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A B S T R A C T   

We studied the uptake of deuterium (D) into tungsten (W) through thin films of W oxide. Two surface oxide films 
with thicknesses of 33 and 55 nm were thermally grown on W substrates. In the following, the oxidized samples 
were exposed to low-energy D (5 eV/D) from a D plasma at a sample temperature of 370 K. A defect-rich layer of 
self-damaged W underneath the oxide was used as a getter layer to enable the detection of D that penetrates the 
oxide film. Depth-resolved concentration profiles of D and oxygen (O) were obtained after the plasma exposure 
by nuclear reaction analysis and Rutherford backscattering spectrometry. We have found that oxygen is partially 
removed from the first 100 × 1019 atoms/m2 (≈ 13.5 nm) of the oxide film by the D plasma which leads to a W 
enrichment in the near surface region. Independent of the oxide thickness, an oxygen removal rate of (5.4 ± 0.7) 
× 10− 4 O atoms per incident D atom was observed. Furthermore, D accumulates in the oxide film to concen
trations of up to 1.3 at. %, but does not penetrate into the underlying self-damaged W. After a storage period of 
ten months at room temperature in vacuum, the D content in the oxide layer has decreased substantially, but still 
no D has penetrated into the metallic W. It is evident that surface oxide films on W effectively block the D uptake 
into metallic W. However, the D uptake into metallic W is not limited by the transport in the oxide film itself. D 
diffuses fast throughout the oxide but is stopped at the interface to the metallic W. We attribute this behavior to 
the difference in the heat of solution for D in W oxide and metallic W. D cannot overcome this barrier once it is 
thermalized to 370 K within the W oxide film.   

1. Introduction 

Tungsten (W) is a promising first-wall material for future fusion re
actors, amongst other properties, due to its low hydrogen isotope (HI) 
retention. In the environment of a burning fusion plasma, however, the 
material will be subjected to large particle fluxes of ions and charge 
exchange neutrals from the plasma as well as high energy neutrons [1]. 
As a consequence of the neutron bombardment, defects are induced 
throughout the bulk of the material which increases HI retention [2]. 
Retention of HIs – especially of the radioactive tritium fuel – is not 
desirable, as retained tritium cannot contribute to reactor fueling and 
leads to a higher radioactive inventory. 

In order to achieve a better fundamental understanding of the con
sequences that irradiation damage has for HI uptake, retention and 
release from W, dedicated laboratory studies have been carried out over 
the past years [2–10]. The overall goal of such experiments is to isolate 
individual aspects of HI retention in well-defined model systems to 

understand them independently as a bottom-up approach towards the 
full and more complex picture of HI retention in the first wall and 
divertor components of a fusion reactor. For practical reasons the 
overwhelming majority of these experiments is carried out “ex situ” 
meaning that the W samples have contact with ambient air before and in 
between experimental steps, e.g., between D plasma loading and ion 
beam analysis. Due to its affinity for oxygen, W readily forms a thin 
natural oxide film on the sample surface under ambient conditions [11]. 
Due to its low thickness of only 2–3 nm, this natural oxide film has not 
been taken into account for HI uptake, retention and release in W; see, e. 
g., [12,13]. 

Recently, however, a study by Hodille et al. [14] has indicated that 
these natural oxide films on W may have a significant effect on the 
release of HIs from W. This is an important point, as these natural sur
face oxide films are present in all ex situ laboratory experiments (and 
also in most in situ experiments if not great efforts are undertaken to 
remove them) but not in a fusion reactor, where they would most likely 
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be reduced by the fusion plasma [15], at least for directly plasma- 
exposed surfaces. Therefore, any effects the natural oxide films might 
have would represent an unaccounted difference between laboratory 
studies and reactor relevant conditions. Clearly, a detailed understand
ing of the effects that natural oxide films have on the interaction of HIs 
with W is necessary to correctly interpret ex situ experiments and to 
enable the extrapolation of these results to reactor-relevant conditions. 

The interaction of hydrogen with tungsten oxide (especially WO3) 
has been extensively studied in the context of W-oxide-based gas sensors 
[16,17]. However, up to date there are only very few studies which are 
concerned with the effects of surface oxide films on HI uptake, retention 
and release in W, i.e., aspects relevant for the application of W as a first- 
wall and divertor material for nuclear fusion reactors. There are studies 
by Alimov et al. [18], Ogorodnikova et al. [19] or Addab et al. [20] who 
found increased deuterium (D) uptake and retention in the oxide films 
themselves, but these studies do not allow to draw any conclusion on the 
uptake, retention and release of HIs from/into bulk tungsten through the 
surface oxide films. 

This present study aims to clarify which – if any – effects thin oxide 
films have on the uptake of D into the bulk of W samples. This question is 
approached by deliberately oxidizing W samples to surface film thick
nesses of 33 and 55 nm. These oxide thicknesses were chosen because 
they are thick enough to yield a measureable effect, but still thin enough 
not to develop cracks. Thick oxide films (µm scale) are known to crack 
due to their volume difference compared with metallic W and data 
interpretation is then ambiguous [18]. 

The goal of this study is to a) investigate to what extent 33 to 55 nm 
thick oxide films affect D uptake into the underlying W and b) be able to 
draw conclusions about the effects of the thinner, natural oxide film that 
is almost always present in laboratory experiments. 

To this end, a novel approach has been conducted: Thin oxide films 
have been thermally grown on top of MeV-ion-irradiated, defect-rich W. 
This defect-rich W acts as a getter layer for any HIs that possibly pene
trate the oxide film into the metallic tungsten. The samples were then 
exposed to a low-temperature D plasma. Afterwards, the depth-resolved 
concentration of D and O was evaluated with ion beam analysis. 

In the next section of this article the experimental setup and the 
analysis methods are presented, after that, the results are discussed in 
detail and then summarized. Lastly, the implications for HI uptake ex
periments are discussed and a conclusion is drawn. 

2. Experiment and analysis methods 

The experimental approach is illustrated schematically in Fig. 1. The 
uptake of D from the plasma through the oxide film (yellow) into W is 
studied. As HI retention in pristine W is in general low [21,22] and, in 
addition, orders of magnitude lower than in tungsten oxide [13,18], the 
actual amount of D penetrating the oxide film and being retained in 
pristine W would be hard to determine. Therefore, we induce a 2.3 µm 
thick, defect-rich layer of so-called “self-damaged” W (dark gray) by 
bombarding the sample with 20.3 MeV W ions. This self-damaged region 
serves as a getter layer to locally enhance the D retention beneath the 
oxide film thus allowing a quantitative determination of the amount of D 
permeating through the oxide film into the metallic W. The depth- 
resolved D content in the sample and the depth-resolved oxygen (O) 
concentration in the oxide film are measured ex situ by ion beam analysis 
(IBA) after the plasma exposure. 

2.1. Sample preparation 

Six W samples are used in this study. They are cut from a single sheet 
of hot-rolled W with a purity of 99.97 wt. % supplied by Plansee [23]. 
All samples are 15 × 11.8 × 0.8 mm3 in size. 

First, the sample surface is mechanically grinded and then electro- 
polished in 1.5% NaOH to achieve a mirror-like finish [24]. The sam
ples are then cleaned in an ultrasonic bath first with acetone then with 
isopropanol for 20 min each. Afterwards they are rinsed in distilled 
water and remaining water droplets are removed with an air blower. 

Next, the samples are annealed by electron-beam heating in ultra- 
high vacuum (base pressure < 10− 9 Pa, rising to <3 × 10− 5 Pa during 
annealing) at 2000 K for 5 min. This reduces the defect density in the 
bulk and thus minimizes its contribution to the total HI retention in the 
sample. Additionally, the heating allows grain growth to a diameter of 
≈10–50 µm (see Figs. 2 and 3), which minimizes the possible effects of 
grain boundaries on HI retention. 

Afterwards, the samples are irradiated with 20.3 MeV W6+ ions at 
300 K at the IPP tandem accelerator laboratory in Garching. The ion 
beam is scanned across the sample surface to achieve a laterally ho
mogenous irradiation at a fluence of 7.87 × 1017 W/m2. This creates a 
“self-damaged” zone in the first 2.3 µm of the W sample with a maximum 

Fig. 1. Schematic of self-damaged and oxidized sample. The self-damaged zone 
(dark grey) acts as getter layer for D atoms permeating the surface oxygen 
film (yellow). 

