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Abstract

The influence of thin oxide films on Deuterium (D) release from Tungsten (W)
was studied. Therefore, nine polycrystalline and recrystallized W samples
were self-damaged by implantation of 20.3 MeV W ions, introducing lattice
defects which act as traps for D. Afterwards, the traps in the self-damaged
layer were D loaded in a low-temperature D plasma. Subsequently, Nuclear
Reaction Analysis (NRA) was used to determine the deuterium depth profile
and the total D retained in the sample. To study the influence of a surface ox-
ide layer on D release, the D loaded samples were covered with a thin oxide
layer employing a wet-chemical oxidation procedure at room temperature.
The samples were oxidized to thicknesses of 5, 10, 15, 25, 50 and 100 nm and
compared with a natural oxide W sample (1.5 to 2.5 nm). After oxidation,
NRA indicated that no D is stored in the grown oxide layer and oxidizing
does not alter the prior homogeneous D distribution. The thicknesses of the
grown oxide layers were analyzed with Rutherford Backscattering Spectrom-
etry, NRA and ellipsometry. All three independent analysis methods agreed
within the experimental uncertainties. An X-ray photoelectron spectroscopy
measurement indicated, that the oxide is tungsten trioxide WO3, although
the presence of small amounts of other oxides can not be fully excluded. To
study the release of D through the oxide layer, two different Thermal Des-
orption Spectroscopy (TDS) experiments were performed, the first with a
ramp to 1000 K and the other with a ramp to 500 K and a holding time of
3.5 h. An accumulation of D in the oxide layer up to 4 at.% was detected
after the holding experiment and about 25 % of the retained D is released.
However, reaching 1000 K leads to a complete D release. The D release is
studied with TDS by measuring HD, D2, HDO and D2O species as a function
of time. By evaluating the TDS individual spectra, it was evident that there
is a distribution shift of the species to heavy water molecules with increasing
oxide thickness, leading to a reduction of the oxide layer. Already starting
with the thinnest grown oxide of 5 nm, the onset of the total D flux was
shifted to higher temperatures. An explanation for this behaviour is that the
oxide layer acts as a permeation barrier. In the course of this thesis, it was
possible to develop an innovative method to determine the calibration factor
of heavy water species. This value was previously unknown, as the heavy
water molecules are hard to quantify due to interactions with the vacuum
chamber walls on the way to the quadrupole mass spectrometer.

v





1 Introduction

1 Introduction

For over 70 years, researchers have been trying to harness nuclear fusion as
an energy source to generate electricity. The idea is to exploit the D and
Tritium (T) nuclear reaction as source of energy due to its high cross-section
at relatively low energies compared with other fusion reactions of Hydrogen
Isotopes (HIs). To achieve a sufficiently high reaction rate, the D-T fuel has to
be heated up to over 10 keV, which corresponds to roughly 100 million Kelvin.
At these temperatures, which are needed to overcome the Coulomb repulsion
between the fusing nuclei, the D-T mixture is in the plasma state. Magnetic
confinement is one concept capable of controlling the plasma with magnetic
fields. Blankets are installed to decelerate the fast incoming neutrons, thus
heating them. This thermal energy is then used to produce steam able to
power turbines to generate electricity in the conventional way. A promis-
ing machine design able to achieve a thermonuclear plasma is the so-called
tokamak, a magnetic confinement fusion device proposed in 1950 by Soviet
scientists Andrei Sakharov and Igor Tamm [1]. As of today, there are several
working tokamaks, e. g., ASDEX Upgrade at IPP (Garching, Germany) or
the Joint European Torus (JET) in Culham, UK, just to quote the largest
facilities in Europe. However, all of them are still too small in size to achieve
a burning plasma. The International Thermonuclear Experimental Reactor
(ITER), currently being build in Cadarache, France, is the first tokamak de-
signed to achieve a ten times higher power output by fusion than consuming
by the necessary external plasma heating.

Even with good magnetic confinement, plasma-wall interaction is unavoid-
able and an integral part of fusion research. Plasma-facing materials and
components have to withstand high particle fluxes and temperatures which
induce damage to the material. These damages or radiation defects alter the
thermo-mechanical properties of the material and serve as trapping sites for
hydrogen isotopes. This means that neutron damage increases the amount of
trapped tritium by several orders of magnitude, leading to a loss of fuel and
trapped radioactive atoms in the wall. For economic and safety reasons, re-
tention of radioactive tritium has to be kept as low as possible. Additionally,
dust generation due to erosion is an issue. It pollutes the plasma leading to
its dilution and cooling.

Based on its high melting temperature, low sputtering yield and relatively
low long-term activation after neutron irradiation, tungsten is a promising
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first-wall material candidate for future fusion reactors. Experiments study-
ing the behaviour of W in a fusion device have been conducted for over 30
years. HI retention is mostly studied in laboratory experiments with the aim
to understand, e. g., the influence of material grade, impurities, temperature,
flux, fluence and energy of the incoming species. However, tungsten is sus-
ceptible to oxidation and forms a natural oxide layer (2 to 5 nm) [2, p. 144]
upon contact with air. Until today, there are no or contradictory results
about the influence of this surface oxide layer in current ex-situ HI-retention
experiments. These are experiments which cannot be performed in a sin-
gle high-vacuum apparatus and, therefore, the specimen will be exposed to
oxygen in between.

The aim of this thesis is to investigate the impact of this thin oxide layer in
current ex-situ HI uptake and release experiments. To tackle this, tungsten
specimen are prepared and self-damaged by the irradiation with 20.3 MeV
W ions creating material defects that act as traps for D. These traps are
then filled with a low-temperature deuterium plasma. Subsequently, a wet-
chemical oxidation method applied to coat the D containing samples with a
defined oxide layer. The specimen are oxidized to different oxide thicknesses
ranging from 5 to 100 nm. In the following, the outgassing behaviour is stud-
ied with Thermal Desorption Spectroscopy up to 1000 K and compared with
samples with natural oxide only. To determine the oxide thickness, Ruther-
ford backscattering spectroscopy, nuclear reaction analysis and ellipsometry
measurements are performed. Additionally, with NRA it is possible to obtain
a depth profile of the D distribution and the total amount of deuterium stored
in the sample. The evaluation of the experimental data revealed fundamental
changes in the degassing behaviour with increasing oxide thickness.

Section 2 gives a brief summary about tungsten and the analysis methods
exploited to study the influence of an oxide layer on tungsten. Afterwards,
Section 3 introduces the experimental procedures which have been applied.
Subsequently, Section 4 will focus on the presentation of the experimental
results. The interpretation will be discussed in Section 5. Lastly, a summary
of the thesis is given in Section 6.

2



2 Fundamentals

2 Fundamentals

2.1 Tungsten

Tungsten (W) is a chemical element with atom number Z = 74 belonging
to the transition metals, which are elements with atom number from 21 to
30, 30 to 39, 57 to 80 and 89 to 112. There are 35 known isotopes (includ-
ing isomers), however, just five are stable, W-180, W-182, W-183, W-184
and W-186 – but the most frequent ones are W-182, W-184 and W-186 [3,
p. 2]. The standard atomic weight is (183.84 ± 0.01) u [4]. Four different
types of W are known, amorphous tungsten, α-, β- and γ-tungsten. The
most stable form is α-tungsten, which has a body-centered cubic (BCC)
structure with lattice constant a = 3.1652 Å [3, p. 12]. The average density
for α-tungsten is ρW = 19.246 g cm−3 at room temperature and has a molar
volume of MW = 9.53 cm3 mol−1. From now on, if tungsten is mentioned, α-
tungsten is meant. W is primarily known for its application as the filament in
incandescent light bulbs. Moreover, for some time it is of particular interest
for future fusion devices due to the high melting temperature of 3695 K and
low sputtering yield. Additionally, it has the highest tensile strength of any
naturally occurring metals.

Typically W (powder) is produced by heating of tungsten(VI) oxide (WO3)
in a hydrogen-atmosphere [3, p. 88]

WO3 + 3H2
873 to 1373 K W + 3H2O.

A low resistance to oxidation is the reason that W already oxidizes at room-
temperature up to a few mono-layers. There are over 20 different tungsten
oxides which have been studied for the past 50 to 60 years. Only four oxides
are considered to be stable, these are WO3, WO2.9, WO2.72 and WO2 [3,
p. 89].
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2.2 Hydrogen in tungsten

2.2 Hydrogen in tungsten

As mentioned in the introduction, tungsten is a favourable plasma-facing
material due to its high melting temperature, low sputtering yield and low
hydrogen retention. The latter is important, since e. g. for ITER, the total
in-vessel T inventory has to be kept below 700 g for regulatory reasons [5].
The D retention in tungsten varies from below 10−4 at.% for single crystalline
W to 3 · 10−3 at.% for polycrystalline W [6] which is used in this thesis. As a
plasma-facing material, tungsten will be irradiated with a high flux of ener-
getic deuterium and tritium ions, as well as 14 MeV neutrons from the fusion
reaction. The ions will cause radiation damage near the surface whereas the
neutrons will damage the whole W bulk. From previous experiments and
calculations it is evident that this damage leads to lattice defects able to
trap hydrogen [7]. Therefore, the hydrogen retention in neutron-irradiated
tungsten is increased by several orders of magnitude [8].

Figure 2.1 shows the potential energy landscape for hydrogen (H) in W.
The dashed vertical line indicates the surface, dividing the diagram between
vacuum (left) and bulk material (right). The energy of a H2 molecule is
defined as zero when it is far away from the material. It can be seen that
the potential energy of hydrogen in the W bulk is increased by an energy
∆ES compared to H2 in vacuum and, therefore, the H uptake into the W
is endothermal. Molecular hydrogen dissociates at the surface, H2 → 2H,
and the two H atoms get adsorbed in a potential well. The energy needed
to be absorbed is ∆ES−B. Evidently, an absorbed hydrogen atom can go
back to the adsorbed state and then react with another adsorbed hydrogen
to form H2 which is then released into vacuum again. In the bulk, the atomic
hydrogen can either be in the solute state or trapped in lattice defects. If it
is in the solute state, the atomic hydrogen jumps from one site to another
needing the energy ∆ED which is obtained from thermal oscillations of the
atomic lattice. This is called thermally activated diffusion described by Fick’s
first law

~J (~r, t) = −D~∇CS (~r, t) , (1)

where D is the hydrogen diffusion coefficient and CS (~r, t) the local concen-
tration of solute hydrogen.

The most reliable data of the solubility and diffusivity in tungsten at high
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2 Fundamentals

temperatures of 1100 to 2400 K was supplied by the work of Frauenfelder [9].
At these temperatures, the amount of hydrogen trapped in lattice defects can
be described as

S (T ) = S0 exp
(
−ES

kBT

)
in H

W · atm1/2
, (2)

where S0 = 9 · 10−3 is the solubility constant and ES = 1.04 eV is the heat of
solution [9]. These values are theoretically verified with Density Functional
Theory (DFT) calculations [10, 11] giving values for ES from 0.86 to 1.04 eV.
Additionally, the temperature dependent hydrogen diffusivity is described
with

D (T ) = D0 exp
(

ED

kBT

)
in m2

s
, (3)

with the activation energy for hydrogen diffusion ED = 0.39 eV and the
diffusion constant D0 = 4.1 · 10−7 m2/s [9]. However, the corresponding DFT
calculations [10, 11] suggest the activation energy to be ED = 0.2 eV, which
is notably smaller than the measured value. New experiments in 2020 from
G. Holzner show that the activation energy for hydrogen and deuterium are
the same EH,D

D = (0.28 ± 0.06) eV and the diffusion constants are DH
0 =

2.06 · 10−3 cm2 s−1 for hydrogen and DD
0 = 1.6 · 10−3 cm2 s−1 for deuterium

[12].

Since the solubility of hydrogen in tungsten is low, the retention below 500 K
is dominated by the amount of hydrogen trapped in defects. Trapping of
hydrogen happens due to the reduced electron density at the respective trap
site which attracts nearby hydrogen atoms. As there are different traps, such
as interstitials, vacancies dislocations, grain boundaries, voids, the individ-
ual trapping energy ∆Etrap varies. These energies ∆Etrap are overcome by
thermally activated de-trapping. A summary of the different energies with
corresponding models is given in the work of Hodille et al. [13]. The hydrogen
diffusion and trapping in one dimension is described by [14]

∂CS (x, t)

∂t
=

(
D (T )

∂2CS (x, t)

∂x2

)
−

p∑
i=1

∂Ci
trap (x, t)

∂t
+ S (x, t) , (4)

where the first term on the right site of Equation 4 describes the diffusive flux
of the solute hydrogen. The second is the temporal variation of the concen-
tration of trapped hydrogen in traps of type i up to the total number of traps
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2.2 Hydrogen in tungsten

p. The last term S (x, t) describes the hydrogen source due to implantation
with flux Γ in m2 s−1. Time evolution of the trapped population is described
as follows

∂Ci
trap (x, t)

∂t
= αi (T )CS (x, t)

(
ηi (x, t)− Ci

trap (x, t)
)
− Ci

trap (x, t) β
i (T )

(5)

with the Arrhenius factors for trapping αi (T ) into trap i

αi = νi
trap exp

(−Ei
trap

kBT

)
in s−1

and de-trapping βi (T ) from trap i

βi = νi
detrapC

i
trap (x, t) exp

(
−Ei

detrap

kBT

)
in s−1.

Here, νi
trap, νi

detrap are the trapping and de-trapping frequencies and ηitrap the
concentration of trap type i, respectively.

The hydrogen retention in irradiated tungsten increases with increasing dis-
placement damage level until it saturates at e. g. 1.7 at.% of D above 0.2 dpa
(for a D loading temperature of 373 K) [15], where dpa is the unit for dis-
placements per atom.

6



2 Fundamentals

Figure 2.1 Potential energy landscape of atomic and molecular hydrogen at the
surface of a metal and in the bulk. ∆Erec is the energy needed for
recombination of atomic H into molecular H2 at the surface, ∆ES−B
is the energy for absorption, ∆ED the energy for diffusion, ∆ES the
heat of solution and ∆Etrap the de-trapping energy. [6]
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2.3 Rutherford Backscattering Spectrometry

2.3 Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) is one of the main surface
analysis methods used today. The foundation is based on the scattering
experiments of Ernest Rutherford (1871 - 1937) who was looking at the
backscattering of α particles from a gold film. By this, he discovered the
existence of the atomic nucleus.

