the W-enrichment zone reaches a stable state and prevents
further reduction. Thus, the oxide films would prevent D uptake into metallic W in principle
indefinitely for these conditions. However, at a very high fluence of 1.6×1025 D/m2, cracks in
the oxide film reach the interface to the metallic W and minuscule amounts of D can enter the
metal at these spots. At higher D energies (15 and 38 eV/D) or sample temperatures (500 K), the
oxide reduction progresses significantly faster and laterally more inhomogeneous. Under these
conditions, the reduction eventually reaches the interface to the metallic W and D can enter the
metal.

In addition, it was shown that during plasma exposure at gentle conditions (< 5 eV/D) no W but
only O is removed from the sample. For a higher D energy of 38 eV, it was shown that also
W atoms are sputtered by D from the W oxide, although the D energies are too low to sputter
W from a metallic lattice. The lower sputter threshold of W in W oxide can thus lead to a full
removal of the oxide film by the plasma.

In conclusion, WO3 blocks D uptake into metallic W but shows significant reduction by D
plasma depending on D energy and sample temperature. Once the oxide at the interface is suffi-
ciently reduced, D can enter the metallic W, which indicates that the difference in the enthalpy
of solution between the reduced oxide and the metallic W is small enough to be overcome by
thermalized D at 370 K.

D release: The goal of the D release studies in this work was to clarify which effects
thin surface oxide films have on the D release from tungsten during thermal desorption spec-
troscopy (TDS). This question is addressed by a novel method that is based on a stable and
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well-quantifiable reservoir of D (> 200×1019 D/m2) in self-damaged W underneath electro-
chemically grown W oxide films with thicknesses of 5–100 nm.

It has been found that the thin oxide films significantly influence the release behavior of D from
W in two ways: 1) By changing the release species from D-containing, molecular gas (HD and
D2) to heavy water (HDO and D2O) at elevated temperatures and 2) by shifting the position of
the first D release peak to higher temperatures.

It was shown that the oxide film acts as a transport barrier that reduces D release at temperatures
above 475 K proportional to its thickness. Additionally, the oxide film acts also as a reservoir
that retains significant amounts of D and delays its release from the sample. A qualitative
understanding of this system can be gained by an analogy to a sponge in a water pipe. The
sponge will both retain some water and limit the total flux of water through the pipe. At 500 K,
a 100 nm thick oxide film reduces the D release by a factor of 2.6 compared to a sample with
natural oxide. The D concentrations in the electro-chemically grown oxide film reach at least
up to 4 % after D release at 500 K and there is indication that this value could even be a factor
of two higher. At temperatures above 700 K, both effects are lost due to increasing reduction of
the oxide and the release of D as heavy water.

Since heavy water quantification in TDS is difficult and the D2 and HD signals are often the
only ones that can be evaluated quantitatively, it is important to estimate at when surface oxide
films influence the release spectra of these two mass channels. It was concluded that for O/D
ratios of > 10 %, the oxide film already strongly affects the D release spectra. If the O/D ratio
is > 30 % (15 nm thick oxide), the D release spectra is completely dominated by the oxide film
in the sense that the second (high) temperature peak vanishes completely in the D2 +HD signal
and is only present in the heavy water signal. In case of the natural oxide, the O/D ratio is 4.2 %
for the here used self-damaged W and the effects of the oxide should be negligible. However,
the present study used self-damaged W, which has a two orders of magnitude higher D retention
than un-damaged W. Thus, for experiments that use un-damaged W, even the small amounts of
oxygen in the natural oxide film could significantly influence the D release.

Tungsten oxides in fusion reactors: Based on these results, a conservative estimate was
made of the role that W oxide films play in a fusion reactor. It was found that during plasma
operation no oxide can form and the about 1 nm thick oxide film that might form during a
plasma break of 10 h would be reduced within 11 minutes of plasma operation. Consequently,
it was concluded that oxides will have none or only a very minor influence on the hydrogen
isotope uptake, retention and release from W PFCs in a fusion reactor.