Fig. 2. Digital, optical microscopy image of the W sample with thick oxide. The 
different grain heights are illustrated by the color difference that stems from 
light interference in the transparent oxide film. Most grains have a similar 
thickness near to the maximum oxide thickness of 55 nm (blue). Only a few 
grains are less thick (orange). The thickness distribution ranges from 30 to 
55 nm. 
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calculated displacement damage of 0.23 displacements per atom (dpa) 
[25]. This step is essential for the experiments as the self-damaging in
troduces a well-controlled amount of defects in the material without 
changing the elemental composition. These defects later act as traps for 
HIs which significantly enhance the HI retention in the self-damaged W, 
so that the total HI retention in the sample is now governed by the self- 
damaged zone. Furthermore, HIs that are bound in these traps can no 
longer diffuse at room temperature [3,26] and are thus retained for later 
measurements of the HI amount and depth profile with ion beam anal
ysis. The self-damaged zone is, hence, used as a “getter layer” that ac
cumulates HIs that permeate through the oxide film. 

2.2. Oxidation and characterization of the oxide film 

After self-damaging, four samples are oxidized thermally at 600 K in 
a vacuum thermo-gauge in a mixture of 80% argon and 20% oxygen at 
atmospheric pressure. Two pairs of samples with different oxide thick
nesses are prepared: 33 nm corresponding to 12 h of oxidation time and 
55 nm corresponding to 36 h. We refer to these samples as thin and thick 
oxide in the following. A relatively low temperature of only 600 K for 
oxidation was chosen in order to minimize thermal annealing of the 
defects in the self-damaged zone [27,28]. 

As pointed out e.g. in [31] the tungsten-oxygen system is rather 
complex. Besides the stable oxides WO3, WO2.9, WO2.72, and WO2 a 
variety of non-stoichiometric compounds exist. However, at tempera
tures between 290 and 600 K monoclinic γ-WO3 is expected to grow 
[31]. The thick oxide film was investigated with sputter X-ray photo
electron spectroscopy (XPS). The measured XPS peak positions as well as 
the stoichiometry (determined from the relative intensities of the W 4f 
and O 1s peak integrals) are compatible with an assignment to WO3 
(compare [29]). This stoichiometry is also in agreement with RBS 
measurements (see Section 3.1). However, we cannot exclude with 
certainty the presence of non-stoichiometric oxides that are very close to 
WO3. The possible contribution of such sub-oxides to the XPS signal is 
estimated to be below 10 at.%. No hints of other impurities were found 
in the XPS analysis, after the topmost surface layer of adsorbates was 
removed by argon sputtering. The sensitivity for detection of other 
species is estimated to be <1 at.%. The measured XPS spectra are shown 
in the supplementary material (S5). 

An additional pair of reference samples is subjected to the same 
temperature profile (i.e., exposure to 600 K) in the same oven, but 
without oxygen (100% Argon atmosphere). Thus, it experiences the 
same amount of defect annealing as the thermally oxidized samples, but 

does not grow an additional oxide. However, the natural oxide present 
before the annealing remains on the sample since the annealing tem
peratures are not high enough to desorb tungsten oxide [30,31]. 

Aside from XPS several independent methods were used to charac
terize the oxide films with respect to their thickness, their oxygen 
amount and their behavior upon interaction with D ions from a plasma:  

a) By direct measurement of the oxide film cross section from a focused 
ion beam (FIB) cut. The images were prepared with a scanning 
electron microscope (SEM - model FEI HELIOS NanoLab 600).  

b) By laser ellipsometry (Jobin Yvon PZ 2000 operating at 632.8 nm 
with a 10 µm × 505 µm spot size).  

c) By ion beam analysis (IBA) with nuclear reaction analysis (NRA) and 
Rutherford backscattering (RBS). These methods are described in 
detail in Sections 2.4 and 2.5, respectively. 

Ellipsometry measurements of the natural oxide layer and the thick 
oxide layer were performed before and after plasma exposure. This 
technique measures the polarization change of light that is reflected 
from the sample surface to determine the refractive index and the optical 
film thicknesses. To interpret the data (the complex reflectance ratio of 
the material, expressed as an amplitude component Ψ and a phase 
component Δ), an optical model of the layer system on the sample is 
needed. Besides the film thickness this model requires knowledge of the 
optical constants of the layers. These optical constants are known for W 
and for tungsten trioxide (WO3) [32]. 

Note, however, that the growth rate of thermally grown WO3 on W 
depends on the crystal orientation of the W substrate [33,34]. Its 
thickness is, therefore, varying between different grains of the poly
crystalline W substrate. The mean diameter of the W grains in our 
samples is approximately 10–50 µm, as is shown in Fig. 2. According to 
energy dispersive x-ray spectroscopy (EDX) mapping and FIB cross 
sections by K. Schlüter [35] on thermally oxidized W samples at 
different oxide thicknesses using the same W grade that is used here, 
most W grain orientations grow a very similar oxide thickness close to 
maximum thickness and only a few W grain orientations grow thinner 
oxides down to 60% of the maximum thickness. This thickness distri
bution is assumed to scale linear with oxide film thickness and is 
assumed for both the thin and the thick oxide (33 and 55 nm). It is used 
in this work for the simulation of the oxygen depth profiles with RBS (see 
Section 2.5). 

The grain-dependent thickness of the thicker (55 nm) oxidized 
sample is visualized with a digital microscopy image (LEXT OSL4000 by 
Olympus) in Fig. 2. The color features stem from light interference in the 
transparent oxide film. Most grains are close to the maximum thickness 
of 55 nm (blue) and only a few show a lower thickness (orange), which is 
in agreement with the above mentioned distribution measured by K. 
Schlüter [35]. 

Furthermore, Fig. 3 shows a top view scanning electron microscope 
(SEM) image of the sample surface using a backscattered electron de
tector (Z contrast). Three different W grains are visible underneath the 
oxide film. They have an average grain size of about 10–50 μm. Distinct 
grooves at the grain boundaries (dark lines) are formed during the heat 
treatment at 2000 K before oxidation. The oxide film itself is visible on 
top of the W grains. It has a much smaller, nano-crystalline structure, 
with an average grain size of about 10–50 nm. 

2.3. Deuterium plasma exposure 

Three samples with different oxide thicknesses (33 nm, 55 nm and 
the reference sample with only the natural oxide film) are simulta
neously exposed to a low-temperature D plasma in the plasma device 
“PlaQ”. A detailed description of the setup is given in Ref. [36,37]. PlaQ 
provides highly reproducible, temperature-controlled, low-energy D 
exposure. Up to six samples can be exposed radially symmetric on a 
single sample holder to ensure identical plasma-loading conditions. The 

Fig. 3. SEM image of the thick (55 nm) oxide film on W sample from back
scattered electrons in Z contrast. Three W grains are shown. The nano- 
crystalline structure of the oxide film is visible. 
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sample holder has a feedback-controlled temperature regulation by a 
liquid thermostat. In this experiment, the sample temperature is kept at 
370 K. It is independent from the plasma flux. 

To avoid implantation of the D ions deep into or even through the 
oxide film, a low D ion energy is desirable. To achieve such “gentle” 
plasma loading conditions the sample holder is left at floating potential 
to minimize the potential difference between plasma and sample. This 
results in an ion energy of about 15 eV. The majority of the ion flux in 
PlaQ consists of D3

+ (94%) with a minority of D2
+ and D+ (3% each). We 

assume that for molecular ions (D3
+, D2

+) the energy is shared evenly 
between the D atoms upon contact with the sample surface. Thus, we 
refer to this conditions as low-energy (<5eV/D), “gentle” plasma 
exposure. 

We expect the temperature as well as the ion energy to be of vital 
importance for D-WO3 interaction. Here, we have chosen one specific 
condition – i.e., a gentle plasma exposure at 370 K - because many ex situ 
D uptake and retention studies in (self-)damaged W were performed 
under similar conditions, e.g., [3,4,25]. The moderate temperature is 
high enough to allow for good D mobility in W and low enough to avoid 
annealing of the displacement damage that was introduced during the 
self-damaging. The low D ion energy is below the damage threshold of W 
and prevents the creation of additional defects in the material [5]. 
Restrictively, it should be mentioned that it is not a priory clear if this 
assumption also holds for W oxides. 