“Light” ions, e. g., 3He+ or 4He+ are accelerated, typically to MeV ener-
gies, and shot at a “heavy atom” sample. The light incident ions will get
backscattered elastically and are detected with a solid state detector. The
main advantage of this technique is that it doesn’t need a reference sample to
be quantitative as the resulting spectrum can be described analytically with-
out free parameters. Additionally, it is considered to be non-destructive since
the sample is only altered minimally by the light ion bombardment. Using
RBS leads to a quantitative measurement of the composition of a material
or alloy.

There are also limiting factors of RBS as no backscattering events occur if
Ztarget ≤ Zincident. Therefore, only elements with Ztarget > Zincident are de-
tectable. Moreover, a direct measurement of lighter elements in a heavy
target on a heavy substrate is not possible as Zsubstrate forms a huge back-
ground. This is also the problem of detecting oxygen in a tungsten oxide
layer on a tungsten substrate, since Zoxygen � Ztungsten.

Starting with the penetration of the incident ion beam into the targeted mat-
ter, the 3He+ ions will loose energy due to collisions with the electrons and
the nuclei, so-called “electronic stopping” and “nuclear stopping”, respec-
tively. The stopping powers dE

dx

∣∣
element for most elements are implemented

in the simulation program SIMNRA 7.02 [16], which was used to evaluate
all energy spectra. A good depth resolution of a few nm is achieved if the
stopping power is high. To calculate the energy E(x) of 3He+ in a depth in
the material it is sufficient to solve the following equation

E(x) = E0 −
ˆ x/cos α

0

dE
dx′ (E(x′), x′) dx′ , (6)

where cosα is the incident angle and dE
dx the material specific stopping power.

Therefore, if the incident ion penetrates the sample, it looses energy according
to the stopping power.
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2 Fundamentals

Figure 2.2 RBS spectrum of an Ag layer on TiN on Si. Thickness of each layer
is measured in atoms/cm2 which can be converted into a depth, if
the density is known. The energy of the incident beam with 4He+ is
3.98 MeV at a scattering angle of 165°. The red solid line represents
the simulation made by SIMNRA and the dots are the experimental
data obtained. [17]

An example of how a RBS spectrum looks like is given in Fig. 2.2. The black
dots represent obtained experimental data and the red line represents the
simulation with SIMNRA 7.02. The sample consists of an Ag layer (ZAg =
47) on a TiN layer (ZTi = 22) on a Si substrate (ZSi = 14) with different layer
thicknesses. Three distinct peaks are visible, as the corresponding atoms have
a high Z difference. The Ag layer on top of the TiN layer is so thin, that
not all incident ions are backscattered and, therefore, some penetrate the
second layer and the substrate beneath until they are completely stopped in
the substrate. The width of a peak is determined by the layer thickness and
the elements in this layer. The height depends on the respective cross-section
of the scattering event and the local corresponding atom density.

2.4 Nuclear Reaction Analysis

Nuclear Reaction Analysis (NRA) is another analysis method, which can
be run simultaneously with RBS and has a major advantage in detecting
light elements in a heavy substrate. While RBS detects primarily elastically
backscattered ions, NRA detects products from nuclear reactions. Most nu-
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2.4 Nuclear Reaction Analysis

Table 2.1 Specifications of the different detectors used in NRA measurements

Detector Solid angle Angle Depletion depth Foil
Mylar Au

msr ° µm µm nm

α 7.65 ± 0.26 102 700 3.5 -
Prot 77.5 ± 3.0 135 2000 12 10
ProL 30.26 ± 1.18 135 3300 50 50
Ann 19.5 ± 0.1 175 1990 50 50

clear reactions are isotope specific and, therefore, have a specific Q-value.
Thus, NRA can be used for isotope tracing. Although nuclear reactions take
place, this method is considered to non-destructive as these reactions happen
in a negligible amount.

To obtain only signal from the nuclear reactions it is necessary to put a suit-
able foil on top of the solid-state detector which then stops the backscattered
3He+ ions from being detected. In this study five different detectors are used.
The 165° RBS detector, three proton detectors (Proton Detector (Prot),
Large Proton Detector (ProL) and Annular Proton Detector (Ann)) and one
α detector to detect incoming α particles. The specifications and foils of the
different detectors can be obtained in Table 2.1.

The nuclear reaction D
(3He+, p

)
α is used to detect deuterium in solids [18],

mainly due to its high Q-value of 18.4 MeV. By increasing the incident ion
energy, varying from 500 to 4500 keV, the 3He+ ions will penetrate deeper
into the sample before they are decelerated to energies with a higher cross-
section with D. Figure 2.3 shows the total cross-section of the D

(3He+, p
)
α

reaction. It has a broad maximum around 630 keV with a maximum total
cross-section of about 850 mb at 135°. The different experimental data in
Fig. 2.3 are thoroughly discussed in [19]. This means that a higher inci-
dent ion energy leads to D signal predominantly coming from deeper within
the sample. Exploiting this phenomena and measuring the resulting energy
spectra of the protons and α particles is the starting point of obtaining a
depth profile of the deuterium concentration. As energies up to 4500 keV of
3He+ ions were used, it is possible to achieve a maximum depth analysis of
about 7.4 µm. This depth is defined by the maximum penetration depth of
the 3He+ ions.
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2 Fundamentals

Figure 2.3 The differential cross-section of the D nuclear reaction D
(3He+,p

)
α

peaks at 630 keV at a reaction angle of 135°. [19].

In the following, NRA measurements up to ten energies 500, 690, 800, 1000,
1200, 1800, 2400, 3200, 4000 and 4500 keV were used to achieve reasonable
depth information. A large number of energies is necessary, since the ob-
tained energy spectra are a convolution of the deuterium depth distribution,
energy-dependent differential cross-sections, different stopping powers and
experiment specific parameters such as the number of incident 3He+ ions.

Deconvolution is done by the program NRADC [20]. It requires simultaneous
fitting of the simulated proton and α spectra to the measured experimental
spectra with the SIMNRA 7.02 kernel [16]. SIMNRA makes a forward calcu-
lation of the measured spectra given the experimental parameters such was
the scattering angles, cross-sections, stopping powers, detector solid angle
and accumulated 3He+ ions. It allows to describe the target as a sequence
of homogeneous layers with a given composition. Fitting parameters are the
number of layers, their thickness and their composition. Bayesian statistics
are applied to find the most probable deuterium depth profile with the least
amount of free parameters (Occam’s razor). Given a range of layer num-
bers, e. g. 3 to 10, it carries out a Markov-Chain-Monte-Carlo (MCMC)
integration to find the most probable layer number and their respective D
concentration to describe the data. However, without any resolution con-
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2.4 Nuclear Reaction Analysis

straint there is a possibility of discontinuities such as very thin unphysical
layer thicknesses along with its D concentration to better match the experi-
mental data. To prevent this from happening a depth resolution file can be
added as input parameter for the deconvolution. This file is usually based on
data obtained from ResolNRA [21] and forces the Markov-Chain to take into
account the experimental depth resolution at a given depth. The depth reso-
lution depends on the incident ion energy, the species in the target and their
individual stopping powers. Measuring deuterium in a tungsten bulk with
the annular proton detector leads to a resolution of ≈ 341 · 1015 at. cm−2 to a
depth of 0 to 100 · 1015 at. cm−2 in contrast to 630 · 1015 at. cm−2 to a depth
of 0 to 100 at. cm−2 for the detection of deuterium in a tungsten oxide. Using
all this information, NRADC applies the maximum likelihood approach to fit
the experimental data and, hence, yields the most probable D depth profile
in the end. SIMNRA describes the target as a sequence of layers with con-
stant composition (1D). Therefore, the resulting D depth profiles are stepped
and not continuous profiles, where one step of the resulting D depth profile
is the concentration in the given layer. The minimal thickness of the layer is
limited to the depth resolution of NRA.

As an example, Figure 2.4 shows the experimental data of one of my mea-
surement series and the given fit from NRADC for the ten different energies
using 3He+ ions. A detailed description of the sample is given in Subsub-
section 4.2.4 (D096 after hold). The annular (protons on the left) and the
α detector (α’s on the right), divided by the dashed vertical line, have been
used for this calculation. All energy spectra are sequentially ordered with
increasing energy, as channels can be directly converted to an energy. From
merely looking at the raw data in this figure, without simulation, one sees a
high peak on the left, the low energy side for the individual proton spectrum,
whereas the peak is on the right, the high energy side for the detected α
particles.

This contradictory phenomena is called inverse kinematics and is due to the
fact that the incoming protons are lighter than the α particles. Therefore,
protons measured at a lower energy correspond to reactions nearer the surface
[22]. Considering this, it is evident that the specimen has a high surface
peak and, therefore, a high D concentration in that area. The depth profile
calculated from the data in Figure 2.4 using NRADC verified this surface
peak and is shown in Figure 2.5.

Another important nuclear reaction is 16O(3He, p0)18F giving information

12



2 Fundamentals

Figure 2.4 Experimental data of the D096 after hold experiment (black line) and
the according NRADC fit (red line) are shown. A detailed description
of the D depth profile is given in Subsection 4.2.4. The two distinct
ranges are divided with the vertical dashed line. On the left side are
proton spectra whereas on the right are the incoming α particles.
The 3He+ ion energies are listed next to the individual spectra. The
corresponding deuterium depth profile is shown in Figure 2.5.

about the overall oxygen content of the sample. Determining the cross-section
is thoroughly discussed in [23].

In all measurement series, an amorphous deuterated carbon (a-C:D) thin
film sample, which is rich in D, was included and measured for the energy
calibration and to monitor the detector performance.
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2.4 Nuclear Reaction Analysis

Figure 2.5 The most probable deuterium depth profile for sample D096 after
the hold experiment according to NRADC. The NRA data are shown
in Fig. 2.4.

14



2 Fundamentals

2.5 Ellipsometry

Ellipsometry is a non-invasive optical measurement technique able to deter-
mine any physical property that induces a change in the polarization state
of the incident light wave. This means, it is possible to accurately charac-
terize transparent film thicknesses (in my case oxide thickness) and optical
constants such as the refractive index. The instrument used is a “PZ 2000”
from Jobin Yvon and the basic experimental setup is shown in Figure 2.6.

Figure 2.6 Image of the PZ 2000 ellipsometer from Jobin Yvon.

For a full description of the polarization state of a monochromatic plane light
wave it is enough to know the amplitude along with the phase of the electrical
field-components perpendicular to the direction of propagation. Elements of
the optical pathway in ellipsometry are the light source, linear polarizer,
rotating analyzer and the detector. Reflection in a thin film is described by
the complex refractive index

n̂ = n− iκ, (7)

where n is the real part defined by the quotient of the vacuum speed of light
and the propagation speed in the material. The imaginary part, the so-called
absorption coefficient κ is the amplitude damping of the electromagnetic wave
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along the propagation direction ~x. At the interface between two media, the
light beam is split in two partial beams, a reflected and a refracted beam.
These are well described with the Fresnel coefficients r and t. Associated
with the splitting of the beam is the change of amplitude and the phase of
the electrical field component, resulting in the polarization in parallel r‖ and
perpendicular r⊥ component in direction of propagation. In an ellipsometric
measurement one determines the change of the polarization state of the inci-
dent light beam with the complex ratio ρ of the reflection coefficients. This
complex ratio ρ is represented with the two ellipsometrical angles Ψ and ∆

ρ =
r‖
r⊥

= tanΨ · ei∆, Ψ ∈ [0°, 90°] ,∆ ∈ [0°, 360°[ . (8)

Therefore, ellipsometry evaluates the two angles Ψ and ∆, which are depen-
dent on the refractive index and the layer thickness at the measured point,
given the setup specific Angle of Incidence (AOI) and wavelength of the light
source. However, it should be clear one cannot determine n, κ and the thick-
ness d with just the two measurement data. But, if the assumption can be
made that the optical constants are not changing and only the layer thickness
d varies, it is possible to use two measurements to calculate n, κ, d1 and d2
with Ψ1, Ψ2, ∆1 and ∆2. These four variables are not independent and, thus,
an exact assignment is not yet possible. This can be achieved by measuring
many points on the samples with different thicknesses and evaluating the
resulting curve with an optical model. By modeling a restriction of differ-
ent degrees of freedom can be made and an exact evaluation of the physical
properties is possible. Tungsten samples with varying oxide thickness were
prepared and measured with ellipsometry. The evaluation and is presented
in Figure 4.1.

2.6 Low-temperature plasma source “PlaQ”

In order to study the deuterium retention and release in/from tungsten, it
is necessary to decorate the introduced lattice defects with D. This is done
with a low-temperature Electron-Cyclotron Resonance (ECR) Plasma in the
setup called “PlaQ”. A schematic of the setup can be obtained from Fig. 2.7
[24].