6.2 Conclusions and implication for ex-situ studies of D
uptake, retention and release from W

This section discusses which conclusions can be drawn for the influence of natural oxide films
on D uptake and D release from W in ex-situ laboratory studies.

D uptake: It was shown above that a) the permeation barrier effect of W oxide breaks down
when the oxide at the interface to the metallic W is reduced and b) that even for the shortest
gentle plasma exposure a reduction zone with an extent of 13.5 nm is formed. This suggests
that the thin natural oxide film of 1.2 nm will lose its permeation barrier effect already at a low
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fluence in ex-situ laboratory studies of D uptake into W. Assuming a constant rate of oxygen
loss of 5.4±0.7×10-4 O atoms per incident D and a constant growth of the W-enrichment zone
during this first gentle plasma exposure, the required D fluence to reduce the natural oxide
would be 1.6±0.4×1023 D/m2.

Furthermore, as it has been shown in section 4.3, the oxygen loss rate is largest at the beginning
of a plasma exposure (where the natural oxide will be reduced) and decreases for higher D
fluence, as the W-enrichment zone grows and slows down further reduction. Consequently, it
can be assumed that the oxygen loss rate that was determined from the 7 h long first gentle
exposure is only a lower limit and the fluence that would be required to reduce the natural oxide
is even smaller than 1.6×1023 D/m2.

It should, however, be kept in mind that the thickness of the natural oxide film can change de-
pending on ambient conditions [34] such as storage temperature and air humidity. Furthermore,
the final film thickness also depends on the grain orientation and surface modification of the W
substrate [53]. Thus, the areal density of a natural oxide film may also be greater than in the
present case. If one assumes a thickness of 2 nm (15×1019 atoms/m2), the upper limit of the
required D fluence to reduce it would be 2.8×1023 D/m2.

Those values show that even the natural oxide films on W can have a significant influence on
the D uptake into W if the applied D fluence is in the range of several 1023 D/m2 or if fluence
series experiments are conducted and the sample is exposed to ambient air (and re-oxidation)
in-between exposures.

However, as indicated above, some oxide may remain on the sample surface even for “harsh”
plasma conditions (38 eV/D, fluence > 1025 D/m2) and it may be possible that also for a natural
oxide film, some oxygen in the range of a few monolayers remains on the surface. It has been
reported in literature that even such a small oxygen coverage may affect the D release from W
[9, 19]. This is relevant for D uptake because the total D uptake into metallic W by plasma
implantation into the subsurface region is governed by an equilibrium of D diffusion back to the
surface were it can be released and D diffusing deeper into the self-damaged zone or the bulk.
Consequently, a lower probability for D release at the surface (due to oxygen contamination)
could potentially increase the D equilibrium concentration in the subsurface region and thus also
the overall D uptake from the plasma. The effects that oxygen contamination on the surface has
on this process are still under active investigation [19] and are currently not fully understood.

A systematic investigation of this question would require an in-situ experiment, which combines
the use of a self-damaged W as a “getter-layer” with the capacity to a) remove all oxygen,
e.g., by Ar sputtering, b) introduce D via a plasma source and c) determine the D uptake and
oxygen surface coverage in real time by, e.g., ion beam analysis. Such a device is currently
under construction at the tandem accelerator laboratory at the Max-Planck-Institute for Plasma
Physics in Garching bei München, Germany. The device is called IBIS for “ion beam in-situ
experiment” and could potentially shine light on this remaining open question concerning the
effect of natural W oxide films on D uptake (and release) from W.