For D loading the plasma chamber is first cleaned of impurities by a 
15 min “burn in” phase where a shutter prevents the plasma from 
interacting directly with the samples. During this phase only atomic D 
can reach the samples via gas phase collisions or by collisions with the 
chamber walls. Then, the shutter is opened and the samples are exposed 
to an ion flux of 5.6 × 1019 D/m2s. After seven hours of exposure time 
this accumulates to a total fluence of 1.4 × 1024 D/m2. 

2.4. D areal density and D depth profile 

Ion beam analysis was used to determine the depth-resolved con
centration profile of D atoms in the sample – the so called “D depth 
profile” [38]. The measurements were performed ex situ, first two days 
after plasma exposure and then again after ten months of sample storage 
in a desiccator. To quantify D, the nuclear reaction D(3He,p)α was 
exploited. By using ten different incident 3He ion energies, ranging from 
500 to 4500 keV, one can measure the D concentration in the sample to a 
depth of up to 7.4 µm. This easily covers the interesting regions of the 
sample, i.e., the surface oxide film and the 2.3 µm of self-damaged W. 

The protons were detected by a Si(Li) annular detector with a solid 
angle of 19.5 ± 0.5 msr. The detector circularly encloses the ion beam at 
a laboratory scattering angle of 175◦. This allows for a depth resolution 
at the surface of 54 nm for pure W or 80 nm in WO3. Note that the depth 
resolution of NRA measurements depends on the stopping power of the 
involved particles in the material. Since the density of the WO3 oxide 
film (7.16 g/cm3 [39]) is much smaller than that of pure W (19.25 g/ 
cm3) the depth resolution in the WO3 oxide film is lower than in pure W. 
All depth resolutions were calculated with the program “ResolNRA” 
[40] using SRIM stopping powers [41]. 

For 3He energies below 1200 keV the alpha particles from the D 
(3He,α)p nuclear reaction can contribute information about the D con
centration in the near surface region. Measuring the alpha particles with 
a passivated implanted planar silicon (PIPS) detector with a solid angle 
of 7.65 ± 0.26 msr at a laboratory scattering angle of 102◦ gives an 
information depth of approximately 0.3 µm in W. As the stopping power 
of alpha particles in W or WO3 is higher than that of protons, this method 
also provides a better depth resolution of 27.5 nm (pure W) or 50 nm 
(WO3) throughout the oxide film. 

The programs “SIMNRA” [42] and “NRADC” [43] were used to de- 
convolute the D spectra of the different 3He energies for D depth 
profiling. NRADC uses the proton and α spectra at all measured energies 
as input to construct the most likely distribution of D atoms across the 

sample depth. A detailed description can be found in Ref. [43]. The cross 
section data from Besenbacher and Möller [44] was used for the alpha 
spectrum and the cross section data from Wielunska et al. [45] was used 
for the proton spectra. Both cross section measurements have a total 
uncertainty of <±5%. To monitor detector performance and to optimize 
the energy calibration of the detectors, a thin film of plasma-deposited, 
amorphous, deuterated hydrocarbon (a-C:D) on a silicon substrate was 
used as calibration sample and was measured at each energy [45,46]. As 
the deuterium containing a-C:D surface layer is very thin, stopping in the 
a-C:D layer is negligible. Thus, the resulting peaks from the D(3He, p)α 
reaction – and in addition the 12C(3He,p)14N reaction above 2 MeV – are 
very sharp and can be used to perform an energy calibration for each 
incident ion energy. The accuracy of the ion beam current measurement 
is typically within 3–5% and together with the statistical error of approx. 
1% (depending on the ion dose, ion energy and D concentration in the 
sample), the reproducibility of the NRA measurement stays within 5% 
relative to each other. 

2.5. Oxygen areal density and oxygen depth profile 

A further application of the 3He ion beam stems from the interaction 
with oxygen via the reaction 16O(3He,p0)18F. This reaction allows to 
directly measure and quantify the areal density of oxygen in the surface 
oxide film. The cross section of this reaction was recently measured [46] 
and has an absolute accuracy of 4.7% at an energy of 4000 keV of the 
incident 3He ions. This energy was used for all NRA oxygen measure
ments here, since the cross section is flat in this energy range. Therefore, 
uncertainties in the incident ion beam energy cause only a small change 
of the cross section [46]. The energy loss of the 3He ions due to stopping 
in the oxide is small and can be neglected. The maximum probing depth 
is determined by the stopping of the incident 3He ions in the WO3/W 
material and is in the range of several µm, i.e., much larger than the 
oxide film thickness. Thus, the areal density of oxygen in the oxide film 
is reliably measured by this method for our samples. On the other hand, 
this high penetration depth is associated with a low depth resolution at 
the surface. Therefore, this method cannot yield a depth-resolved con
centration profile of the oxygen atoms in the oxide film, but gives only 
the total areal density of oxygen on the sample. From the areal density of 
O atoms the corresponding thickness of the oxide film in nm (stated 
above as 33 nm and 55 nm for the oxidized samples) can be derived 
under the assumption of stoichiometric WO3. The literature values for 
the density of WO3 vary between 6.87 [47] and 7.3 g/cm3 [31]. Here we 
assume a density of 7.16 g/cm2 according to [39]. The protons from the 
nuclear reaction with oxygen are measured with a Si(Li) detector with a 
solid angle of 78.7 ± 0.5 msr at a scattering angle of 135◦. To determine 
the areal density of oxygen in the sample, the background-subtracted 
integral of the proton peak is taken, and compared with SIMNRA [42] 
simulations. 

Additionally, RBS measurements were conducted with 4He ions. This 
is realized by a PIPS detector that is positioned at a scattering angle of 
165◦ in Cornell geometry and has a solid angle of 1.108 ± 0.038 msr. 
The RBS measurement provides another independent method to quan
tify the areal density of oxygen in the sample. But the real strength of the 
method is its ability to determine the oxygen depth profile of the surface 
oxide film, i.e., the oxygen concentration at different depths within the 
oxide film. Note, however, that oxygen on a W substrate cannot be 
directly detected by RBS measurements. The energy of the recoiled He 
ions depends on the atomic masses (Z) of projectile and target atoms. 
Therefore, He ions that are scattered from oxygen have far less energy 
than He ions scattered from W atoms. As, additionally, the RBS cross 
section is proportional to Z2, the oxygen signal is much lower than the W 
signal. Consequently, the low O signal at low energy is superimposed by 
a huge W background and not quantifiable. The information of the ox
ygen depth profile appears indirectly, however, in the RBS spectrum as a 
“lack of W signal intensity” at high recoil energies. This is illustrated in 
Fig. 4, where the RBS spectrum (4He ions at 800 keV) of the 55 nm thick 
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oxide film on W (red) is compared with the spectrum of a W sample with 
only natural oxide (blue); both before plasma exposure. The RBS spec
trum of bulk W of the natural oxide sample exhibits a single step at about 
730 keV followed by a continuum towards lower energies. The surface 
oxide film of the thick oxidized sample exhibits two steps; a first step of 
lower intensity ranging from 730 to about 600 keV that marks the oxide 
film and a second one at about 575 keV that marks the transition to 
metallic W. 

He ions scattering at W atoms at the very surface of the sample are 
recoiled with the highest energy. Ions that penetrate deeper into the 
sample before being recoiled lose energy on their way in and out by 
electronic stopping. The energy scale can, therefore, be interpreted as a 
depth scale into the sample. From the width of the “first step” in the 
spectrum of the oxidized sample, the W and O areal densities of the 
oxide film can be deduced. From the height difference between the two 
spectra at a certain energy, the difference in the oxygen concentration in 
a certain depth can be inferred. It is worth noting that scattering/ 
recoiling of the He atoms on the O atoms is not the reason for the 
reduced W intensity within the oxide. The dominant cause for the lower 
intensity in the surface oxide (above about 600 keV) is the additional 
electronic stopping from the O atoms. This additional, statistical energy 
loss in between W atoms “stretches” the number of recoiled He atoms 
over a wider energy region. Thus the number of counts per energy in
terval is decreased within the oxide layer. An illustrative example of this 
phenomenon can be found in the supplementary material (S1). Note that 
the absolute height (counts per ion dose) of the spectrum does not only 
depend on the composition of the sample at this depth but also on the 
composition closer to the surface that the ions have to go through to be 
detected. Thus, absolute heights of different spectra are not directly 
comparable and a simulation with, e.g., SIMNRA [42] is necessary for 
quantitative interpretation of the sample composition. It is also impor
tant to note that the corresponding concentration of O atoms at a given 
depth can only be deduced in this way when assuming that there are no 
other impurities present in the material. This assumption is valid here, as 
only negligible amounts of other light elements (e.g., carbon <1 at.%) 
have been found on the sample with NRA, XPS and EDX measurements. 