Source of microwaves is a magnetron with a maximum power output of
Pmax = 300 W and a frequency of f = 2.45 GHz. The magnetic field used
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Figure 2.7 Schematic setup of the ECR plasma source PlaQ [24].

to create ECR has a corresponding field strength of B = 87.5 mT and is
generated by a water-cooled magnetic coil. The microwave is coupled into a
vacuum stainless steel cage with a waveguide terminated by a Al2O3 window
[24]. An aperture is installed at the bottom of the cage. Directly behind
the aperture is a tungsten grid preventing the escape of microwave radiation.
Additionally, the plasma beam can be blocked with a beam shutter under-
neath the aperture. Overnight pumping is necessary to reach a reasonable
base vacuum of 2 · 10−5 to 3 · 10−5 Pa. The typical discharge operates at a
D2 pressure of 1 Pa and a microwave power of 140 W. The ion flux consists of
94 % D+

3 ions, 3 % D+
2 and lastly 3 % D+ [24]. The mean energy is considered

to split homogeneously among the atoms and, hence, the mean energy per
deuteron of the dominant species D+

3 is one third of the average ion energy.
Additionally, the sample holder is electrically isolated from the chamber and,
therefore, a bias voltage up to Ubias = −600 V can be applied for electrically
conductive samples to increase the impinging energy of the D ions. The total
ion flux is between 1019 to 1020 D/m2s, depending on the bias applied. The
homogeneity profile of the plasma is created by measuring the ion saturation
current with a planar Langmuir probe. The Langmuir probe is placed 3 cm
above the sample holder with a bias voltage of Ubias = −50 V. By hoovering
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Figure 2.8 Langmuir probe homogeneity scan in forward and backward direction.
The region at which the samples are mounted on the sample holder
is indicated by the grey shaded area.

over the whole sample holder, a profile of the ion flux can be determined.
Such a profile is shown in Fig. 2.8. The profile has a maximum in the middle
of the sample holder at about 83 mm. The sample region is indicated by the
grey shaded area. As the samples are 15 mm long, there is a linear drop of
roughly 20 % from the inner edge to the outer edge (14.5 to 17.5 µA). The
samples are arranged equidistantly in a circle on the sample holder in the
plasma loading apparatus as they share the same distance from the middle
point. Radial symmetry of the plasma has to be assumed to compare the D
loaded samples.

2.7 Thermal Desorption Spectroscopy

Thermal Desorption Spectroscopy (TDS) is an analysis method allowing to
study the outgassing behaviour of different molecular species/impurities from
solids, e. g., tungsten. It provides information about the number of desorbed
particles and their desorption behaviour from which the binding energies of
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the particles can be deduced.

This is achievable by heating up the sample in Ultrahigh Vacuum (UHV) and
measuring the released species with a Quadrupole Mass Spectrometer (QMS).
By increasing the temperature, the probability increases that the D atoms
have enough energy to escape their trap and move in the lattice. Those
atoms can be re-trapped by an empty trapping-site or eventually reach the
surface. If they do reach the surface the atoms will recombine into molecules
and desorp into the vacuum chamber. Above a certain high temperature, all
atoms of interest are being released into the vacuum. Therefore, TDS is a
destructive method.

The pressure in the vacuum chamber is determined by the flux of desorbed
particles, leak rate and the pumping speed, where the last two are being
considered constant. As the output of the QMS are counts per second (cps),
it is necessary to quantify how many particles correspond to one count. This
is done with a calibration gas leak, where a known amount of the molecule of
interest is being inserted into the vacuum chamber and then evaluated how
many counts the QMS recorded.

In contrast to NRA, where the depth range is limited to the penetration depth
of the incident ion, TDS can give information about the total D content in
the whole sample, if it is known that all D desorbed from the sample and all
important mass channels can be quantified.

Figure 2.9 shows the setup of the TESS experiment at IPP in which all TDS
measurements were performed. Here, the UHV chamber is connected to a
quartz tube in which the samples are being inserted. Samples can be stored
under vacuum in a sidearm of the glass tube, where they are far away from
the high temperature oven and thus not affected by it. The samples can be
moved between the measuring position and the storage position with a piece
of nickel inside the tube and a magnet from the outside. The background
pressure has to be kept low and after a few days of pumping, a pressure
of 1 · 10−6 Pa is achieved. Before measuring, the region heated during the
following experiment has to be annealed at 1300 K to reduce the background
signal. After the tube and the oven are cooled down, the sample is moved
to position, the oven is moved over the measurement region and then the
heating ramp is started.

Sample D112 after a ramp to 473 K followed by an annealing time of 3.5 h is
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Figure 2.9 Schematic representation of TESS setup at IPP [25]. Additionally,
sample D112 is shown on the lower left after a ramp to 473 K followed
by an annealing time of 3.5 h.

also shown in the image in the lower left part of Figure 2.9. Here, the self-
damaged area is visible (purple colour) and the area which was protected by
the implantation mask (cyan colour). The self-damaging process will be de-
scribed in Section 3 and the geometry of the sample is shown in Figure 3.2.

During TDS measurements signals of mass channels 1, 2, 3, 4, 14, 16, 17,
18, 19, 20, 27, 28, 29, 32 and 44 were recorded. The most important mass
channels are HD (mass 3), D2 (mass 4), HDO (mass 19) and D2O (mass
20) as they contain desorbed D molecules. After each measurement of a D
containing sample the setup is calibrated with a calibrated D2 gas leak.
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3 Experimental steps

A summary of all steps is schematically shown in Figure 3.1.

Step 1: Preparation and self-damaging

Specimen: The plain specimen were bought from Plansee AG. These sam-
ples are polycrystalline W with a guaranteed purity of better than 99.97 wt.%
[26]. To ensure identical conditions, all samples were cut from a single sheet of
hot-rolled tungsten into rectangular pieces of same size (11.8 × 15 × 0.8)mm3.
Each one is for identification on the rear side engraved with “D + number”.
The here used samples are D093, D094, D095, D096, D097 (this first batch
is later on called D093ff), D109, D110, D111 and D112 (the second batch
is later on called D109ff). This makes a total of nine samples which were
studied.

Preparation: A clean and mirror-like surface is necessary for the antici-
pated experiments. Hence, polishing processes are needed. The first step is
to mechanically grind the samples with the machine Phoenix 4000. There,
abrasive SiC paper starting from P320 up to P4000 is used. The force onto
the sample is adjusted to 20 N for 1 min at 150 rpm [26]. A thermoplast had
to be used to glue the samples onto the specimen holder. After the grinding
this thermoplast had to be removed again. A scalpel is used to remove the
rough dirt and afterwards the samples are cleaned in an ultrasonic bath with
ultra-pure acetone for 5 min. As a last step, the samples are rinsed with
2-Propanol and distilled water.

Electropolishing is then needed since mechanical polishing can lead to mi-
crostructural deformation of the surface. For this, the specimens are placed
in a 1.5 % NaOH solution at 19 V and a maximal current of approximately
300 mA. This process is done twice for each sample for approximately 3 min,
resulting in a mirror-like finish of the samples. To finalise this process, the
samples are rinsed with acetone followed by deionized water and subsequently
put into a desiccator for storage.

Afterwards, three samples at a time are put into the TOFU apparatus. Here,
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(a) Step 1: Preparation of the samples
with mechanical grinding followed by
electropolishing. Afterwards the sam-
ple is self-damaged with 20.3 MeV
W6+ ions to create a rich trap reser-
voir.

D D D D D

D

D

D D

Deuterium
plasma-source
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(b) Step 2: Decoration of the introduced
traps with the low-temperature
deuterium plasma source “PlaQ”.

D D D D D
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W self-damaged
WOx

(c) Step 3: Wet-chemical oxidation. The
oxide is indicated by the yellow layer.

D D
D

D D

W bulk

W self-damaged
WOx

?

(d) Step 4: Thermal Desorption Spec-
troscopy of the samples.

Figure 3.1 The experimental steps. The W bulk is indicated by the dark grey
area. The self-damaged area is shown in light grey and yellow indi-
cates the wet-chemically grown oxide layer.
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the samples are outgassed at 1200 K in an ultra high vacuum of 1 · 10−7

to 3 · 10−7 mbar for 30 min each, followed by annealing of the samples at
2000 K for 5 min. Recrystallization is necessary to reduce intrinsic defects
and impurities. The result of the recrystallization is the reduction of the
initial dislocation density of 2 · 1012 m−2 by two orders of magnitude [27].

Self-damaging: To introduce traps for deuterium retention studies in the
tungsten specimen, ion bombardment up to several MeV is used to induce
the desired displacement damage. Here, the damaging is done with 20.3 MeV
W6+ ions by using the 3 MV tandem accelerator, hence, the name self-
damaging. An electrostatic quadrupole triplet lens is used to focus the W
beam onto the target position. This beam is slightly defocussed to cover a
wider area and is then swept across the sample to uniformly cover the full
sample surface area. By adding an implantation mask, a defined homoge-
neously damaged area is achieved. Faraday cups are installed in the corners
of an aperture in front of the sample holder. If the beam crosses those cups
the absolute tungsten flux can be calculated from the measured current and
the cup surface areas. The damaged area is given by the geometry of the
setup and is shown in Fig. 3.2. Studies by T. Schwarz-Selinger et al. [28]
suggest that a higher displacement damage dose than 0.23 dpa will not lead
to an increase of D retention. Thus, this dpa value is used for all samples.

Such a self-damaging profile is shown in the upper plot of Figure 4.5. The sim-
ulation was performed by T. Schwarz-Selinger [29] using SRIM. SRIM (“The
Stopping and Range of Ions in Matter”) is a program written by J. F. Ziegler
and J. P. Biersack to calculate the energetic ion-solid interactions [30].
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Self-damaged area = 1.381 cm2

15mm
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10mm11.8mm

r = 1.5mm

Figure 3.2 Geometry and area of a self-damaged tungsten sample. Dark grey
is the full area of the sample whereas light grey indicates the self-
damaged area defined by the implantation mask.

Step 2: Deuterium loading

The first batch D093ff was mounted onto the sample holder and inserted in
PlaQ. After the desired vacuum is achieved overnight, a burn-in of one hour
is started. This burn-in is necessary to get rid of adsorbates on the chamber
walls such as water. Beforehand, the samples are heated up to 370 K to in-
crease the diffusion rate of the deuterium into the tungsten. Additionally, no
bias voltage but a floating potential was applied. This increases the loading
time, but reduces the D ion energy and thus sputtering and other damages to
the surface. Exposure started immediately after the burn-in phase by remov-
ing the beam shutter. The samples were exposed for 72 h. This is the time,
at which all dislocations and traps were expected to be completely filled.

However, there was some indication that the first batch was not completely
filled and, hence, an exposure time of 96 h was proposed for the second batch
D109ff. Unfortunately, the full planned exposure time of 96 h was not reached
for the second batch due to technical complications. The D loading time
of ≈ 90 h was then determined by the duration at which the photo diode
registered a plasma.
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After this step, NRA measurements were made to determine the D depth pro-
file and the contained D amount in the sample. The evaluation is presented
in Subsubsection 4.2.1.

Step 3: Wet-chemical oxidation and thermal oxidation

Wet-chemical or “anodic” oxidation is realized with a method proposed by
M. McCargo [31] in 1963 who was trying to remove thin layers of tungsten.
The idea was to grow an oxide with a defined amount of tungsten. After the
oxidation, a complete removal of the oxide layer is possible by dissolving it
in a NaOH solution. The first step of this process is now exploited to grow
oxide layers up to a certain thickness limited by the maximum voltage that
is supplied by the experimental apparatus.

First an aqueous solution of potassium nitrite KNO3 0.4 kg mol−1 and nitric
acid HNO3 0.04 kg mol−1 has to be prepared. This solution is being put into
a glass container at room temperature. The tungsten sample has to be put in
the centre of the solution and is acting as the anode. Two tungsten plates are
acting as cathodes connected via the solution to the sample. Now, a limiting
current (to limit the growth rate) of 33 mA and the wanted voltage, which is
linearly proportional to the oxide thickness, is set at the power source.

The experimental setup is shown in Fig. 3.3. After everything is prepared, the
sample is put into the solution. When the specimen is completely surrounded
by the solution, the power source is turned on. At first the experiment runs
at constant current of 33 mA until the desired voltage is reached. The setup
is then limited by this preset constant voltage. Afterwards, the current lowers
and after one or two minutes, the current reaches nearly zero and does not
vary much anymore. When this point is reached, the oxidation is finished.
At last, the sample is put into deionized water and then dried with air. The
voltage for the given thickness was calculated with the formulas from [31].
Below 5 V

δ = 0.85 + 1.3 · U

is used and above 5 V

δ = 2.3 + 1.06 · U,
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where U is the desired voltage in V and δ is the resulting thickness in µg cm−2

of tungsten. This resulting thickness can then be converted into a WO3 thick-
ness. The voltages used are listed in Table 3.1.

Unfortunately, the current limitation was inactive for sample D112. This
caused damage to the sample and, therefore, it wasn’t evaluated further.

Table 3.1 Used wet-chemical oxidation voltage to reach wanted oxide thickness.

Sample Voltage U Thickness d
V nm

D094 11.22 25
D095 24.61 50
D096 51.39 100
D097 51.39 100

D109 1.53 5
D110 3.71 10
D111 5.86 15
D112 51.39 100

One sample, D106, was thermally oxidized in an artificial atmosphere con-
sisting of 80 % Ag and 20 % O at 600 K for 12 h to an oxide thickness of
33 nm. This is done with a vacuum thermobalance [32].

Differences between the oxide layers grown by these two growth methods
were studied with X-ray Photoelectron Spectroscopy (XPS) and Scanning
Electron Microscopy (SEM). XPS uses X-rays to analyse the binding energy
and its constituents by detecting the energy of the released electrons. The
result is, that the oxide which was grown with both methods is WO3, al-
though the presence of small amounts of other sub-oxides can not be fully
excluded. The surface was then analyzed with a scanning electron microscope
giving different results for the wet-chemical and thermally grown oxide layer.
Thermally grown WO3 varies in the thickness for different grains of the W
substrate. Contrary to this, wet-chemical oxidation produces a homogeneous
oxide thickness independent of the W substrate grain orientation.

The main advantage of chemical oxidation, compared with thermal oxidation,
is that no deuterium is lost due to thermal diffusion as it can be performed
at room temperature. Additionally, going to higher temperatures, which are
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Figure 3.3 Experimental setup for wet-chemical oxidation. The multimeters are
measuring the current and the voltage, respectively. The tungsten
specimen is clamped in between the sample holder. By using the
“lift”, it is possible to smoothly insert the tungsten specimen into
the prepared solution. As soon as the sample is in the solution, the
power source is turned on.
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needed for the growth of an oxide layer with an artificial atmosphere, the
degassed deuterium would likely interfere with the oxidation process. More-
over, anodic oxidation has a high reproducibility for growing oxide layers,
has an uniform distribution and a short oxidation time. While thermal ox-
idation takes several hours, anodic oxidation can be done in minutes, if the
experimental set-up is well prepared.