D release: As discussed in section 6.1, oxide films have a strong effect on the release behavior
of D from tungsten during TDS studies, if the ratio of O atoms at the surface to D atoms in the
sample is larger than 5–10 %. This indicates that previous TDS studies on D release from W
with higher ratios of O to D (such as, e.g., [9]) may have been influenced by natural surface
oxide films. Thus, also the predictions for D and tritium retention and release for PFCs of a
future fusion reactor that are drawn from such studies may have been influenced in two ways.
Firstly, the temperature of the D release peaks in TDS studies is relevant for calculating the
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binding energies of D in neutron- or ion-induced material defects in W. Any shift of these peaks
due to the influence of surface oxide films represents a systematic error in the determination of
these binding energies and thus leads to a distortion of the obtained retention and release values
for hydrogen isotopes in the PFCs. Secondly, surface oxide films can lead to a significant part
of the total D release being in form of heavy water due to chemical reaction of outgassing D
with the oxide. Since heavy water signals are commonly not quantified in TDS studies, the total
D release and thus also the retention in W may have been systematically underestimated in the
past.

The effect of surface oxide films will be especially pronounced for experiments with low D
content, i.e., without self-damaged W to enhance the D retention, or for studies with repeated
air exposure in-between measurement steps. There even the natural oxide film (1–2 nm), that
forms on W upon contact with ambient atmosphere, may already influence the D release spectra.
In these cases, a careful re-examination of the experimental conditions is advisable. For future
TDS studies, the O/D ratio should be monitored and ideally kept low in order to make reliable
predictions on hydrogen isotope retention and release from W for a future fusion reactor.

However, even for O/D ratios << 10 %, where the natural oxide film is reduced early during
TDS by the outgassing D, it cannot be excluded that minuscule amounts of oxygen in the order
of one monolayer remain on the surface (identical to the case described above for D uptake).
If this is the case, the remaining oxygen on the surface may influence the release behavior and
play a role for TDS even at elevated temperatures.

To investigate this effect it would be necessary to remove the oxide in-situ by, e.g., Ar sputtering
prior to the TDS experiment to assure an oxide-free surface and compare the results to an
identical reference sample were the oxide is not removed. It is currently planned to add the
capability for in-situ TDS to the above-described “IBIS” device via a heated sample holder and
an attached quadrupole mass spectrometer. Detailed knowledge of the effect of natural oxide
for early D release in TDS and the effect of possibly remaining surface oxygen on D release
from W also at higher temperatures would be valuable input parameters for modeling of the D
release from W and would complete the understanding of the interaction between W oxide and
D release.
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Appendix A

Appendix

A.1 Instructive example of 4He RBS on thin WO3 films
on W

In Fig. A.1, SIMNRA calculations [63, 64] of thin W and WO3 films with identical W areal
density on silicon (Si) are shown, as an instructive example of how to determine the oxygen
concentration within thin oxide films on W with RBS. Additionally, also the spectrum of an
identical WO3 film on bulk W is shown. These examples complement the measured RBS spec-
trum for WO3 on W that is shown in Fig. 3.8

Figure A.1 – Simulated RBS spectra (3He with 800 keV, incident angle 70.5°) showing a thin layer
of pure W on a Si substrate and thin layers of WO3 on a Si or W substrate, respec-
tively. All surface layers contain 50×1019 W atoms/m2 and in case of WO3 addition-
ally 150×1019 O atoms/m2. The inset in a) shows the small oxygen peak visible for
WO3 on Si; for WO3 on W the oxygen peak is not visible in the W background. Image
b) shows an enlarged view of the backscattering signal from W at the surface.

Fig. A.1 a) depicts the backscattering spectra of 3He ions from different substrates over the
energy range (from 100 to 800 keV). For the given experimental conditions, 3He backscattered
from W at the surface has an energy of about 734 keV. A realistic detector resolution of 15 keV
was assumed in the simulations. The RBS signal for the silicon underneath the W or WO3

surface film appears for energies lower than 454 keV. An enlarged view of the Si signal region is
shown in the inset in Fig. A.1 a). In this inset, the small RBS signal for O is clearly visible in the
energy range from about 220 to 240 keV. In the original scale it is barely visible and on the huge
W background (black spectrum in Fig. A.1 a)) it is invisible even on the simulated spectrum.
From this comparison, it becomes evident that in the measured spectra which carry additional
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A.2. NUMERICAL DATA TO FIG. 4.5

experimental noise, the O contribution cannot be separated from the huge W background. A
direct measurement of the O signal is thus not feasible for bulk W samples with RBS.