To obtain the RBS spectrum in Fig. 4, the sample was rotated such 
that the surface normal forms an angle of 70.5◦ with the line of the 
incident ion beam. By this the geometric path of the ions through the 
oxide film, and hence the depth resolution of the RBS measurement, is 
enhanced by a factor of three. With RESOLNRA [40] the calculated 
depth resolution in the oxide film is 43 × 1019 atoms/m2 at the surface 
and 53 × 1019 atoms/m2 at the deepest part (55 nm) of the thick oxide 
film. For the evaluation of the RBS spectra an average depth resolution 

of ≤50 × 1019 atoms/m2 was applied for the oxide film. 
The modeling of the depth-resolved oxygen concentration in the 

sample is realized by the fitting program “MultiSIMNRA” [48]. It uses 
multiple instances of SIMNRA [42] (version 7.02) to simulate RBS 
spectra at different energies and varies the target elemental composition 
to give the best fit to the experimental data. In MultiSIMNRA the oxide 
film is divided into several sublayers with constant composition. The 
layer thickness is set equal to the depth resolution of the RBS mea
surement (50 × 1019 atoms/m2). The concentration of O and W atoms in 
these sublayers is then varied to optimize the fit to the experimental 
spectrum. 

Simulation results for a pure W sample as well as for WO3 consisting 
of 385 × 1019 atoms/m2 on top of tungsten are shown in Fig. 4. The 
agreement between experiment and simulation is very good. It is 
important to note that the size of the analyzing beam spot of 1 mm2 is 
larger than the mean W grain size of 10–50 μm. Hence the beam aver
ages over many grains with different oxide thicknesses. In SIMNRA such 
variation in film thickness can be described by defining a sublayer of 
constant composition with a so-called “layer roughness”. The influence 
of this thickness variation is also shown in Fig. 4 were two cases are 
compared: A smooth oxide film (no roughness) with one where the 
known oxide thickness distribution is taken into account [35]. It is clear 
that the model with roughness provides a far better fit to the experi
mental data. We want to stress here that the thickness variation affects 
only the left part of the lower intensity step in the RBS spectra, i.e., the 
deepest part of the oxide films. As can be seen in Fig. 4 the high energy 
and hence surface near part of the spectrum is unaffected. This holds 
true as long as the scattered 4He does not encounter the underlying 
metallic substrate. Once this happens a gradual transition from the oxide 
film to the underlying W substrate leads to a smearing out of the step in 
the RBS spectrum in this energy region. In general, the same effect 
would be observed if an oxygen concentration gradient in the film would 
be present. However, in the case of Fig. 4 the assumption of a gradient is 
not necessary as the known roughness distribution describes the 
measured spectrum very well. 

RBS measurements were performed for all samples before and after 
plasma exposure and the corresponding oxygen areal densities and 
depth profiles were determined. The results are discussed in Section 3.1. 

3. Results and discussion 

3.1. Oxide reduction and oxygen removal by the deuterium plasma 

Here the results of several independent measurement methods for 
the oxide film thickness, the oxygen areal density and the stoichiometric 
composition of the oxide are presented. The changes of the oxide film 
before and after plasma exposure are discussed and a comprehensive 
picture of the evolution of the oxide film under plasma exposure is 
drawn. 

3.1.1. SEM and ellipsometry 
SEM: Direct measurements of the cross section of the thick (55 nm) 

oxide film were performed before and after plasma exposure. The two 
different cross sections were prepared via a FIB cut in an SEM and are 
shown in Fig. 5. As the surface normal of the sample is tilted by 52◦ to 
align with the FIB, the cross section is tilted by 38◦ relative to the 
electron beam. Therefore, the vertical scale in the shown SEM image is 
compressed by a factor cos(38◦) = 0.79. Fig. 5a) shows a part of the FIB 
cross section before plasma exposure. The oxide film is visible between 
the W grains (at the bottom) and the protective coating for the FIB cut on 
top. The oxide film appears to be smooth, coherent and no porosity is 
visible. The thickness of the oxide film is then directly measured across 
three different W grains (only two are shown in the image). The average 
thickness of the oxide film determined by this method is 53.9 ± 1.5 nm, 
which agrees well with the nominal bulk density of WO3 when 
compared to the oxygen amount measured with NRA and RBS (see 

Fig. 4. RBS spectra of W with natural oxide (blue) and with the 55 nm thick 
oxide film (red) before plasma exposure. 
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Section 3.1.2). Note, however, that due to the small size of the obser
vation area the image contains only three W grains. This is not neces
sarily representative for the full, grain-orientation-dependent thickness 
distribution. The average thickness of the three individual grains 
measured here varied between 42.3 ± 1.2 nm and 59.2 ± 0.9 nm. Fig. 5 
b) shows a different cross section on the same sample after plasma 
exposure; note the two times higher magnification. On top of the oxide 
film a bright line is visible which indicates a material of higher Z 
number. This is interpreted as a thin, W-enriched layer of at least 
partially reduced WO3. 

Ellipsometry: The results of the ellipsometry measurements of the 
oxide thickness are shown in the Psi-Delta graph in Fig. 6a). The gray 
dots depict the natural oxide film before oxidation and the blue ones 
depict the results after the sample was oxidized to a thickness of 55 nm 
and then plasma exposed. The measurement positions for the natural 
oxide are distributed across the whole sample surface size (15 × 12 mm) 
in a rectangular grid. As the sample surface is not perfectly plane but 
slightly domed after polishing, the mismatch between the incident angle 
of the laser and the local surface normal leads to a scattering of the data. 
The measurement of the oxidized sample is performed on a much 
smaller region of the sample and thus the scattering is less pronounced. 
It covers an area that was partially masked by a screw fixing the sample 
on the sample holder during plasma exposure. A map of the scanned area 
is shown in Fig. 6b). The data band on the right of the blue dots (Psi 
values larger than 35◦) marks unreduced WO3 that was protected from 
the plasma by the screw head (green & red region in Fig. 6b)). The blue 
data cloud on the left (Psi = 22◦ to 29◦) stems from an area on the sample 

that was exposed to the plasma (blue area in Fig. 6b)). In addition to the 
experimental data, two different simulations are shown (red and green 
in a)). They consist of an optical model of the metallic W substrate with a 
layer of WO3 on top. Each dot in the simulated spectrum corresponds to 
a thickness increase of 1 nm of the respective material. The red curve 
starts with pure W (at about Psi = 25◦) extending to 55 nm of pure WO3. 
The green curve starts at 42 nm of (remaining) WO3 which is covered 
with up to 3 nm metallic W. The red model is in agreement with the 
assumption that underneath the screw still WO3 of the original thickness 
(55 nm on average) exists. Note that the measurement spot size is 10 µm 
× 30 µm and hence comparable to the grain size. Therefore, the data 
points are spread along the red model curve due to the grain-dependent 
thickness of the oxide film. Some data points of thicker than average 
oxide films even extend further to the right of the model curve. The data 
cloud on the left side of the plot after plasma exposure (corresponding to 
the area not protected by the screw) cannot be explained by WO3 alone. 
Otherwise, it would be located along the red model line. This data can be 
described by a reduced WO3 thickness (of 42 nm) with a 3 nm thick 
cover layer of pure W on top. This is shown as the green branch of the 
model. It is not possible to simulate a layer of partially reduced W oxide 
(e.g. WO2), as no optical model for this is available. Thus it cannot be 
concluded from ellipsometry whether a full reduction of WO3 to W or a 
partial reduction of WO3 to W sub-oxides (e.g., WO2) takes place. 
Nevertheless, these ellipsometry measurements suggest that oxygen is 
removed by the plasma leaving behind a W-enriched zone at the surface. 