Directly after the oxidation of the samples, a second NRA measurement was
performed to check whether D has been lost or whether the D depth profile
was changed during electrochemical oxidation. In addition, ellipsometry mea-
surements have been done to evaluate the oxide thickness and to determine
the refractive index of the grown oxide.

Step 4: Thermal Desorption Spectroscopy

The samples were taken from the desiccator and put into TESS. After the
desired vacuum of pglass ≈ 6 · 10−9 mbar was reached one sample was put into
the end of the quartz glass tube that was during the measurement surrounded
by the moveable oven. A thermocouple element was put on top of the sam-
ple to obtain additional information about the surface temperature (sample
temperature). This thermocouple element is also shown in Figure 2.9 on the
lower left. After placing the sample in measurement position the movable
oven was pushed over the sample.

The QMS runs in Multiple Ion Detection (MID) mode, meaning instead of
measuring a full mass spectrum, it measures the masses of interest sequen-
tially. This allows to individually adjust the measuring time of a given mass
channel to either optimize the counting statistics or the time resolution.

Outgassing experiments with different oxide thicknesses haven’t been studied
before so an old recipe was used for the QMS settings. This recipe defines
which masses and for how long each mass is measured by the QMS. Here,
mass 2 is detected for 1 s, mass 3 (HD) and mass 4 (D2) for 5 s and the rest
for 0.2 s.

The temperature ramp of the oven is variable, but a ramp of 3 K min−1 up to
a temperature 1000 K followed by a holding time for 2.5 h was performed for
all samples, except D096. After this procedure, the oven was immediately
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Figure 3.4 QMS signal of three mass channels, D2 (blue line), HDO (green line)
and O2 (brown line) of sample D094 (25 nm) on the left y-axis. The
right y-axis shows the given temperature as a function of time.

removed for samples of the first batch D093ff, whereas the samples of the
second batch D109ff were ramped down with −3 K min−1 to room tempera-
ture. Afterwards, NRA measurements have been performed. Sample D096
was ramped to 500 K followed by an immediate removal of the oven and an
NRA measurement. Subsequently, the sample was ramped up to 500 K again
and annealed for 3.5 h. A third NRA measurement has been performed to
verify how much D desorbed from the sample.

As an example, Figure 3.4 presents the TDS spectrum of sample D094
(25 nm). It shows the raw QMS signal of three mass channels: mass 4 (D2),
mass 19 (HDO) and mass 32 (O2) as a function of time (left y-axis). The
sample temperature (right y-axis) as a function of time is shown to indicate
the signal at a given temperature. At a certain time, an increase of signal
is detected by the QMS. Mass channel 32 shows no increase of signal at all
times and, hence, no O2 desorbed from the sample. To quantify the signal
coming from desorbed particles, it is necessary to subtract the background
signal at all times. For mass 19, this is indicated by the constant y-value
(straight red line) of 1700 cps. This subtraction has to be done for each
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mass channel individually. Moreover, the oven was moved twice (at 17 500 s
and 18 700 s) to remove adsorbed species from the quartz glass in front of the
oven. Integrating a background subtracted curve leads to a total of measured
counts detected with the QMS, for mass 19, this is, e. g., 8.154 58 · 107 counts.
The integration time is set until the complete removal of the oven. These
counts can then be converted into deuterium amounts. The calibration fac-
tor for D2 is calculated with the calibrated D2 leak, which is indicated at
21 000 s. However, this signal is not shown completely on the present scale,
as it peaked at about 60 000 cps. As previously mentioned, mass channel 4
(D2) had an integration time of 5 s and is, thus, a smoother curve compared
with the signal of HDO which it is rather noisy with an integration time of
0.2 s.
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4 Results

4.1 Determination of the oxide thickness

This subsection describes the different analysis methods, ellipsometry, NRA
and RBS. They were used to obtain the thicknesses of the wet-chemically
grown oxide layers. At last, all three methods will be directly compared to
see if they agree within the experimental uncertainties.

Via Ellipsometry

Ellipsometry measurements were made to determine the oxide thickness and
its refractive index. All samples were measured before and after TDS, but
here, just the measurements before TDS are shown.

Scans over the whole sample were performed in a grid with 1 mm spacing –
therefore, 12× 15 measurement points were taken in total for each sample.
The specimen were fixed by the specimen holder and a glass-piece. However,
the samples have a width of 11.8 mm and, hence, there is an overlap between
the sample and the glass-piece of 0.2 mm. The laser light on these overlapping
points is randomly scattered and, thus, these measured values are omitted in
this evaluation.

According so Subsection 2.5, with an ellipsometric measurement one obtains
the ellipsometric angles Ψ and ∆. These angles are plotted in a so-called Ψ-∆
diagram. In order to evaluate, e. g., the oxide thickness for each sample or
the refractive index n̂ of the grown oxide, an optical model has to be created.
This optical model was obtained with the “PsiCH.exe” program developed
by A. von Keudell [33]. The measured ellipsometric angles, in addition with
the optical model, are plotted in Figure 4.1.

In order to describe the measured data points with a suitable optical model,
several input parameters are necessary. First, the AOI was set to 68.133°.
This is the angle, with respect to the normal line, at which the laser beam
hits the target and gets reflected. Moreover, the substrate is a tungsten bulk
with a refractive index of n̂W = 3.64 − i 2.92 [34]. On top of the substrate
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Figure 4.1 Measured Ψ and ∆ values for oxides of different thickness together
with two optical models using a different AOI. Shown are all samples
from the first (D093ff) and second batch (D109ff), in addition to
two wet-chemically grown oxides (D107 and D108) and a thermally
grown oxide (D096). Next to the sample number is the evaluated
oxide thickness obtained from the ellipsometric measurements.

is the surface oxide layer with the unknown refractive index n̂WO3 , which is
supposed to be the same for all samples. After all data points are plotted in
the Ψ-∆ diagram an initial refractive index for the oxide layer has to be cho-
sen. Moreover, the oxide thickness has to be chosen thick enough, such that
all data points will lie in the initial simulation. Afterwards, n̂WO3 has to be
adjusted until the simulated curve lies in the middle of the data clouds of each
sample. The refractive index of the grown tungsten trioxide was evaluated
to be n̂WO3 = 2.10 ± 0.05 − i (0.050 ± 0.025). The obtained experimental
uncertainty was chosen such that curve touched the upper and lower edges
of the data clouds. With this refractive index it is now possible to deter-
mine the oxide thickness of each sample, respectively. With increasing oxide
thickness, starting at 0 nm as indicated in Figure 4.1, the simulation reason-
able describes all samples except D111. The thickness was then evaluated
at which the simulation was in the middle of each data cloud, respectively.
Additionally, the experimental uncertainty was determined by varying the
thickness of the simulation until it reached the left and right edges of the
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data cloud.

Sample D111 (in black) has a small shift upwards, this may be due to mis-
alignment of the sample or by a slight difference in the oxide stoichiometry.
However, the latter is unlikely, since the sample showed the same outgassing
behaviour and there was no indication of any anomalies during wet-chemical
oxidation. Two more samples, D107 (25 nm) and D108 (45 nm), which were
wet-chemically oxidized but not D loaded, are included in this graph to have
more data points. Moreover, one thermally oxidized sample, D106 with a
thickness of 32 nm, is also included to show, that both oxides grown with
these two methods have the same refractive index.

All thicknesses determined by ellipsometry are equal to or thicker than the
expected values, which are determined by the applied voltage during oxi-
dation. Thicknesses up to 50 nm are 2 to 5 nm thicker whereas for 100 nm
the values fit with the applied voltage. This leads to the conclusion, that a
slightly smaller voltage in the wet-chemical oxidation process up to 50 nm is
needed to get the expected thickness.
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Via NRA

To determine the oxide thickness or the Oxygen (O) content in the sample by
Nuclear Reaction Analysis, it is necessary to integrate the proton spectrum
from the 16O(3He,p0)18F reaction measured with 3He+ ions at 4000 keV over
this specific peak shown in Figure 4.2. This projectile energy is used as
the cross-section is nearly constant around 4000 keV [23]. A constant cross-
section allows a simple evaluation of the experimental results, because in
such case the variation of the projectile energy in the oxygen-containing layer
due to the stopping power of the material can be neglected. Integration of
the signal is done with SIMNRA 7.02 “integrate spectrum”. As previously
mentioned, the XPS measurement verified, that the oxide is WO3. Therefore,
in the following equations the physical properties of WO3 were assumed. This
is necessary because the simulated oxygen areal density has to be converted to
a tungsten trioxide areal density. The density for WO3 is ρWO3 = 7.16 g cm−3

and the molar mass MWO3 = 231.84 g mol−1.

Figure 4.2 shows the obtained proton spectra (before and after TDS) of two
different samples, D097 on the left and D110 on the right. The experimental
data is indicated by the solid black (after oxidation) and red (after TDS)
line. The simulation of each measurement is indicated by the dashed line.
No simulation was performed for sample D110 after TDS as there was no
signal.

Now, to compute the oxide thickness from the proton spectrum, it is im-
portant to subtract the background (here about 3 to 10 counts per channel).
Afterwards, a simulation using SIMNRA 7.02 was performed to fit the oxy-
gen areal density until the counts in the integration region match. The error
obtained from this method is the square root of the count integral. For exam-
ple, the error for the 5 nm is, thus, 15.6 % and for the 100 nm sample 3.7 %.
Moreover, the thickness of the natural oxide varied in between specimen,
by looking at the thickness before the oxidation procedure for all samples.
Thereby, oxide thicknesses, assuming WO3, were determined in between 1.5
to 2.5 nm.

By measuring the oxygen areal density after and before TDS, it is evident,
that surface oxygen is lost during TDS in the presence of a deuterium reser-
voir beneath. This procedure can also lead to a complete loss of this oxygen
layer for small oxide thicknesses of 5 and 10 nm (see Fig. 4.2b).
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(a) Measured proton spectrum and simulation
of oxygen areal density of sample D097 af-
ter Oxidation and after TDS.

(b) Measured proton spectrum and simulation
of oxygen areal density of sample D110 af-
ter Oxidation and after TDS.

Figure 4.2 Oxygen NRA comparison between two samples D097 (100 nm) and
D110 (10 nm). Oxygen is lost in both samples after the heat treat-
ment of TDS. However, the oxygen areal density for sample D110 is
completely gone afterwards. No simulation was done for the mea-
surement after TDS, as the oxygen content is zero. The integration
region is indicated by the two black vertical lines.

The formula to compute the oxide thickness (assuming WO3 stoichiometry)
from the measured oxygen areal density is

WO3 thickness = 4

3
· A

ρ
M

∣∣
WO3

·NA
in cm. (9)

Here, NA = 6.02 · 1023 particles is the Avogadro constant and A the oxy-
gen areal density obtained from the simulation with SIMNRA 7.02. A full
evaluation of the oxygen loss during TDS is discussed in Subsection 4.6.

35



4.1 Determination of the oxide thickness

Via RBS

The third method to determine the oxide thickness is RBS. In contrast to
the other two methods, this method works only with oxide thicknesses above
15 nm.

RBS is highly sensitive in detecting heavy elements on a light substrate.
However, tungsten oxide is a chemical compound of tungsten and oxygen on
a heavy (tungsten) substrate. The 3He+ ions recoiled from oxygen atoms
have a lower energy than those from W. Moreover, the signal from W atoms
is higher, compared to oxygen, due to the Z2 dependence of the cross-section.
By reaching a thickness above 15 nm the oxide layer is thick enough that RBS
is able to measure the oxygen indirectly by the “loss of W density” due to
stopping by the O atoms in the WOx layer. This is visible by the detection of
a step-like signal at high energies. The thicker the oxide layer, the better is
the determination of the oxide thickness. The thicknesses were also computed
with the Formula 9.

Subfigure 4.3a shows RBS spectra of samples D111 (green solid line) and
D094 (cyan solid line). For sample D111, two distinct simulations are pre-
sented. The dotted black line is a fit using Fit spectrum in SIMNRA 7.02
without any prior knowledge about the composition of the oxide layer. The
obtained fit parameters resulted in an oxygen concentration of 90 % and a
tungsten concentration of 10 %. These values completely fit the experimental
data. Another simulation is included (red dashed line), which considers, that
the oxide is WO3. Now, a thickness of 11 nm is calculated. Both simulations
fit the experimental data, but without prior knowledge of the XPS measure-
ment no accurate determination of the oxide thickness is possible. Sample
D094 shows a small bump, which indicates that an oxide is indirectly being
measured. The simulation to the experimental data is presented by the blue
dashed line and predicts a thickness of 26 nm.

The RBS spectrum of sample D097 before (black dotted line) and after oxi-
dation (black solid line) is shown in Subfigure 4.3b. The tungsten bulk raw
data had to be shifted by two channels to the left, probably due to ageing
of the RBS detector. Additionally, three simulations are included, one rep-
resents the simulation evaluating the oxide thickness to 103 nm. The other
two spectra (blue and green dashed lines) indicate the uncertainty range.
At thicknesses of 101.5 and 104.5 nm a clear deviation from the experimen-
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(a) RBS spectra of samples D111 (green solid
line) and D094 (cyan solid line) are shown.
The dashed lines represent simulated spec-
tra.

(b) RBS spectra of D097 (100 nm) evaluated
with a thickness of 103 nm. The other two
simulations indicate the error of this mea-
surement. For comparison, the D097 W
bulk was included.

Figure 4.3 RBS spectra of different samples to determine the oxide thickness.
The simulation of D111 shows that it’s impossible to determine the
oxide thickness, as no step is measured yet. With increasing ox-
ide thickness, starting with 25 nm, you see a step in the spectrum.
Starting with this step, a clear determined of the oxide thickness is
possible.

tal data is visible. Hence, for this measurement an error of 1.5 nm for the
determination of the oxide thickness is assumed.
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4.1 Determination of the oxide thickness

The comparison

The direct comparison of the results of the three methods, ellipsometry, NRA
and RBS is presented in Figure 4.4.

Within the experimental uncertainties all three methods yield concordant
results. Up to 15 nm the oxide thickness could not be reliably determined
with RBS. The experimental uncertainties for the NRA measurements are
determined from the square-root of the count integral as the count statistics is
assumed to be normally distributed. For ellipsometry, the error was evaluated
to 2 nm for each sample.