Fig. A.1 b) shows an enlarged view of the backscattering signal from W at the surface. The thin
W or WO3 layer on Si substrate (red and blue) both contain the same amount of W (50×1019 W
atoms/m2). The integral over the counts in both peaks in the energy interval from 600 to 800 keV
is almost the same: 1.007×106 for pure W on Si and 1.034×106 for WO3 on Si. The almost
identical integrals show that backscattering of He atoms at O atoms in the WO3 layer does not
reduce the W signal that is measured. This is because the cross section for RBS is proportional
to Z2. Therefore, the low-Z material O can scatter only a negligible amount of He atoms
compared with the high Z material W. Please note that the reason that the integral counts are
not identical is that the cross section for He scattering on W is slightly energy dependent and
thus affected by the additional stopping of the oxide.

However, the W peak of the WO3 surface film (blue) is stretched over a wider energy interval,
although both layers contain the identical amount of W. This effect is caused by the additional
electronic stopping experienced by the 3He projectiles due to the presence of the O atoms in the
WO3 layer. It decreases the energy of He atoms as they move through the WO3 before and after
they are backscattered at W atoms. With other words, it increases the energy loss in the oxide
film such that the same amount of He atoms backscattered from W is spread over a wider energy
interval. This is the dominant mechanism causing the lower intensity of the W RBS signal in
case of a W oxide layer compared with a pure W layer. The additional stopping is proportional
to the relative fraction of O in the oxide film. Thus, it is possible to determine the concentration
of O atoms in the W oxide at a given depth from the height of the RBS signal by adequate fitting
of the experimental data. Of course, the determination of the O concentration by this method is
only possible, if no other impurities that would contribute to additional electronic stopping are
present in the layer.

A.2 Numerical Data to Fig. 4.5

Table A.1 – Table with numerical values of the data presented in Fig. 4.5. Oxygen loss and oxygen
areal density as measured with NRA and RBS before and after plasma exposure with
a D fluence of 1.4×1024 D/m2 at 370 K with an energy of < 5 eV/D. In case of NRA,
the uncertainty of the oxygen areal density is derived from the statistical uncertainty of
the integral over the oxygen peak and the uncertainty of the background subtraction. In
case of RBS, the uncertainty is derived by manually varying the oxygen amount until
obvious mismatch between the simulation and the data was visible. The uncertainty of
the oxygen loss (difference) is calculated with Gaussian error propagation.
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A.3. VIDEO ANALYSIS OF THE COLOR CHANGE OF WO3 SURFACE OXIDE FILMS
DURING D PLASMA EXPOSURE

A.3 Video analysis of the color change of WO3 surface
oxide films during D plasma exposure

The video was taken in-situ during plasma loading with a high-resolution camera system. In
Fig. A.2 several single frames of the video are presented at decisive moments during the plasma
loading. The depicted area measures 2 mm×1 mm on the sample. The full video can be found
in the supplementary material to [75].