3.1.2. Oxygen areal density 
The oxygen areal density and the oxide thickness were determined 

by ion beam analysis by using the 16O(3He,p0)18F nuclear reaction 
(NRA) or backscattered 4He ions (RBS), as described in Section 2.5. 
Fig. 7 shows the result for the thin (initially 33 nm) and thick (initially 
55 nm) oxide films derived from measurements with NRA (blue) and 
RBS (red). For both samples the oxygen areal density before and after 
plasma is shown, as well as the difference between this two values. The 
NRA and RBS measurements of the thick oxide were performed on the 
same sample before and after plasma. The RBS measurements of the thin 
oxide were performed on two samples with nominal identical oxide 
thickness (identical samples oxidized for the same time under the same 
conditions) of which only one was plasma exposed. 

From both NRA and RBS measurements, it is evident that a sub
stantial amount of oxygen is lost from the sample during plasma expo
sure. Both methods agree very well and the amount of lost oxygen from 
the NRA measurements is reproduced by the RBS measurement within 
the error bars of the methods. The numeric values from the NRA and RBS 
measurement are given in Tab. S1 in the supplementary material (S2). 

Furthermore, the loss of oxygen during plasma exposure is roughly 

Fig. 5. SEM images of two different FIB cross sections through the thick (55 
nm) oxide film a) before plasma exposure and b) after plasma exposure (please 
note the different magnification in both images). 

Fig. 6. a) Ellipsometry measurement of the natural 
oxide film (gray) and the thick oxide film after plasma 
exposure (blue). Part of the scanning area was covered 
by a fastening screw during plasma exposure and was 
not affected by the plasma. This is illustrated in b), 
showing the lateral variation of Psi of the corre
sponding section of the sample. The unaffected part of 
the thick, thermally grown oxide (green & red area in 
b)) and the natural oxide can be modeled as a WO3 
film on top of W substrate (red curve in a)); the 
plasma exposed part of the thick oxide (blue color in 
b)) can be modeled by a 40 nm oxide film on W with a 
3 nm thick metallic W cover layer on top of the film 
(this metallic W layer is represented by the green 
curve in a)).   
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equal (difference <10%) for the two oxidized samples. Hence, it seems 
to be independent of the initial oxide thickness. This indicates that the 
oxygen removal process takes place mostly from the surface of the oxide 
film and is not a volume effect. This is noteworthy, since D is highly 
mobile in WO3 and is expected to diffuse inside the polycrystalline oxide 
film within minutes at room temperature [49,50]. Furthermore, this D 
uptake leads to a color change of the oxide [20,30,50]. Indeed, we 
observed first a rapid color change of the oxide film within the first 
minutes of D plasma exposure (and also during the “burn in” phase were 
only atomic D can reach the sample), and then a second slower color 
change over the course of several hours of plasma exposure (see video in 
supplementary material (S3)). We attribute the first (fast) color change 
to the intercalation of D atoms into the WO3 and the formation of 
tungsten bronze (DxWO3), which changes the optical properties of the 
oxide film. The fast color change has previously been reported, e.g., by 
Addab et al. [20] for similar conditions. It is also utilized commercially 
for gas sensors based on tungsten oxides [16,17]. Note, however, that for 
these gas sensors a thin catalyzer (Pd or Pt) is used on the surface to 
dissociate the D2 molecules into atoms, before they can enter the oxide. 
We have also not observed any color change during D2 gas exposure 
prior to the “burn in” phase and the plasma exposure. The formation of 
tungsten bronze, and thus the color change, is expected to be slowly 
reversible during storage at room temperature [20] and indeed, we 
observed a color change over several weeks after plasma exposure. The 
second, slower color change observed during plasma exposure is, in 
contrast, attributed to the gradual removal of oxygen from the oxide 
layer in the surface-near region by the plasma. Such a removal of oxygen 
from tungsten oxide has been previously observed by Hopf et al. [15], 
although in a hydrogen plasma with much higher ion energies of 200 to 
400 eV compared to our <5 eV/D “gentle” D plasma. The oxygen loss 
and thus the thinning of the oxide film permanently changes the inter
ference color of the film. The slow color change, thus, comes in addition 
to the fast color change induced by the intercalation of D atoms. The 
average oxygen loss during our “gentle” plasma exposure is 76 ± 9 ×
1019 O atoms/m2. This oxygen areal density corresponds to 13.5 nm of 
stoichiometric WO3. With a total applied D fluence of 1.4 × 1024 D 
atoms/m2 this yields an oxygen loss rate of (5.4 ± 0.7) × 10− 4 O atoms 
per incident D. 

Under the assumption that the thin natural oxide film is removed in 
the same fashion and with the same speed as the thermally grown oxide 
films, it would take 1.6 ± 0.4 × 1023 D/m2 to remove the natural oxide 
film during plasma exposure under the given conditions, i.e., ≈ 10% of 
the fluence applied in this experiment. Therefore, it can be assumed that 

the natural oxide is fully removed during the early phase of the D plasma 
exposure. 

3.1.3. Oxygen depth profile 
The RBS spectrum of the thick (initially 55 nm) oxide after plasma 

exposure is shown in Fig. 8. The measurement was performed with 800 
keV 4He ions under an incidence angle of 70.5◦. The experimental 
spectrum is shown in red and the simulated spectrum from SIMNRA in 
blue. A detailed explanation of the interpretation of such RBS spectra is 
given in Section 2.5. In Fig. 4, an RBS spectrum of the oxide layer before 
plasma exposure is shown for comparison. The distinct difference before 
and after plasma exposure is a peak at about 730 keV. This peak can be 
described by a higher local W concentration at the surface-near region of 
the oxide film after plasma exposure. For comparison, the simulated 
spectrum of a WO3 sample without W enrichment at the surface is shown 
as a gray dashed line. This W enrichment proofs that the removal of 
oxygen by the D plasma starts at the surface of the oxide film. 

For the high energy part of the RBS spectrum (shaded in green in 
Fig. 8), the backscattered He ions all stem from within the oxide film on 
all grains. No He ions detected in this energy interval reached the 
metallic W underneath. This region, nearest to the surface of the oxide 
film, can, therefore, be directly modelled without the need for further 
assumptions of the oxide thickness distribution. For the area shaded in 
red in Fig. 8, the W grain-dependent thickness variation [35] of the 
thermally grown oxide needs to be taken into account (see Sections 2.2 
and 2.5 for details). For comparison, the simulated spectrum of a WO3 
sample without grain-dependent roughness is shown as a gray dashed 
line in addition. As most grains are close to the maximum in the thick
ness distribution, the difference between the two simulations is most 
pronounced for the deep part of the oxide layer. However, due to 
technical limitations in the program SIMNRA a layer that incorporates a 
thickness distribution cannot be further divided into sublayers. There
fore, the area shaded in red can only be represented as a single layer of 
constant elemental composition in the oxygen depth profiles. However, 
as the relevant changes in oxygen concentration during plasma exposure 
appear only in the green-shaded area of the RBS spectrum (near surface 
region of the oxide film), this will not affect data interpretation. Finally 
the gray-shaded area in Fig. 8 marks the metallic W substrate under
neath the oxide film. 

In the following, the oxygen depth profiles derived from the RBS 
spectra of all samples are presented. The color code of the background is 

Fig. 7. Comparison of the oxygen areal density before and after plasma expo
sure for the thin and thick oxide samples. Both measurement methods (NRA and 
RBS) agree within the experimental uncertainty. Although the original oxide 
thicknesses vary, the absolute difference (oxygen loss during plasma exposure) 
is the same for both samples. 

Fig. 8. Experimental (red) and simulated (blue) RBS spectrum for the thick 
oxide film after plasma exposure. The peak at about 730 keV shows the W 
enrichment in the surface-near region of the oxide film. The background colors 
indicate the following parts of the spectrum: green: surface-near region of the 
oxide where the oxide thickness distribution has no effect on the RBS signal; 
red: Deeper region of the oxide, where the RBS signal is influenced by oxide 
thickness distribution; gray: underlying W substrate. 
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the same as used for Fig. 8. The area shaded in red is always represented 
by a single layer of constant composition, whereas the area shaded in 
green allows depth resolved steps. The steps have equal thickness 
(50x1019 atoms/m2) that is determined by the depth resolution of the 
RBS measurement in the oxide film. The upper axis of the plot shows the 
(approximate) thickness of the layers in nm under the assumption of 
stoichiometric WO3 with a density of 7.16 g/cm2. For the W enriched 
zones in Fig. 9b) and c) this thickness scale is no longer accurate and 
serves only as an approximate frame of reference. 