The applied voltages during the wet-chemical oxidation lead to the expected
oxide thicknesses, within the experimental uncertainties and, thus, the model
from McCargo et al. [31] is verified. The only visible trend is that the thick-
nesses obtained with ellipsometry and RBS are slightly thicker than with
NRA.

Figure 4.4 Oxide thickness comparison between RBS in blue, NRA in black and
ellipsometry in red. Figure is sorted with increasing oxide thickness.
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4.2 Evaluation of the deuterium depth profiles

This subsection focuses on the evaluation of the obtained NRA spectra in the
chronological order of the experimental steps. At first, the D depth profile is
determined after the D loading with the low-temperature D plasma. There-
after, the evaluation of spectra after the wet-chemical oxidation is presented.
Subsequently, a complete evaluation is given for the sample D096 (100 nm)
after the ramp and hold experiment.

The following D depth profiles were evaluated with NRADC. To get compa-
rable results, the same settings for the deconvolution are used. The input
parameter layer numbers was chosen in such a way that the program has the
freedom to determine the optimal layer number by itself. Additionally, the
number of MCMC sampling steps is increased by a factor of five compared
with the standard settings of the program to ensure good statistics and to
minimize the uncertainty of the deconvolution.

4.2.1 After D loading

The deuterium depth profiles for both batches of examined samples imme-
diately after D decoration are presented in Figure 4.5. These data will be
later on compared with the deuterium depth distribution and the total D
content in the sample after oxidation to investigate whether the oxidation
procedure caused D loses or distribution changes. Both batches show similar
behaviour. However, the obtained D integral from the NRADC data file Av-
eragedDepthProfile.dat indicated a small difference in the retained D amount
in between these two batches. Meaning, the deuterium areal density in the
first batch D093ff varied between 200 · 1015 to 210 · 1015 D/cm2, while for the
second batch D109ff it varied between 230 · 1015 to 233 · 1015 D/cm2. This is
a difference of more than 10 % and was the first hint, that not all traps in the
samples D093ff have been fully decorated by the D plasma exposure. This
will become important later on and will be discussed in Section 4.3.

In addition to the D depth profiles the result from a SRIM calculation of the
distribution of the displacement in the sample is shown in the upper graph
of Figure 4.5. The calculated displacement damage increases with increas-
ing depth, peaks at about 1.4 µm and falls of rapidly at larger depth. The
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4.2 Evaluation of the deuterium depth profiles

Figure 4.5 D depth profiles of D093ff (upper graph) and D109ff (lower graph)
after D loading derived from NRADC. The x axis indicates the depth
and the left y axis the according D concentration per layer. The D
concentration shows similar trends for all samples. The right y axis
represents the calculated damaged dose obtained by SRIM calcula-
tions. The discontinuity at the surface of sample D111 (green line in
the lower graph) is not physical and an artefact of the deconvolution.
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deuterium depth profiles are following this behaviour, but are significantly
flatter. At the surface and slightly below, the D concentration is slightly lower
than in the middle part of the self-damaged zone. In the middle part the D
is homogeneously distributed. The concentration varies from 1.6 to 1.7 at.%
for the D093ff (upper graph) and is constant for D109ff (lower graph) at
1.75 at.%. At about 1.7 µm the D concentration falls off until there is little
to no deuterium in the tungsten bulk material. This behaviour was expected
as during the annealing step prior to damaging nearly all intrinsic defects
have been annealed in the bulk and the D retention is dominated by the
displacement profile from the damaging step. Therefore, the dominant trap
reservoir is the self-damaged tungsten zone. Moreover, it can’t be avoided
that there are traps behind the indicated self-damaged zone in the figure
as damaging is a statistical process and a few incident W ions move deeper
into the sample before creating displacement damage. Intrinsic traps, which
didn’t get annealed, are also able to trap deuterium. These intrinsic traps
are then also filled by deuterium plasma exposure, however, in a negligible
amount. Additionally, the errors of the MCMC calculations are included,
but one has to keep in mind that the total error of the measurement is in
reality higher as the depth profiles are sensitive to input parameters such as
the current measuring inaccuracy of 5 % of the analyzing 3He+ beam.

4.2.2 After oxidation

Immediately after the wet-chemical oxidation another NRA measurement of
the D concentration was performed. The D depth profiles from both batches
are shown in Figure 4.6. From the first deconvolution iteration, one saw that
more initial layer numbers are needed. They were, thus, adjusted between 5
to 9 such that NRADC has more freedom for the optimization, but in most
cases the optimal layer number was 7. One has to mention that the depth
resolution file was adjusted for each oxide thickness individually.

Reference sample D093 (not wet-chemical oxidized) was stored in a desicca-
tor while the other samples were oxidized. In the second NRA measurement,
i. e. after the oxidation of the other samples, D093 was again analyzed yield-
ing the same D depth profile. This leads to the conclusion that storage time
in a desiccator does neither alter the D distribution nor the D amount. Al-
ready starting with the thinnest oxidized sample of 5 nm (D109), the initial
deuterium concentration at the surface after D loading of 1.4 % lowered to
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4.2 Evaluation of the deuterium depth profiles

Figure 4.6 D depth profiles of D093ff (upper graph) and D109ff (lower graph)
after wet-chemical oxidation derived from NRADC. The bumps at
1.2 µm of samples D094 (red line in the upper graph) and D111
(green line in lower graph) are not physical and an artefact of the
deconvolution.
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0.7 % after oxidation. This pattern of decreasing D concentration at the sur-
face continues with increasing oxide thickness, going to nearly zero for oxide
thicknesses above 50 nm. One explanation of this behaviour is that there is
little to no deuterium trapped in the oxide layer.

The thickness of a surface oxide layer of 100 nm is indicated by the light
grey area in Figure 4.6. The resolution of the NRA measurement at the
surface is limited by the minimal thickness of the obtained layer as outlined
in Subsection 2.4. Therefore, evaluating the thickness of the surface oxide by
looking at the layer thickness is just a guide value as each one was thicker
than 372 at. cm−2, which corresponds to an oxide thickness,assuming WO3, of
roughly 50 nm. By the evaluation of the oxygen areal density, a determination
of the oxide thickness is possible and was discussed in Subsection 4.1.

By looking at the D concentration in the self-damaged zone and the tungsten
bulk it is evident that the process of wet-chemical oxidation does not alter
the D depth profile, except for the oxide layer itself. This also means, that
the chemical potential of the solution in addition to applying a voltage is very
low and, thus, has no influence on the deuterium in the sample. In samples
D094 and D111, discontinuities (sometimes also called bumps) in the D depth
profile at ≈ 1.1 µm are visible, but these are artefacts originating from the
deconvolution. This is evident by overlaying the experimental data with
the obtained simulation data from NRADC. Here, the simulation did not
perfectly match the experimental data which may be due to a bad energy
calibration.

4.2.3 After TDS

During TDS, a ramp with 3 K min−1 to 1000 K was performed. This final
temperature was held for ≈ 2.5 h. For the first batch, the oven was im-
mediately removed after those 2.5 h, whereas for the second batch the oven
was ramped down with −3 K min−1 to room temperature. Subsequentially,
another NRA measurement was done. This routine was repeated for all sam-
ples except D096. In all used energies for NRA, no deuterium was measured,
meaning during the heat treatment all D is released from the sample. More-
over, migration of deuterium deeper into the sample can be neglected as the
penetration depth of the incident 3He+ ions is deeper (up to 7.4 µm) than the
self-damaged layer thickness (2.2 µm). Therefore, no D depth profiles were
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4.2 Evaluation of the deuterium depth profiles

Figure 4.7 D depth profiles for all steps done for the D096 sample are shown.

made.

4.2.4 After ramp and hold

All D depth profiles for sample D096 (100 nm) of the individual steps are
presented in Figure 4.7. The profiles for after D loading and after Oxidation
were discussed in the Subsubsections 4.2.1 and 4.2.2, respectively.

After ramp The blue line in Figure 4.7 represents the D depth profile of
sample D096 obtained by the NRA measurement after a ramp to 500 K fol-
lowed by an immediate removal of the oven. Why this temperature was
chosen is discussed in Subsection 4.5. Approximately 5 % of the total re-
tained D was lost during this ramp, meaning the obtained D areal density
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was 193 D atoms/cm2 compared to the initial value of 203 D atoms/cm2 (from
the after oxidation NRA measurement of sample D096). Evidently, there is
an accumulation of deuterium in the oxide layer. The D concentration in
the surface oxide layer peaks up to 5.4 at.%. However, one has to mention,
that the peak integral of the simulation was roughly 40 % bigger than the
peak integral obtained from the experimental data. This leads to a higher
concentration in the deuterium depth profile in the first layer obtained by
NRADC. This overfitted simulation is shown on the right in Figure 4.8. For
comparison, the three α measurements at incident 3He+ ion energies of 500,
690 and 800 keV after the oxidation step are presented on the left. Here, no
surface peak is visible on the high energy side.

According to the D depth profile after the ramp (blue curve in Fig. 4.7), a
slight redistribution of deuterium occurred, such that the after ramp experi-
ment ≈ 10 % of the total D retained is found in the oxide layer. Accordingly,
the D concentration in the self-damaged layer has decreased from 1.7 to
1.4 at.%.

(a) α spectra without surface peak. (b) α spectra with surface peak.

Figure 4.8 Comparison of two sets of α spectra of sample D096 (100 nm) with
three different incident 3He+ ion energies of 500, 690 and 800 keV
between two steps: after oxidation (left) and after ramp (right).
On the left figure is no indication about a D enrichment in the oxide
layer (at higher energies), whereas on the right figure, a huge peak is
measured on the high energy side. The peak integral of the NRADC
result after the ramp is 40 % bigger than the one obtained from the
experimental data.
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4.3 Lateral inhomogeneity of D concentration in samples of the first batch

After hold After this first ramping experiment, the same sample D096,
was ramped to 500 K again and annealed at that temperature for 3.5 h. The
obtained deuterium depth profile is represented by the green line in Fig-
ure 4.7. This time, the peak integral of the α’s of the simulation matched
the experimental data. The thickness difference between this and the previ-
ous step (after ramp) is due to the resolution constraints in addition to the
Occam’s razor principle. The proton peak integral for the 16O(3He, p0)18F
NRA measurement at 4000 keV 3He+ion energy did not show any difference
in oxygen areal density between these two steps. Thus, it is reasonable to
assume, that the thickness of the oxide layer did not change in between both
experiments.

The D concentration is at 4 at.% in the oxide layer. Looking at the raw
data, more counts were measured in the surface layer. Now about 25 % of
D degassed from the sample during the hold. The D areal density after
the ramp experiment, measured with NRA was 193 · 1015 D atoms/cm2 and
143 D atoms/cm2 after the holding experiment. 18 % of its remaining deu-
terium is trapped in the oxide layer. The concentration in the self-damaged
zone is reduced further from 1.4 to 0.9 at.%. The overall shape didn’t change
and it is reasonable to assume, that no migration deeper into the sample
happened, as the sample was annealed at 2000 K initially.

In addition, after the ramping and/or holding procedures, the oxide is not
WO3 anymore as there are reduction processes. The oxygen in the surface
oxide layer is reacting with the mobile deuterium beneath. This will be
discussed in Section 4.5. Therefore, after a TDS measurement, no oxide
thickness can be quantified anymore, but it is possible to determine the total
oxygen content using the oxygen nuclear reaction 16O(3He, p0)18F.

4.3 Lateral inhomogeneity of D concentration in samples
of the first batch

NRADC calculates the integral over the deuterium depth profile giving a
total areal density in units of 1015 D/cm2 at the measurement position for
each sample. Keeping in mind, that the ten energies were measured on a
spot with a beam area of 0.785 mm2 on the sample, meaning the results from
NRADC are valid in that area and give no information about a possible D
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distribution along the vertical axis (radial axis during D exposure). Hence,
a line-scan in the vertical direction has been performed for all samples. For
the D093ff series, this was done at 2400 keV for 2, 5, 7, 9, 11 and 13 mm and
for D109ff at 4000 keV at 4, 5, 6, 8, 10 and 12 mm from the sample edge.

According to Figure 2.3 the slope of the D
(3He+, p

)
α differential cross-

section around 2400 keV is higher compared to 4000 keV. However, since
the energy was just set once for both line-scans, a variation of the incident
ion beam energy can be neglected. Additionally, the penetration depth for
3He+ions at 2400 keV is about 3.3 µm and, hence, deep enough to cover the
full self-damaged depth.

Three detectors Prot, ProL and Ann were used simultaneously and the count
rates showed similar behaviours among each batch, respectively. For the
D093ff, the count rate was decreasing along the sample’s y axis following the
gradient of the D flux density in Figure 2.8, whereas the count rate for D109ff
stayed nearly equal. Considering this, it is insufficient to assume a constant
deuterium concentration over the whole self-damaged area for calculating the
total D in the sample and this has to be accounted for. Every detector is
considered to be equal, as each of them should, in theory, with their own
detector specific settings, yield the same D areal density in each point on the
sample. That’s the starting point why a minimization ansatz was used to
combine the information from all detectors along with their statistics. The
weight of each detector and the correct concentration at the other measured
points is calculated with

Function to be minimized =
k∑

n=1

(
~Data[n]− ~α[n]~c[n]

~Error[n]

)2

. (10)

In the case of D093ff, n runs up to k = 90. This number k is the product of
the three detectors, the five samples and the six measurement points on each
sample.