Figure A.2 – Single frames at decisive moments of a video analysis of thick oxide (55 nm) during
“burn-in” phase and plasma exposure in PlaQ: a) Initial conditions before D plasma
exposure. Area size: 2 mm×1 mm. b) After heat up but before D exposure. No color
change visible. c) After 1 minute of "burn in phase". In this phase, the plasma is
started but a shutter between the sample and the plasma is closed so that only atomic
D can reach the sample. A quick color change within this 1 minute is visible. d)
After 30 minutes of „burn in“. The color has significantly changed during this first
30 minutes of burn in phase. e) End of "burn in" phase after 36 minutes. Only very
little color change during the last 6 minutes of burn in. Assumption: “Quick color
change” due to atomic D now saturated. No further change during prolonged “burn
in phase” expected. f) After 1 minute of plasma exposure. Slight color change visible
compared with end of burn in phase. Influence of plasma visible. g) After 3 hours of
plasma exposure. Some further (slow) color change visible, but far less pronounced
than color change due to D intercalation. This slow color change during plasma op-
eration is attributed to the thinning of the oxide film due to oxygen removal during D
plasma exposure.
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A.4. PART 4: DETAILS TO THE STATIC SDTRIMSP SIMULATION THAT WAS USED
TO DETERMINE THE IMPLANTATION DEPTH OF D INTO THE WO3 FILM

A.4 Part 4: Details to the static SDTRIMSP simulation
that was used to determine the implantation depth
of D into the WO3 film

5 eV D -> WO3 &TRI_INP

text=’---elemements---’ ncp = 3 symbol = "D", "W", "O"

text=’---beam---’ case_e0=0 e0 = 5, 0.00, 0.00 case_alpha=0 alpha0 = 0.000, 0.000, 0.000
qubeam = 1.000, 0.000, 0.000 text=’---control---’ flc = 20 nh = 2000 nr_pproj = 4 idout = 2000
idrel =1 iintegral=3 ipivot =8

text=’---target---’ nm = 4 i_two_comp=3 two_comp ="WO3" ttarget = 2000 nqx = 400 qu =
0.000, 0.25, 0.75 qumax = 1.000, 1.000, 1.0 inel0 = 3, 3, 3 ipot = 1 isbv = 7 e_cutoff= 0.9 ,0.9
,0.9 text=’ e_surfb=0.0, 4.72, 2.58’ e_surfb = 0.0, 4.72, 1.00 irc0=1

text=’---output parameter’ qu_int = .true. case_layer_thick=2 loutgas = .true. diff_koeff1
=1.6e5, 0.0, 0.0 diff_koeff2 = 5, 0.0, 0.0 /

Used parameters for WO3 (in compound table): Molar mass [g/mol]: 231.84 Density [g/cm^3]:
7.16 Enthalpy of formation deltaH_F [kJ/mol]: 83

0 Density [atoms/A^3]: 0.07439 Enthalpy of formation deltaH_F [eV]: 8.6853 [2] Nr.comp: 4
1 3 tungsten oxide

A.5 SEM images for thermally (33 nm) and
electro-chemically (20 nm) grown tungsten oxide
films

The already nano-crystalline thermally grown oxide in Fig. A.3 a) and b)), does not undergo
further transformation during the heating and remains unaffected for most of the surface area.
However, some small snowflake-like structures of cracks in the oxide appear randomly dis-
tributed at the surface. These may be formed by thermal stress on the oxide during the 1000 K
temperature ramp, which is significantly higher than the oxidation temperature of 600 K. The
electro-chemically grown oxide (Fig. A.3 c) and d) undergoes recrystallization and behaves very
similar to the 40 nm thick electro-chemical oxide that is discussed in section 5.1. In Fig. A.3 d)
the oxide is visible as a dark film on top of the gray metallic W. The white elements are pro-
truding columns of W oxide, which appear brighter due to the edge effect in secondary electron
mode, which highlights small protruding volumes.
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A.5. SEM IMAGES FOR THERMALLY (33 NM) AND ELECTRO-CHEMICALLY
(20 NM) GROWN TUNGSTEN OXIDE FILMS

Figure A.3 – SEM images of oxide films after exposure to 1000 K: a) and b) thermally grown oxide
film of originally 30 nm thickness in two different magnifications; c) and d) electro-
chemically grown oxide film of originally 20 nm thickness in two magnifications.
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