Fig. 9a) shows the oxygen depth profile of the thick (55 nm) oxide 
before plasma exposure. It is derived from the RBS spectrum shown in 
Fig. 4. The W concentration is shown in red and the O concentration in 
blue. It is evident that the thick oxide film before plasma exposure can be 
described by WO3 (i.e., 25 at.% W and 75 at.% O) over its full depth of 
385 × 1019 atoms/m2. After this, the metallic W begins. The slight in
crease of oxygen at the very surface (by about 1 at.%) can be attributed 
to a small mismatch of the simulation and the experimental spectrum. 
The background of the RBS measurement (Fig. 4) increases slightly 
stronger towards lower energies than predicted by the simulation, 
possibly due to electronic noise in the detector readout electronics, 
leading to a slightly higher O content near the surface (high-energy side 
in the spectrum). In any case, this O increase is barley significant. The 
error of the W and O concentration in the depth profile was derived by 
manually varying the concentration and the solid angle of the detector 
around the fitted values until obvious mismatch between the simulated 
and the experimental RBS spectra occurred. With this method, the error 
in the concentration is estimated to be <1 at.%. 

Fig. 9b) in turn shows the oxygen depth profile that is derived from 
the RBS measurement for the thick oxide sample after plasma exposure 
shown in Fig. 8. It is evident that the W concentration of about 40 at.% at 
the surface is significantly higher than the 25 at.% expected for stoi
chiometric WO3. The W concentration then decreases across the first 
part of oxide film and reaches the nominal 25 at.% at a depth of about 
100 × 1019 atoms/m2 (which corresponds to roughly 13.5 nm of pure 
WO3). This shows that the oxide removal by the D plasma starts at the 

surface and most probably penetrates with increasing plasma fluence 
from the surface into the bulk. It definitely does not occur homoge
neously throughout the bulk of the oxide film. Due to the limited depth 
resolution of the RBS measurement, it is not possible to determine if the 
oxygen concentration increases gradually across this first part or if there 
is an abrupt jump in concentration. It can, however, be excluded that 
WO3 is fully reduced to metallic W at the surface before the oxygen loss 
can progress deeper into the oxide film. Such behavior would lead to a 
region of fully reduced metallic W at the surface with intact WO3 un
derneath, but simulations of this case deviate strongly from the experi
mental spectrum in Fig. 8 - even if one assumes that this layer of pure W 
would form natural oxide on top again after the plasma exposure The 
measured spectrum (and the same is true for the not shown RBS spec
trum belonging to Fig. 9c) is much better represented by the simulation 
if it is assumed that a partial reduction of the W oxide takes place across 
the first 100 × 1019 atoms/m2 (≈13.5 nm) of the oxide film. When 
comparing this range to the D ion implantation depth in WO3 for our 
energies (0.7 nm for 5 eV/D to 1.6 nm for 15 eV/D as obtained with 
SDTrimSP (version 6.00) [51] from average implantation depth plus a 
two σ interval), it becomes clear that the kinetic energy of the incident D 
ions cannot be the immediate cause for the removal of oxygen from the 
film. Details about these static SDTrimSP calculations can be found in 
the supplementary material (S4). 

Fig. 9c) shows the RBS oxygen depth profile of the thin oxide after 
plasma exposure. Here, the same trend as in Fig. 9b) is visible. At the 
surface, the W concentration is also increased to about 40 at.%. In the 
next layer, it is closer to the nominal value of 25 at.% for WO3. The 
deeper region of the oxide film can still be well described by stoichio
metric WO3. This part of the oxide film thus appears almost unaltered 
after plasma exposure, which matches the results of the thick oxide film. 
This shows that the removal of oxygen from the surface near region of 
the oxide films is identical in both cases and is independent of the film 
thickness. 

This partial oxygen loss in the near surface region of the thermally 
grown oxide films during D plasma exposure agrees with previous ex
periments by Alimov et al. [18]. They have observed a thicker W 
enrichment zone in the first 130 nm of 1–3 µm thick, thermally oxidized 
WO3 layers at plasma exposure temperatures between 340 K and 515 K. 
They used a total D fluence of 1026 D/m2, a D flux of 1022 D/m2s and an 
energy of 38 eV/D. Despite all three critical parameters that could in
fluence the thickness of the W enrichment zone being one (or in case of 
the D fluence two) orders of magnitude larger than in our case they 
observed an increase of only a factor of ten (130 nm compared to 13 nm 
in our experiments). This is interesting as one could assume that the 
difference in energy (38 eV/D vs. 5 eV/D) and consequently the deeper 
implantation of D into the oxide film, would already be enough to 
explain most of this increase. Furthermore, the 1–3 µm thick oxide layer 
in the work of Alimov et al. exhibited strong cracking due to the different 
densities of W oxide and metallic W. These cracks, might also cause a 
deeper oxygen loss zone compared with our thin, crack-free oxide films. 
All this implies that the depth-progression of the oxygen loss saturates or 
at least slows down drastically with increasing D fluence; possibly due to 
the growing W-enriched layer on top of the oxide film. Further studies of 
the oxygen loss rate with longer D plasma exposure times under our 
experimental conditions are needed to address this effect quantitatively. 

A further interesting question is which mechanism leads to the ox
ygen loss and the W enrichment at the surface of the oxide film. We can 
exclude preferential sputtering of the O atoms by the D plasma as the 
sole driver of this, because the overall depth of the oxygen loss region of 
100 ± 10 × 1019 atoms/m2 (corresponding to 13.5 nm of stoichiometric 
WO3 or 4 nm of metallic W) is much larger than the D ion implantation 
depth (1.6 nm for 15 eV/D). Sputtering of atoms beyond the D im
plantation depth is not possible and, as the energy of the D atoms is far 
too small to allow direct sputtering of W atoms, the W enrichment at the 
surface would quickly prevent further removal of atoms from the 
surface. 

Fig. 9. Oxygen depth profiles derived from 800 keV 4He RBS measurements: a) 
Thick oxide before plasma exposure (from the RBS spectrum shown in Fig. 4). 
b) Thick oxide after plasma exposure (from the RBS spectrum shown in Fig. 8). 
c) Thin oxide after plasma exposure (RBS spectrum not shown). The color code 
for the background is the same as in Fig. 8. 
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Another possibility for the oxygen loss could be that (after the first 
step of chemical reduction of WO3 by D atoms under formation of 
deuterium tungsten bronze (DxWO3)) a second chemical reaction takes 
place that forms oxygen-containing molecules that become mobile 
within the oxide film. However, as the diffusion of D in the WO3 layer is 
expected to be high [18,49,50], it is likely that chemical reduction of the 
tungsten oxide by diffusing D takes place across the full depth of the 
oxide film, as is indicated by the fast color change of the oxide film that 
we observed during D plasma exposure (see above). Therefore, we can 
exclude chemical reduction by D atoms (formation of DxWO3) as the 
rate-limiting mechanism of oxygen loss, because it would lead to a 
uniform removal of oxygen across the full depth of the oxide film and not 
only close to the surface. 

Thus, we propose the following as a possible mechanism for the 
oxygen loss in the near-surface region of the oxide film: While in a first 
step the reduction of WO3 by D takes place across the full oxide film, the 
rate-limiting step is the diffusion of O-containing molecules from the 
place of reduction to the surface. The oxygen loss from the sample is then 
driven either by thermal or ion-induced desorption from the surface. 
This can, however, not be fully clarified by this study and further in
vestigations at different energies and/or temperatures are needed. 

3.2. Deuterium uptake through surface oxide films and D retention in the 
film itself 

Fig. 10 shows the deuterium depth profiles measured with NRA for 

all three plasma-exposed samples. The uncertainty of the D concentra
tions in the D depth profiles is estimated by a post-Markov procedure 
applied to the data after deconvolution with NRADC. This procedure is 
described in [6] and gives an asymmetric 1-σ confidence interval of the 
D concentration around the median concentration for each sublayer of 
the target (see Section 2.5 for details of the deconvolution with NRADC). 
The error of the total D areal density in the sample, however, is not 
determined by the deconvolution but by the uncertainty in the cross 
section of <±5% [44,45]. For the small D amounts in the oxidized 
samples additionally the statistical uncertainty due to counting statistics 
has to be included, which yields a combined uncertainty of <±7% in 
these cases. 