From the NRADC evaluation the deuterium amount is known at one partic-
ular point on the sample. This is represented by an entry in the ~c-vector,
where the other entries in this vectors are the desired quantities. ~α is unique
for each detector and represents its weight relative to the ProL which is
set to 1. This weight is then minimized. After the minimization is done,
these weights are then used to calculate the deuterium areal density at each
measured point on the sample. Exemplary, sample D097 is shown in the
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4.3 Lateral inhomogeneity of D concentration in samples of the first batch

upper left of Fig. 4.9. Here, a gradient is evident. The deuterium areal den-
sity varies from a maximum of 209 · 1015 D/cm2 at 5 mm on the sample to
168 · 1015 D/cm2 at 13 mm. This corresponds to a decrease by 20 %. Assum-
ing linear interpolation and radial symmetry of the PlaQ profile, the correct
mean D areal density is then calculated by taking the average over the whole
sample. The existence of a D gradient is only expected if the samples are
not fully deuterium loaded. Therefore, by looking at D093ff and D109ff, a
loading time of 72 h is not sufficient. In contrast to this, in the same Figure
on the top right, the gradient of sample D111 is shown. Here, D111, shows
no visible gradient and, thus, is fully loaded. The errors obtained by this
method are taken from the inverse Hesse-matrix of the minimization ansatz
and are used for the calculation of the calibration factor of heavy water.

Figure 4.9 Mean areal density adjustment after solving the minimization ansatz
of the three detectors. Top left graph is the deuterium distribution
in sample D097, whereas on the top right is for sample D111. On
the bottom is the deuterium mean areal density before and after
including the gradient for all samples.
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4.4 Calculation of the calibration factor of heavy water

To quantify the total amount of deuterium outgassed in the TDS experiment,
it is mandatory to calibrate the heavy water signal. From previous exper-
iments, it is known that the degassing of D is not only in the form of HD
and D2, but also a small amount of HDO and D2O signal is measured. How-
ever, this small amount was always considered to be negligible. Neglecting
this signal is not possible in the experiments presented here as a huge oxygen
reservoir is available in the oxide layer, which leads to increased outgassing of
heavy water species. Additionally, a quantitative calibration factor for heavy
water in mass spectrometry experiments is not available as water molecules
have a significant, strongly temperature-dependent sticking coefficient. This
means, that the water sticks at the glass wall and gets randomly released
again on the way to the QMS [35]. The calibration factor is, hence, not only
depending on the specific setup, but also on the actual surface conditions.

By knowing the initial deuterium amount in the sample before TDS in ad-
dition to having a huge oxygen reservoir it is possible now to determine the
calibration factor for heavy water as deuterium will reduce the oxide layer
by building HDO and D2O. These two species will now give a significantly
increased signal compared to the signal obtained by the natural oxide layer.

Calibration, meaning the conversion of counts to detected species amount of
the D2 molecule is done with a calibrated gas leak, whereas the calibration
factor for HD is 0.66 · calibration for D2 [36]. Those two values allow us to
absolutely quantify the amount of D degassed as HD and D2. Moreover, from
the NRA deuterium amount measurements and Sections 4.1 and 4.3 the total
deuterium in the sample is known. Including the reasonable assumption that
HDO and D2O should have the same sticking coefficient as they are identical
molecules from a chemical perspective, it is possible to determine the relative
calibration factor (i. e. relative to D2) for heavy water κ with

κ =
DNRA − (0.66 · HD + 2 · D2) ξ

(HDO + 2 · D2O) ξ
. (11)

DNRA is the mean average D areal density obtained from Section 4.3 times
the self-damaged area of ASD = 1.381 cm2. HD, D2, HDO and D2O are the
background subtracted integrals in counts from the TDS measurement. At
last, ξ is the calibration factor for D2 from the calibrated gas leak. Back-
ground subtraction was performed with the program OriginPro and after-
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4.4 Calculation of the calibration factor of heavy water

wards, mathematical area (algebraic sum) was used for integration to get rid
of noise around zero (due to the background subtraction). The integration
time was from zero until the oven was immediately removed. It was visible
from the raw data, that a tail consisting of heavy water signal is formed and
not zero at the time the oven was removed. That’s why for the second batch,
a ramping down of −3 K min−1 was performed. During this slow ramping
down, more heavy water molecules were measured, leading to two entries for
D109ff in the following two tables. Table 4.1 shows the integrals obtained
by the TDS measurements without background, whereas Table 4.2 shows
the converted integrals into D amounts for the important molecular species.
In addition, the calculated relative heavy water calibration factor κ for each
sample is shown. The entry with suffix s stands for “slow”, these spectra were
integrated until the heavy water signal went to nearly zero. For comparison,
the entries without suffix were evaluated exactly like the samples in the first
batch. The 0.66 is the relative calibration factor for HD [36], whereas the
2 in front of D2 and D2O is coming from the fact that one count of these
masses equals to two deuterium atoms.

Figure 4.10 shows the relative calibration factor κ for heavy water (HDO and
D2O) calculated for each sample, ordered with increasing oxide thickness. Er-
rors are evaluated with error propagation of the integrals of each mass, the
deuterium amount from Section 4.3 and the calibration of D2, which was con-
sidered to be 1 %. The relative calibration factor κ = 0.677 for sample D097
was chosen to be the correct value, because it has the thickest oxide layer of
100 nm and, therefore, the best ratio of D outgassing as heavy water species
compared with D outgassing as HD and D2. Thus, this measurement yields
the best statistics for the determination. This value and its calculated error
can be seen by the green horizontal line along with the red error interval.
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Figure 4.10 Relative calibration factor κ for heavy water species. The plot is
ordered with increasing oxide thickness.

Table 4.1 Outgassing integral of samples without background.

Samples HD D2 HDO D2O
Integral over time in counts

D093 4.73 · 106 6.51 · 107 9.45 · 106 6.63 · 105
D109 7.89 · 106 5.49 · 107 4.34 · 107 6.15 · 106
D109s 7.95 · 106 5.52 · 107 4.68 · 107 6.29 · 106
D110 5.37 · 106 3.99 · 107 6.82 · 107 1.42 · 107
D110s 5.44 · 106 4.00 · 107 7.25 · 107 1.44 · 107
D111 4.94 · 106 3.43 · 107 7.98 · 107 1.89 · 107
D111s 4.99 · 106 3.43 · 107 8.40 · 107 1.90 · 107
D094 4.12 · 106 2.83 · 107 8.15 · 107 2.12 · 107
D095 4.01 · 106 2.00 · 107 8.88 · 107 2.23 · 107
D097 3.78 · 106 1.20 · 107 1.10 · 108 2.56 · 107
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4.5 Deuterium desorption

Table 4.2 D amount converted from the TDS integrals for each sample with its
own relative calbibration factor κ.

Samples κ HD D2 HDO D2O
Outgassed D amount in 1015 D

D093 0.27 6.34 264.49 5.23 0.73
D109 0.56 11.3 238.29 52.42 14.86
D109s 0.51 11.39 239.64 51.88 13.95
D110 0.67 7.65 172.37 98.94 41.2
D110s 0.64 7.75 172.8 99.92 39.69
D111 0.64 7.11 149.55 111.49 52.81
D111s 0.62 7.18 149.55 113.08 51.15
D094 0.64 5.52 114.89 105.78 54.99
D095 0.72 5.34 80.62 128.53 64.47
D097 0.68 5.01 48.21 150 69.66

4.5 Deuterium desorption

This subsection focuses on the deuterium desorption during TDS. At first,
the sample with natural oxide is compared with the sample with 100 nm oxide
to see general differences in the desorption spectra. Thereafter, the total D
flux, consisting of HD, D2, HDO and D2O species, is analyzed for samples
from the first batch (nat. oxide, 25, 50 and 100 nm). Afterwards, the D flux
of D2 and HDO is analyzed from the samples of the second batch (5, 10 and
15 nm) with thin oxide layers. Subsequentially, the total D flux of the second
batch is analyzed. At last, the TDS spectra of the ramp and hold experiment
are shown.

The following TDS spectra were converted from counts/s to 1015 D/s with
the calibration factors for D2 of ξ , HD of 0.66 · ξ and κ · ξ = 0.677 · ξ as the
calibration factor for heavy water, which was outlined in Subsection 4.4.

4.5.1 Natural oxide and 100 nm oxide

Figure 4.11 shows the difference in D outgassing behaviour from the self-
damaged W with natural oxide (D093) and 100 nm oxide (D097). As previ-

52



4 Results

ously discussed, the important mass channels are HD, D2, HDO and D2O.
Other mass channels were also investigated, but none had any noteworthy
contributions or anomalies. The solid lines indicate the flux from the sam-
ple with natural oxide while the dashed lines stand for the 100 nm sample.
Colours for each species are kept the same for comparison. The grey lines
are the sum of the D flux of all individual molecules, respectively, meaning
the total D measured at all times. The temperature, which was ramped with
3 K min−1 to 1000 K, is shown by the straight thin grey line (axis on the
right-hand side).

Speaking of Figure 4.11, the first visible increase of deuterium outgassing
starts at approximately 400 K (after 0.7 h) as the D2 flux (red solid and dash
lines) increases. This molecule dominates the total deuterium release mea-
sured for sample D093 (natural oxide). Other mass channels, HD, HDO
and D2O, are also shown for sample D093, but play a minor role as these
constituents contain only 7 % of the total measured D. In contrast to the
natural oxide, the 100 nm sample has a different shape and also a very dif-
ferent distribution among the molecules. Also starting with D2 (red dashed
line), its outgassing stays constant in the temperature range between 480 to
535 K (after 1.1 to 1.5 h). During this time, an increase of HDO is detected,
rising drastically at 510 K. Opposite to sample D093, HDO is the dominant
contribution of the total deuterium degassing with 53 % in comparison with
D2O 27 % and D2 18 %. This change of distribution is mainly because all
of the measured D flux of the second peak (starting at 2.4 h) is released as
heavy water species instead of D2. More about this behaviour is discussed in
Subsubsection 4.5.3.

4.5.2 Total D outgassing from samples of the first batch

Figure 4.12 shows again the total D flux from the self-damaged W with nat-
ural oxide (black line) and 100 nm (red line) oxide. In addition, the samples
with 25 nm (green line) and 50 nm from the first batch are included.

The first increase of the total D flux is measured at about 400 K for all
samples. Since the samples were deuterium plasma loaded at a sample tem-
perature of 370 K this was expected, as traps below that temperature weren’t
filled. Beginning at that particular temperature, the D flux increases first for
the natural oxide sample. With increasing oxide thickness, this first increase
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Figure 4.11 D outgassing from samples D093 and D097 (left scale) during the
3 K min−1 temperature ramp (right scale).

Figure 4.12 D outgassing in samples with natural, 25, 50 and 100 nm oxide (left
scale) during the 3 K min−1 temperature ramp (right scale).
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(the left flank of the first peak) is shifted to higher temperatures. Two dis-
tinct peaks are measured, which can for the sample with natural oxide be
explained with the superposition of five different de-trapping energies of 1.18,
1.32, 1.46, 1.7 and 1.84 eV [37].

The first peak maximum shifts from 560 K for the natural oxide to 590 K
for the 100 nm sample. Additionally, for the oxidized samples, a plateau is
visible on the low-temperature side of the first peak. Meaning, an immediate
increase is visible for the natural oxide while flattening to thicker oxides. The
second peak has similar behaviour, ranging from 770 to 785 K. Interestingly,
the local minimum at 700 K stays the same for all samples. Moreover, the
first peak gets squeezed, the width decreases while the height increases, whilst
containing almost the same total deuterium amount of 63, 59, 56 and 53 %
for oxide thicknesses ≈ 2, 25, 50 and 100 nm, respectively. On the high
temperature side of the first peak, the total D flux of the natural oxide crosses
the other fluxes and then stays above until about a time of 3.3 h where it
again crossed the other fluxes. The interpretation for this is the formation of
heavy water molecules which can stick on the walls on the way to the QMS
and then get randomly released at some later time. Therefore, heavy water
molecules are still measured even though they were already released from the
sample, leading to a time delay. Thus, the total D flux released in the second
peak region is higher compared to samples with a thicker oxide. This does
not happen for the natural oxide (black line) as most of the deuterium is
degassed as D2, which does not stick to the glass tube (this can also be seen
in Figure 4.11). In order to account for the sticking of the heavy water, the
oven is moved twice by several cm, while being held at 1000 K. By moving it,
adsorbed molecules in front of the oven (surface of the glass tube) are released
and measured. This “additional” D flux was included in all calculations (see
Figure 3.4) but is not shown in the graphs for simplicity.

Integrating the total D flux of a sample will yield the total amount of D
outgassed in units of 1015 D atoms. The unit of the NRA measurement is
1015 D/cm2 and, therefore, has to be multiplied by the self-damaged area
of 1.381 cm2 to compare it with the TDS data. It’s a valid test of the two
independent measurement methods if both determined values of the total D
amount, within the error bars, agree reasonably. This was previously done
with a sample with natural oxide by investigating the D flux originating for
the HDand D2 molecules, where both measurement methods agreed within
the errors. For samples with a thicker oxide, this is not possible anymore
(just looking at HD and D2), as a huge amount of the D will be released as
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4.5 Deuterium desorption

Figure 4.13 D2 (line) and HDO (dashed) outgassing behaviour for the thin
thicknesses of ≈ 2, 5, 10 and 15 nm. For comparison, the flux of
the natural oxide is included. Due to different D amounts between
the two batches, the flux of the nat. oxide was multiplied by 1.15
to get comparable results.

heavy water species.

4.5.3 D2 and HDO outgassing from samples with small oxide
thicknesses

As previously mentioned, the constituents forming the second peak are chang-
ing with increasing oxide thickness from D2 to a mixture of D2, HDO and
D2O. Figure 4.13 shows the outgassing behaviours of D2 (solid lines) and
HDO (dashed lines) for small oxide thicknesses. For simplicity HD and D2O
are omitted in this figure, as HD plays a negligible role and D2O has the same
outgassing behaviour as HDO, but is lower by a few %. For comparison, the
natural oxide sample (D093) is included. The D flux of D093 was multiplied
by 1.15 as the sample contained about 15 % less deuterium than the samples
in D109ff (see Subsection 4.3).
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Immediately visible is the shift to higher temperatures of the low-temperature
flank of the first peak of the D2 flux. An interpretation for this behaviour is
that the D has to diffuse through the 2 µm self-damaged area, where it will
eventually reach the interface between the tungsten and its oxide layer. Then,
transport through WO3 seems to slow down, which then as a consequence,
takes additional time until it is measured by the QMS, leading to this shift
to higher temperatures. A step-like increase of the HDO flux is measured
at 490 K. The height of this step increases with increasing oxide thickness.
For temperatures above about 740 K the HDO flux shows a maximum. This
peak height increases and its peak position shifts to higher temperatures for
thicker oxide layers. The local minimum of the D2 flux at around 700 K
shits to higher temperatures for thicker oxide layers, but the local minimum
of the total D flux stays unaltered (the sum of the D flux of all molecule
species). Starting with the 5 nm sample, even while the flux of D2 (black solid
line) is decreasing after the extremum of the first peak, a steady increase of
HDO (black dashed line) is still measured. Shortly after reaching the local
minimum of the D2 flux, a decrease of the HDO flux is detected. This pattern
repeats for the sample with 10 nm (red solid and dashed lines), but already at
that thickness, the D2 amount forming the second peak is low compared with
the sample with 5 nm. At an oxide thickness of 15 nm (green solid and dashed
lines) and beyond, no formation of a second peak with the D2 molecule is
visible. This second peak consists then only of heavy water species.