Fig. 10a) shows the D depth profiles two days after plasma exposure. 
The blue line represents the D concentration profile in the reference 
sample. This sample has only a 2 to 5 nm thick natural oxide film. The 
areal density of D retained in the reference sample is 31.9 ± 1.6 ×
1019 D/m2. Its D concentration profile extends about 1.3 µm deep into 
the self-damaged W, but does not completely fill it (the self-damaged W 
layer is about 2.3 µm thick). This is an expected outcome, as it re
produces the results of similar experiments under these conditions that 
previously have been conducted in our group [3,7,25]. This further 
confirms the results of these earlier experiments and indicates that our 
sample-preparation and plasma-loading procedures are reproducible. 

The D depth profiles of the samples with thick and thin oxide two 
days after plasma exposure are depicted in red and green in Fig. 10a), 
respectively. They both exhibit only a single D-containing layer close to 
the surface with no measurable amounts of D deeper in the samples. The 
depth resolution of the NRA deuterium depth profiling in a WO3 layer is 
approx. 50 nm at the surface (see Section 2.4), which is in the order of 
the oxide thickness for the thick oxide (initially 55 nm). Thus, we can 
directly confirm that the D in the surface peak of the thick oxide (red in 
Fig. 10a)) is located solely within the oxide film. For the thin oxide film 
(initially 33 nm; green in Fig. 10a)), the depth resolution of NRA is larger 
than the film thickness and consequently this conclusion cannot be 
directly drawn from the NRA measurement. However, it is quite 
reasonable to assume, that also for the thin oxide layer D is retained only 
within the oxide. This is likely, because a) the amount of D in the surface 
peak is too large to result solely from a monolayer of D surface coverage 
and b) if D could penetrate through the oxide into the self-damaged W, 
the D concentration would extend deeper into the sample, which would 
be clearly visible in the D depth profile and also in the NRA spectrum 
itself (not shown). 

Due to the limited depth resolution of NRA it is not possible to 
determine a depth profile of the D concentration within the oxide film 
itself. Therefore, it is not possible to conclude from the NRA depth 
profiles alone, if the D concentration within the oxide film is distributed 
homogeneously or if it has a gradient throughout the layer. Neverthe
less, assuming a homogenous distribution of D within the oxide film 
seems reasonable, considering that D is mobile within WO3 at room 
temperature (see Section 3.3) [49,50]. This assumption is further sup
ported by Alimov et al. [18] who found D diffusion in thick WO3 oxide 
films over several µm already at temperatures of 340 K, i.e., lower than 
the 370 K used in our experiment. Therefore, in Fig. 10a) the D con
centrations in the thermally grown oxide films (green and red) are 
shown as dotted lines under the assumption of homogeneous D distri
bution within the oxide films. They should, however, be considered only 
as a guide for the eye, because the exact thickness of the oxide film after 
plasma exposure cannot be determined, due the partial oxygen removal 
by the plasma (see Section 3.1). The D concentration under this 
assumption is 1.3 at.% for the thick oxide and 0.9 at.% for the thin one. 
The difference may be an indication that the D is predominantly retained 
in the stoichiometrically unaffected part of the oxide film that consist 
still of WO3 after plasma exposure. The fraction of this unaffected zone 
relative to the total thickness of the film is bigger for the thick oxide. 

Independent of the D distribution within the oxide films, the absolute 
D areal density in these surface layers can be determined very precisely 

Fig. 10. Deuterium depth profiles measured with NRA. a) Depth profiles two 
days after plasma exposure. b) Depth profiles ten months after plasma exposure. 
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by the NRA measurement. The areal density in the oxide film is 4.02 ±
0.28 × 1019 D/m2 for the thick oxide and 1.30 ± 0.09 × 1019 D/m2 for 
the thin one. The fact that the D retention in the thin oxide is dis
proportionally smaller than in the thick oxide, again suggests that the D 
is predominantly retained in the remaining, stoichiometrically unaf
fected WO3 deep in the oxide layer. When comparing the amount of this 
remaining WO3 for the two oxide films (see Fig. 9b) and 9c)), it is 
obvious that the thick oxide film has about three times more WO3 left 
than the thin oxide film. This corresponds very well to the difference in 
D retention in the two oxide films. In any case, the absolute D retention 
in the oxidized samples is significantly smaller (factor of 8 and 25 for the 
thick and thin oxide, respectively) than in the reference sample with 
only natural oxide that shows a retention of 31.9 ± 1.6 × 1019 D/m2. 

Thus, the D depth profiling with NRA clearly shows that oxide films 
of initially 33 and 55 nm thickness effectively block D diffusion into the 
(self-damaged) metallic W. This is a new and unexpected result, as there 
is very little data available in the literature on D uptake in W through 
surface oxide films. There is one study by Ogorodnikova et al. [19] who 
claims that D is retained deep in the bulk W beyond a WO3 film of 100 to 
400 nm thickness for thermally oxidized W samples after irradiation 
with D ions at an energy of 200 eV. This statement relies on a sole 
measurement of the D concentration in the sample with 3He NRA at a 
single energy of 1 MeV which corresponds to a probing depth of about 1 
µm depending on the oxide thickness. However, with only one single 
energy and the detector setup used in [19], no depth profiling of the D 
concentration in the sample can be achieved. It is, therefore, not clear to 
us, how this measurement can yield information on whether the D is 
located inside or beyond the oxide layer. 

From our detailed RBS and NRA depth profiling with energies from 
0.5 to 4.5 MeV and the use of the surface sensitive alpha spectrum, we 
have obtained a clear and accurate picture of the depth distribution of 
both the oxygen and the D in the sample. Therefore, we can with cer
tainty say that for the thick oxide any D that is retained in the sample is 
retained within the oxide film. For the thin oxide, this is also strongly 
indicated. No D has penetrated through the oxide films into the self- 
damaged W after the here applied D plasma exposure. 

3.3. Long time D retention in the oxide film 

The D depth profile of the three plasma-exposed samples (natural 
oxide, thin and thick oxide) was measured again after a waiting period 
of ten months. The samples were stored at room temperature in a 
desiccator under vacuum during this time. The D depth profiles after the 
waiting period are shown in Fig. 10b). 

The D content in the reference sample with the natural oxide (blue) is 
now 29.8 ± 1.5 × 1019 D/m2 and has stayed about constant with a 
measured change of –2.1 ± 2.2 × 1019 D/m2 after the waiting period 
from the initial value of 31.9 ± 1.6 × 1019 D/m2. This small relative 
difference of about 6.6% is close to the experimental uncertainty. 
Therefore, none or only a very small amount of D is lost from the natural 
oxide sample. This was expected, since the D should be firmly trapped in 
defects in the self-damaged W underneath the natural oxide film and 
much higher temperatures are needed for a thermal release [3,26]. A 
similar small reduction (in the order of 5%) of the trapped D amount due 
to storage in vacuum was also observed in a dedicated study by Wie
lunska et al. [3]. 

But more importantly, the deuterium amount in the oxidized samples 
(red and green) has diminished drastically. From 4.02 ± 0.28 to 0.40 ±
0.03 × 1019 D/m2 (90% reduction) in the case of the thick oxide (red) 
and from 1.30 ± 0.09 to 0.59 ± 0.04 × 1019 D/m2 (55% reduction) in 
the case of the thin oxide (green). From the strong reduction of D over 
time, one can conclude two things: First, the D must be mobile in the 
oxide at room temperature to be able to leave the oxide. Second, it does 
leave the oxide towards the surface and not towards the self-damaged W. 
Otherwise, it would still be detectable by NRA as the defects in the self- 
damaged W do not release trapped D at room temperature (see above). 