Two SEM images of samples D109 (5 nm) on the left and D111 (15 nm) on the
right are shown in Figure 4.14. Both images were taken by K. Kremer after
heat treatment in the TDS setup, have a magnification of 500 x and are made
in Secondary Electrons (SE)-mode. By using SE-mode, steep surfaces and
edges appear brighter than flat surfaces, thus, highlighting small structures at
the surface. In both presented images are two distinct areas visible. On the
upper left is the undamaged area, which was protected by the implantation
mask and on the lower right is the self-damaged area.

On the left SEM image 4.14a is the sample D109 after TDS, which previously
had a 5 nm thick oxide layer. The undamaged area shows bright spots on the
surface, while the self-damaged area is clean.

One possible explanation is, that these bright spots on the undamaged area
are leftover surface oxide. This was verified with an energy-dispersive X-ray
spectroscopy measurement, performed by K. Kremer, which detected a high
amount of oxygen on top of the substrate [38]. From now on, these bright
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(a) SEM image of sample D109 after heating
to 1000 K, magnification is 500 x.

(b) SEM image of sample D111 after heating
to 1000 K, magnification is 500 x.

Figure 4.14 SEM images of two samples D109 (left) and D111 (right) after
heating to 1000 K. Images are divided by the mask in the self-
damaging step. On the left image, D109, no bright needle-like
structures are visible in the self-damaged area whereas in the right
there are some left. One the right images, D111, there are still
structures visible on the self-damaged area. Measurements were
done by K. Kremer.

spots on top of the tungsten substrate are, hence, labelled as a surface oxide
layer. The main difference between the undamaged to the self-damaged area
is the amount of trapped deuterium. On the D-rich self-damaged area, no
bright spots are visible, leading to the conclusion that no surface oxide is
left after TDS. The reason for this could be that the D beneath the oxide
layer completely reduced it, forming heavy water molecules which were mea-
sured in the TESS experiment. The undamaged area was also subjected to
the low-temperature D plasma, but, due to annealing and no self-damaging,
several orders of magnitude less deuterium is trapped in this undamaged re-
gion compared with the self-damaged area. The needle-like structure on the
undamaged area is assumed to be leftover surface oxide, because the amount
of the D in this undamaged area was not able to fully reduce it. Unfor-
tunately, no SEM images have been made before the TDS treatment for a
precise comparison.

In contrast, in the right SEM image 4.14b, sample D111 (15 nm) after TDS
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is shown. Needle-like structures of remaining oxide are visible on top of the
self-damaged area. This indicates that the oxide is not fully reduced by the
desorbing deuterium. On the undamaged side, nearly all of the surface is
covered by the remaining oxide. Now, it is possible to combine the infor-
mation from the TDS spectra of sample D111 presented in Figure 4.13 and
the according SEM image 4.14b. If there is still oxygen visible on the self-
damaged area, then the second peak consists only of heavy water species
(HDO represented by the green dashed line).

4.5.4 Total D outgassing from samples of the second batch

The total D degassing behaviour of samples with thin oxide layers is better
seen in Figure 4.15. Here, the black and green dashed lines indicate the
samples with natural oxide and 25 nm, respectively. The flux from those two
samples of the first batch were multiplied by 1.15 to get comparable data as
the samples differed in total D amount in between the batches.

Figure 4.15 D outgassing for samples D109ff in comparison with the samples
with natural oxide (D093) and 25 nm thick oxide (D094). Samples
D093 and D094 D fluxes (black and green dashed, respectively)
were multiplied by 1.15 in order the get comparable spectra.
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4.5 Deuterium desorption

The total D outgassing of the low-temperature side of the first peak shifts
to higher temperatures for samples of the second batch D109ff. It seems
like the samples with 10 nm (blue line) and 15 nm (red line) behave likewise
in this range. Beginning with the high temperature flank of the first peak,
the total D flux of the natural oxide is higher compared with all others.
The reason might be the lack of conversion to heavy water molecules as this
flux is completely D2 dominated (see Figure 4.11) in contrast to the others,
where more heavy water molecules are formed. At a temperature of 490 K
the conversion to heavy water molecules begins and their detection will be
delayed due to the sticking at the glass walls. Moreover, the flux at the
local minimum of the natural oxide is significantly higher compared with the
others, but the D outgassing of the 5 nm sample begins to align shortly after
reaching the minimum. A high D2 outgassing is the reason for this and with
the other small oxides, the conversion to HDO and D2O begins to play a
major role in the total D outgassing. The higher D flux at the tail of the
second peak is a result of the delayed measurement of heavy water species.

4.5.5 Ramp and hold of sample with 100 nm oxide thickness

Figure 4.16 shows TDS spectra of two “ramp and hold” experiments using
sample D096 (100 nm). First, the sample was ramped up to 500 K and then
immediately cooled down again. Second, the identical sample was heated
again with the same ramp to 500 K and annealed for 3.5 h. The idea of this
procedure was on the one hand, to check whether traps depleted in the first
run will be filled again and, on the other hand, to see if the constant D2 flux,
which was observed for the comparable sample D097 (also 100 nm) in this
temperature range (see Figure 4.11), continues if one holds the temperature
around that point. In between both experiments, NRA measurements were
performed.

The green solid and dashed line is the D2 flux and the red solid and dashed
line the HDO flux for both runs, respectively. The grey area indicates the
ramping zone (or time) for the first and second treatment. A huge background
and a short integration time lead to a non-smooth flux for the HDO flux
in the ramping and holding step. These fluxes had to be smoothed using
OriginPro. For the first ramping procedure, the D2 flux started to increase
at 395 K, behaving exactly the same as the other sample with 100 nm oxide
thickness (D097). Moreover, the HDO flux already increased at the beginning
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Figure 4.16 D2 and HDO TDS spectra of a sample with 100 nm oxide during
a ramping phase followed by a ramping and holding phase. The
solid lines indicate the flux during the first ramping phase and the
dashed lines those during the ramping and holding phase.

of the ramp until the flux drastically increases at about 470 K. However, for
sample D097, no HDO flux has been detected at temperatures below 470 K.
Therefore, the D flux visible below a temperature of 470 K for sample D096 is
assumed to be background noise. The total D amount, which degassed during
the ramp experiment was 4.2 · 1015 D atoms. In order to compare this value
with the one obtained with NRA, one has to subtract the D amount after
the ramp experiment from the D amount after the oxidation. Thereby, NRA
predicts a deuterium loss of 4.5 · 1015 D atoms. This calculated deuterium loss
with NRA includes the lateral inhomogeneity (see Section 4.3), whereas the
calculated deuterium loss is 14 · 1015 D atoms without including the lateral
inhomogeneity.

For the second treatment, the hold experiment, a delayed increase of D2 flux
(green dashed line) was measured, whereas the HDO flux (red dashed line)
is just slightly delayed. The reason of this delay of D2 flux is, that the
de-trapping energies were already reached before. For the HDO flux, the
conversion to heavy water species begins at roughly 470 K and is, thus, just
shifted by a small amount of time. The D2 flux has a shallow maximum
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4.5 Deuterium desorption

shortly after reaching 500 K, decreases by about 25 % and then stays at a
constant rate of about 1 · 1012 D/s during the complete holding phase. For
comparison, the deuterium released as HDO, peaks about half an hour after
the final temperature was reached and then drops continuously by about 60 %
till the end of the holding phase.

From this constant degassing of D2, a calculation of the temperature depen-
dent diffusion coefficient seems natural, but this would go beyond this thesis.
Concerns to make this calculation have arisen, since the oxide layer isn’t
reduced homogeneously but rather grain dependent and random, see Fig-
ure 4.14. Also, the maximum of the individual outgassing for HDO is about
2 · 1012 D/s compared to 30 · 1012 D/s at the maximum of sample D097 which
is 15 times smaller. Therefore, the region of interest is very small and small
perturbations can lead to a huge impact in the signal. Integrating the to-
tal D flux from the holding experiments lead to a total degassed amount as
deuterium of 35 · 1015 D atoms. This is 50 % less than the expected value
obtained from NRA with 70 · 1015 D atoms (see Subsection 4.2.4). There are
several possible explanations for this difference. At first, it is unknown if
the D is homogeneously distributed after the ramp experiment in a lateral
manner, as no horizontal scan has been performed with NRA. Furthermore,
the deuterium, which is “lost” during the annealing time is a difference out of
two large numbers. Meaning, the deuterium loss is calculated by subtracting
the D amount obtained after the ramping experiment from the D amount
obtained from the holding experiment. In addition, during this holding time
of 3.5 h, the oven was not moved and, thus, the heavy water species, which
were stuck in front of the oven are not accounted for. Also, a huge and
rather undefined background was measured during this holding experiment.
Therefore, a bad background subtraction would lead to a big impact in the
total D flux as these are very low compared to the experiments which were
ramped to 1000 K. Additionally, NRADC had problems to accurately fit the
high deuterium surface peak along with the “low” D concentration behind.
All of these uncertainties could add up to the difference measured with NRA
and TDS.

Focused Ion Beam (FIB) cross-section images were created by K. Kremer with
a scanning electron microscope after the holding time. Two SEM images are
shown in Figure 4.17. On the left side 4.17a, the image shows the surface
of sample D096. Here, darker quadratic appearances are visible, which are
remnants of previously taken images. Moreover, ring-like structures (black
circles with a white halo), or from now on called “bubbles”, are distributed
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across tungsten grains but accumulate more along grain boundaries. The
web-like structures are “hills” and “valleys” in the tungsten substrate. This
is evident by looking at the right image 4.17b, which shows a FIB cross-
section. Here, this unevenness is visible on the surface of the tungsten bulk,
where the tungsten oxide homogeneously lays on top of it. However, it is
unknown why and how these structures are formed. It could be a formation
due to the heat treatment, holding procedure, some remnants of the oxidation
process or an interaction with the deuterium in the self-damaged layer. The
oxide layer is in between the tungsten bulk and the protective coating for the
FIB cross-section. Four bubbles are visible in the oxide layer in which two
are likely open to the surface but none of them seem to reach the tungsten
bulk.

(a) SEM image after TDS. There is a forma-
tion of “bubbles”, especially in the grain
boundaries. Additionally uneven structures
are visible, mostly along the right side. The
darker quadratic appearances are remnants
from previously taken images.

(b) SEM image of a FIB cross-section. The
oxide layer is in between the tungsten bulk
(light grey area in the bottom) and the
coating. Bubbles were formed during the
heat treatment. They seem to be open to
the surface, but don’t have a direct con-
nection to the W bulk.

Figure 4.17 SEM images of sample D096 after holding at 500 K for 3.5 h. It
was measured in secondary electrons mode which is highly sensitive
to changes in height on the surface. Images made by K. Kremer.

During a full ramp to 1000 K, there are likely intermediary tungsten hydrox-
ides formed DxWO3. This is visible by looking at sample D112 in Figure 2.9.
The sample was subjected to a short holding procedure at a temperature
of 473 K for 3.5 h. The violet area is surrounded by the light blue area.
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Both appearances (colour changes) are effects of chemical reactions forming
hydroxides. Unfortunately, this wasn’t verified.

Performing the same experiment with a different holding temperature of
about 470 K, one would probably probably be able to measure a constant
D2 flux without reduction of the oxide layer.

4.6 Comparison of oxygen loss measured with NRA and
TDS

Another way to verify the calibration factor for heavy water κ = 0.677 · ξ
is to check if the oxygen balance is fulfilled between the NRA and TDS
measurements. Each count of heavy water times κ · ξ is equal to one oxygen
atom. Hence, it is possible to calculate how much oxygen was released during
the TDS experiment with

Oxygen measured from heavy water with TDS = κ · ξ · (HDO + D2O) .

κ · ξ is the calibration factor for heavy water. The HDO and D2O values are
the background-subtracted measured integrals in counts, respectively. This
method is, therefore, an indirect measurement of the oxygen loss by the
measurement of heavy water. This relies on the calculated calibration factor
determined in Subsection 4.4.

The oxygen loss during TDS is also measured with NRA at 4000 keV with
3He+ ions according to Subsection 4.1. The oxygen loss before and after TDS
is calculated with

Oxygen loss with NRA =
(
ONRA

beforeTDS − ONRA
afterTDS

)
· ASD.

A comparison of the oxygen loss measured by the two methods is displayed
in Figure 4.18. The black line is the measured oxygen loss from the TDS
measurement, the red lines surrounding it is the error interval of this mea-
surement. This error interval considers the systematic error of the D2 cali-
bration of 4.7 % as one has to quantify the oxygen amount absolutely. The
blue and green lines correspond to two different detectors of the NRA mea-
surement, ProL and Prot, respectively. It was evaluated that the measured
loss of oxygen obtained from TDS of each sample is about 1/3 higher than
the value obtained from the NRA measurement. As κ is calculated with a
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Figure 4.18 Oxygen loss from TDS measurement of oxygen from HDO and
D2O vs. the difference of the oxygen amount measured with NRA
before and after TDS, as shown in Figure 4.2.

deuterium balance equation 11, it is independent of the total oxygen available
and, therefore, can be omitted as an error source. In order to test the thermal
stability and to see if the oxygen just leaves the oxide layer in form of heavy
water species and not in other mass channels, another set of experiments was
performed. Here, samples, D106, D107 and D108 without a D reservoir were
oxidized and then subjected to the same heat treatment during TDS as sam-
ples of the second batch (see Step 4 of Section 3). Hereby, it was measured
with NRA that there is no oxygen loss during the heat treatment of TDS, but
the oxide structure changed which was visible in the RBS spectrum. This
oxide could not be described as WO3 anymore, but as a combination of many
layers with different W and O concentrations.

There are several possible explanations for the phenomenon, that there is
more oxygen measured with TDS than NRA, but none of these is verified.
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This discrepancy can be explained by a superposition of the obtained inde-
pendent errors. By investigating other mass channels during TDS, a huge
background is seen for the H2O (mass 18) signal. At first, the absolute er-
ror of the cross-section [23] of the 16O(3He, p0)18F reaction of about 5 % at
4000 keV has to be included in the error calculation. Furthermore, the cal-
culated oxygen loss with NRA is a subtraction of two large numbers, which
leads to a large experimental uncertainty. Additionally, it could be possible,
that desorbed deuterium chemically reacts with surrounding oxygen from
the background. Moreover, there is likely an accumulation of water, trapped
inside the oxide structure. So it could be possible, that after the heat treat-
ment, the trapped water completely desorbed and, thus, due to hygroscopy,
the oxide layer then attracts surrounding water to go back into its initial state
again. By this, it takes water back during the exposure to air and, hence,
the second NRA measurement detects more oxygen. As a consequence, a
smaller loss or difference is measured. A clear trend is visible, however, a
final explanation can’t be given yet.
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5 Interpretation and Discussion

5.1 Where does the hydrogen originate from?

Detection of HD and HDO species during TDS leads to an immediate mea-
surement of hydrogen. But where does this hydrogen originate from? By
annealing of the tungsten samples, all of the contained hydrogen in the tung-
sten bulk should be released. Therefore, the W bulk is considered to be
hydrogen free. During the wet-chemical oxidation, the sample is exposed to
a solution which contains water molecules or molecular hydrogen H2. Hence,
there is likely an accumulation of water in form of crystal water (trapped
water) inside the lattice structure of the grown oxide. Additionally, there
is always adsorbed water from the atmosphere in addition to background
pressure from the vacuum.

Measuring hydrogen is possible with elastic recoil detection analysis. This
method is able to detect light atoms in a heavy target, however, the sen-
sitivity of the present experiment at the IPP is too low to reliably resolve
this. Measuring hydrogen is also possible by exploiting the resonant nitrogen
nuclear reaction [39]

15N + 1H 12C + α + γ(4.43 MeV),

but there is no detector to measure the γ-rays produced by this nuclear
reaction. Therefore, the detection of hydrogen in the oxide layer has to be
outsourced.

5.2 Oxide layer acting as permeation barrier

By heating up the samples above their D loading temperature of 370 K, the
deuterium starts to be mobile, as it is thermally released from its trapping
sites. Then the D will diffuse through the tungsten material and will eventu-
ally move to the interface between the tungsten and the surface oxide layer.
Figure 4.11 shows again the D fluxes of interest for a sample with natural
oxide and compares it with a sample with a 100 nm thick oxide.
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The interpretation now is that the atomic deuterium, originating from the
self-damaged layer, enters the oxide layer and then diffuses through it. While
diffusing, part of the atomic deuterium is getting “trapped” by forming tung-
sten hydroxides DxWO3, leading to a delayed D flux. This delay increases
with increasing oxide thickness, as more oxygen is available to react with the
diffusing deuterium. At the surface, the diffused atomic deuterium has a high
rate of recombining into D2 molecules with another deuterium and a very low
rate to form HD. This is evident from the difference between the D flux in the
form of HD (black solid and dashed line) and D2 (red solid and dashed line)
measured at all times (see Figure 4.11). With increasing temperature, the
D2 flux of the 100 nm sample stays at a constant diffusion rate in the interval
from 1.2 to 1.5 h. There the oxide layer obviously acts still as a permeation
barrier. During this time, the HDO flux begins to increase until it eventually
surpasses the D2 flux (in amount). The HDO is likely being formed by the
reduction of the oxide layer by stripping of deuterium and oxygen from the
intermediary tungsten hydroxide in combination with surrounding hydrogen.
When this happens, the D2 flux begins to suddenly increase again.

The idea is, that due to the reduction of the oxide layer, a large amount of
channels are formed in which the atomic deuterium is able to channel through
without being hindered by the oxide layer. The time, when the D2 flux is
suddenly increasing again is from now on called breakdown point of the oxide
layer. A higher energy is needed to form HDO and D2O molecules as they
start being detected at later times.

Indications for this are shown in the SEM image 4.17b of a sample with
100 nm surface oxide layer. Here, four bubbles are visible, in which two are
likely to be open to the surface (the second and third from the left) but
none is in direct contact to the tungsten bulk. This image was taken after
a ramp to 500 K and holding at that temperature for 3.5 h. By staying at
that temperature, a small amount of heavy water species are detected and,
thus, only a small amount of the oxide layer is reduced. These bubbles are
probably formed due to an accumulation of heavy water species and burst,
meaning are opened to the surface, after a critical thickness of the bubble is
reached. This thickness (in diameter of the bubble) is probably about the
thickness of the oxide layer. The assumption now is, that by going above
a temperature of about 510 K, the formation and bursting of the bubbles is
the dominating effect, thus, creating channels for the deuterium. By going
to higher temperatures, the rate decreases to form D2 molecules, whereas the
rate increases to form heavy water species. This is again shown in Figure 4.11,
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where the second peak of the sample with 100 nm oxide consists just of heavy
water species.

By staying for 3.5 h at a temperature of 500 K, most of the surface is still cov-
ered by the 100 nm oxide layer. This is observed in Figure 4.17a, as the only
“destruction” of the surface is indicated by the opened bubbles. Here, the
breakdown point is not reached yet, evident from Figure 4.16 as no sudden
increase of D2 flux was measured during the holding experiment. However,
during a 3.5 h hold, a constant D2 flux was detected. The interpretation for
this constant D2 flux is that the atomic deuterium is diffusing through the
oxide layer, where at the surface, molecular deuterium D2 is being formed.
Starting with roughly the holding temperature of 500 K, the conversion to
heavy water molecules begins. These bubbles are then slowly formed, un-
til they eventually burst. Those individual bursts are not detectable in the
QMS as the integration time is too long. The maximum of the HDO flux is
measured 0.5 h after reaching 500 K until it drops continuously. This leads
to the conclusion that even after reaching 500 K, the bursting of these bub-
bles does not happen homogeneously but rather in a probability distribution.
Moreover, the constant D2 flux could be a direct compensation of the bursted
bubbles, creating channels, and the decrease of the deuterium source under-
neath the oxide layer as no new de-trapping energies are reached.

5.3 Change of species distribution

The species distribution is dependent on the thickness of the surface oxide
layer, as previously discussed in Subsubsection 4.5.3 and Figure 4.13. Here,
the degassing behaviour of D2 and HDO is shown for the samples with nat-
ural, 5, 10 and 15 nm oxide thicknesses. At an oxide thickness of 15 nm, the
formation of the second peak is only due to heavy water species. Therefore,
at a certain critical oxide thickness 10 nm ≤ dcritical ≤ 15 nm, or to be more
specific, at a certain critical ratio between the total amount of D retained
in the sample and the total amount of oxygen in the surface oxide layer,
there is more oxygen available, in the form of a surface oxide layer, than the
deuterium beneath can reduce. In the case of the second batch D109ff, the
oxygen to deuterium ratio is roughly 1/3 (80 · 1015 O atoms/cm2, which cor-
responds to a WO3 thickness of 15 nm, divided by 230 · 1015 D atoms/cm2).
Evidence for the critical thickness can be obtained from the SEM image 4.14b
of the 15 nm oxide sample. It shows some surface oxide residue and plenty
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of oxide-free areas. Although, there are oxide free spaces, the formation of
heavy water species is the dominating D flux of the second peak. Lateral
diffusion of the atomic deuterium on the surface could be an explanation of
this behaviour. The atomic deuterium has probably a high mobility at the
surface and, thereby, it will eventually collide with a “free” oxygen atom,
forming heavy water species. Another possible explanation is that the visible
oxide residue in Figure 4.14b, is a remnant of the cooling process. At a tem-
perature of 1000 K, the surface oxide probably is homogeneously distributed
over the whole surface and the process of cooling leads to those structures.
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6 Summary and Conclusion

In this thesis, a novel method has been developed to study the influence of a
surface oxide layer on Deuterium (D) release from tungsten. Plain tungsten
specimen were mechanically and electrochemically polished.

Afterwards, the samples were annealed to reduce the impurities from the
hot-rolling and polishing procedure and the intrinsic defects density in the
material. Displacement damage to a saturation value of 0.23 dpa with self-
implantation of 20.3 MeV tungsten ions was introduced to create a large
and defined reservoir to trap D atoms. The deuterium was supplied by a
low-temperature deuterium plasma. Afterwards, Nuclear Reaction Analy-
sis (NRA) was performed after each step to measure the D content and D
concentration depth profile.

The specimen were wet-chemically oxidized, after D loading, to several oxide
thicknesses of 5, 10, 15, 25, 50 and 100 nm (two samples) and character-
ized with Rutherford Backscattering Spectrometry (RBS), Nuclear Reaction
Analysis (NRA) and ellipsometry. Ellipsometry was used to determine the
refractive index of the grown oxide nWO3 = 2.10 ± 0.05 − i (0.050 ± 0.025)
and the oxide thicknesses of each sample. The thicknesses measured by el-
lipsometry are all approximately 2 nm thicker than the expected value from
the oxidation step.

By evaluating all deuterium depth profiles it can be seen that there is no
D in the freshly formed oxide layer. In addition, the overall distribution of
the deuterium concentration in the self-damaged area was not affected by
the oxidation. Therefore, anodizing the sample in the oxidation process and,
hence, applying a chemical potential, does not alter the deuterium distri-
bution inside in the self-damaged area below the oxide layer. The biggest
advantage of this method is that it can be executed at room temperature
whereas thermally oxidation needs temperatures above 600 K at which the
trapped D will be mobile. This would lead to a loss of D in the sample and
very likely interfere with the oxidation procedure.

At last, Thermal Desorption Spectroscopy (TDS) was carried out to deter-
mine the total D amount which was trapped in the sample along with the
degassing behaviour of the deuterium though the oxide. During a full TDS
procedure (ramp to 1000 K and hold for ≈ 2.5 h) all deuterium is released
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from the sample as no D is measured with NRA after the heat treatment.
Moreover, TDS is capable of determining the distribution of the deuterium
containing molecular species as which the D degassed. These are HD, D2,
HDO and D2O. The oxide was at temperatures above 500 K not stable in
the presence of D. This can be explained as a reduction of the oxide layer
which was observed after the heat treatment with, RBS, NRA and scanning
electron microscopy images. Another indication for the reduction of the sur-
face oxide layer is that a large amount of heavy water species was detected,
which contain oxygen molecules.

Conversion of the raw experimental data, obtained in the TDS experiment,
into D amounts is made with molecule specific calibration factors. These
are well-determined for D2 (ξ) and HD (0.66 · ξ), however, the calibration
factor of heavy water (HDO and D2O) is in general unknown. In this thesis,
an innovative way to determine this calibration factor is presented. The
difference between the total D amount measured with NRA and the measured
D amount in TDS in form of HD and D2 species has to degas in the form of
heavy water molecules. As the HDO and D2O flux increased with increasing
oxide thickness, the calibration factor was determined with sample D097 as
it had the thickest oxide of 100 nm. The obtained calibration factor of heavy
water species is κ · ξ = (0.677 ± 0.024) · ξ.

TDS showed that the onset of desorption stays the same, whereas the dom-
inant outgassing peak shifts to higher temperatures. An interpretation for
this behaviour is that WO3 acts as a permeation barrier. As a consequence
of this, the calculation of the deuterium de-trapping energies is not possible
anymore with a surface oxide present. This shift is already visible for the
sample with the thinnest oxide of 5 nm and, hence, it is concluded that the
natural oxide thickness of 2 to 5 nm has already be accounted for in these
calculations. Although, the presence of a natural oxide layer is likely negligi-
ble for the calculation of the de-trapping energies, it is necessary to perform
in-situ experiments without an oxide layer to better determine the lowest
de-trapping energy for fundamental research.

NRA measurements were also done in between the ramp and hold experi-
ment. After the short ramp to 500 K an accumulation of D in the oxide layer
was visible in the D depth profile, however, just 2 % (including the lateral
inhomogeneity) of the total deuterium were lost during this step. Subse-
quentially, a hold experiment was performed, in which the same sample was
ramped to 500 K and then held at that temperature for 3.5 h. Still, a D en-
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6 Summary and Conclusion

richment in the oxide layer was measured, but a loss of 25 % of the contained
deuterium. A constant degassing of D2 was detected in the TDS spectra,
whereas the signal of HDO was decreasing. The maximum of HDO was at
about 0.5 h after the final temperature of 500 K was reached.

A comparison of the oxygen balance before and after TDS was made. The
difference in oxygen amount can be indirectly determined from the QMS
measurements during TDS by using the calibration factor of heavy water.
The value determined with TDS is about 30 % higher than the value which
was measured with NRA.

There are several ways to proceed with this experiment. At first, the sample
D096 (100 nm) after the holding experiment still exist and is stored in a
desiccator. With this specimen, different holding temperatures can be set and
evaluated until all D is degassed. After each hold, NRA measurements have to
be made to create the corresponding D depth profile in addition to determine
the oxygen content in the leftover oxide layer. Moreover, SEM images have
to be taken to see the changes to the oxide layer. Secondly, a third batch
with different oxide thicknesses should be prepared. By going above 100 nm a
better calibration factor for heavy water can be calculated and the saturation
of the D2 signal in the low-temperature flank of the first peak can be studied
more thoroughly. The last step would be to study tungsten without an oxide
layer. This will be possible in the in-situ experiment IBIS at the tandem-
accelerator, where experiments can be performed without exposure to air in
between.
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