The first conclusion is already well known in literature, see e.g. [20]. 
The second conclusion, however, is new. We interpret our results as 
follows: Tungsten oxide films acts as a permeation barrier for D into W. 
This holds true even after a waiting period of ten months at room tem
perature in vacuum. However it is not the limited transport within the 
oxide that prevents permeation but the D is stopped at the interface to 
the metallic W. Based on our current knowledge of the system, we 
propose the following model assumption as a possible explanation for 
this behavior: During plasma loading D is implanted beneath the surface 
into the oxide film (mean implantation range 0.7 nm for 5 eV/D), where 
it is thermalized to the sample temperature (370 K). Within minutes 
[50], it diffuses throughout the full depth of the oxide film up to the 
interface under the formation of deuterium tungsten bronze (DxWO3). In 
contrast to a direct, plasma-driven implantation into the metallic W, the 
thermalized D in the oxide film does not possess enough energy to 
overcome the difference in the enthalpy of solution (QSol) between WO3 
and metallic W. This is schematically illustrated in Fig. 11. The exact 
height of this barrier is not known, but can be estimated by two addi
tional pieces of information: 1) The difference in the enthalpy of solution 
between vacuum and metallic W for D atoms is in the order of 1.04 to 
1.14 eV [21,52]. 2) HIs can be absorbed in WO3 from a HI-rich atmo
sphere at temperatures above 394 K [53] (see activation barrier indi
cated in Fig. 11). Additionally, they can desorb again into vacuum at 
room temperature over a timescale of months. Therefore, the enthalpy of 
solution of D in WO3 must be slightly positive (above that of D2 in 
vacuum) but well below that of D in W. Consequently, the difference in 
the enthalpy of solution for D atoms in WO3 and in W should be close to 
1 eV. This energy difference is too high to be overcome by the D atoms in 
WO3 in our experiment at 370 K. Note that the energy necessary for a 
diffusion step ΔEdiff for hydrogen in WO3 is stated as 0.35 eV from DFT 
calculations in [54] and as 0.4 eV from experiments in [55]. For metallic 
tungsten ΔEdiff for hydrogen and D is stated as 0.28 ± 0.06 in [22] and as 
0.39 eV in [21]. 

One can assume that the thin (2–3 nm) natural oxide film, always 
present in many laboratory experiments, exhibits the same behavior and 
reduces or even prevents the D transport into metallic W at low tem
perature. Since the sample with the natural oxide showed significant D 
concentration in the self-damaged layer, however, it can be concluded 
that this effect only lasts until the natural oxide film is either fully 
removed by the plasma or at least reduced below the maximum D ion 
implantation range (1.6 nm for 15 eV/D (3% of D ions in the present 

Fig. 11. Schematic representation of the energy landscape of D in WO3 and W. 
The dashed line at the surface marks the energy of a D atom. The dotted gray 
line marks the repulsive potential for the D2 molecule close to the surface. The 
heat of solution (Qsol) and the energy necessary for a diffusive step (ΔEDiff) for 
WO3 and W are shown. In the (self-damaged) W bulk also a D trap with trapping 
energy ΔETrap is shown. A detailed discussion of the absolute values is provided 
in the text. 
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case) or 0.7 nm for the majority species of 5 eV/D (96% of D ions)). 
Under the assumption that the thin natural oxide film is removed in the 
same fashion and with the same speed as the thermally grown oxide 
films, a full removal is expected to take place within the first 10% of the 
plasma exposure time/D fluence applied in this work (compare Section 
3.1.2). After the natural oxide is removed the D ions can be directly 
implanted into the W bulk as their energy is high enough to overcome 
the enthalpy of solution in W (1.04 to 1.14 eV [21,22]). Note, that the 
natural oxide film is reformed after plasma exposure, when the sample is 
again exposed to ambient atmosphere. In case of the samples with 
thermally grown oxide films (initially 33 and 55 nm), only a partial 
oxide removal takes place in the surface near region (first 100 ×
1019 atoms/m2). In larger depths, especially at the interface between 
oxide and metallic tungsten, the stoichiometric composition of WO3 is 
still intact. 

It is worth mentioning that the proposed barrier mechanism acts only 
in one way. While the uptake of D from the WO3 into the metallic W is 
reduced or blocked, the transport in the opposite direction should not be 
affected. The present experiments allow only to draw conclusion in one 
direction for the D uptake. However, to interpret thermo-desorption 
data the influence of thin tungsten oxide films on D desorption from 
tungsten has to be known. Presently investigations are under way to 
address this issue. 

4. Summary and conclusion 

D uptake experiments through thin surface oxide films on W samples 
have been carried out. A 2.3 µm thick layer of self-damaged W under
neath the oxide was used as a getter layer to trap D atoms possibly 
penetrating the oxide film. The oxide was thermally grown in a mixture 
of 80% Ar and 20% O2 at 600 K to thicknesses of 33 nm and 55 nm. D 
was supplied by a “gentle” (<5 eV/D) D plasma at 370 K. 

It was found that the thermally grown oxide films take up substantial 
amounts of D. By nuclear reaction analysis, D concentrations in the order 
of 1 at. % within the oxide film were determined. This was an expected 
result, as the high D retention inside tungsten oxide is well known in 
literature [18,56]. However, despite the high D retention in the tungsten 
oxide itself, the oxide film effectively blocks the D transport into the 
(self-damaged) W. No D was found in the W beneath the thermally 
grown oxide films. This is a new and important result as it indicates that 
tungsten oxide films form an effective permeation barrier for D transport 
into metallic W. We propose the following model assumption as a 
possible explanation for this behavior: D is thermalized inside the oxide 
film at the plasma exposure temperature of 370 K and cannot overcome 
the difference in the heat of solution between W oxide and metallic W. 
Note, however, that this is expected to be a diode-like, one way D uptake 
barrier, as there is no indication that D uptake from W to W oxide would 
be blocked. 

Furthermore, it is evident from our experiments that oxygen is 
partially removed from the near surface region of the oxide film by the D 
plasma. With RBS measurements, an enrichment of W in the near- 
surface region of the oxide film was found. A deuterium fluence of 
1.4 × 1024 D/m2 over seven hours of exposure time lead to a removal of 
76 ± 6 × 1019 O atoms/m2 (corresponding to about 13.5 nm of WO3, 
which contains the W amount of ≈ 4 nm of metallic W). Furthermore, 
the O removal appears to be independent of the original oxide thickness. 
These two findings show that the reduction starts from the surface and is 
not a volume effect. From analysis of the RBS data it is obvious that the 
W surface enrichment cannot be explained by a single (≈ 4 nm thick) 
layer of metallic tungsten on top of the oxide layer. This holds true even 
when one assumes that this layer of pure W would form natural oxide on 
top again after the plasma exposure. The oxygen depth profile derived 
from RBS suggests that this partially oxygen depleted zone stretches 100 
× 1019 atoms/m2 (≈ 13.5 nm) deep into the oxide film. It consists of W 
oxide with up to 40 at.% of W at the surface and gradually returns to 
stoichiometric WO3 (25 at.% W) with increasing depth. Thus, the W 

enriched zone extends far deeper than the D implantation depth in the 
oxide, which is smaller than 2 nm for the D energies used in our 
experiments. 

Finally, the D depth profile measurement (with NRA) was repeated 
after ten months of storage time in a desiccator. During this time, most of 
the D stored in the oxide films escaped into the vacuum. 

As a conclusion, it is evident that thermally grown WO3 layers on W  

a) take up D atoms from the plasma quickly and homogenously 
throughout the film under the formation of deuterium tungsten 
bronze (DxWO3),  

b) prevent further transport into the underlying metallic W substrate 
due to the difference in the heat of solution in W oxide and metallic 
W; i.e., the interface of WO3/W acts as a transport barrier  

c) are (slowly) removed by the plasma starting from the surface even at 
370 K and low energies of < 5 eV / D,  

d) release D on a timescale of several months at room temperature. 

One can assume that the thin (2–5 nm) natural oxide film, always 
present in many laboratory experiments, exhibits the same behavior and 
reduces or even prevents the D transport into metallic W until it is 
removed by the plasma. This possible influence of the natural oxide film 
on D uptake into metallic W needs to be considered when evaluating D 
uptake and permeation experiments, e.g. [8], in order to draw the right 
conclusions for un-oxidized W. The effect is expected to be especially 
prominent for experiments with low plasma fluence or fluence series 
where the sample has contact with air in between plasma exposures. 

Furthermore, we expect an effect of the sample temperature on the 
removal rate of the oxide and thus on the D fluence that is necessary to 
fully remove the oxide film and enable D entering the bulk. Higher 
temperatures might also enable a diffusion from the oxide film into the 
self-damaged W [57]. The higher thermal energy of the D atoms could 
then enable a jump across the energy step due to the difference in the 
enthalpy of solution at the WO3/W interface. In addition, the D ion 
energy and D ion flux might play an important role on the oxygen 
removal rate. Further studies with an extended set of parameters are 
planned to draw a comprehensive picture of the energy, flux and tem
perature dependence of a) the oxide removal efficiency, b) the retention 
of D in the oxide and c) the transport of D into the metallic W. For high D 
energies, we expect some D ions to be implanted directly into the 
metallic W beneath the oxide film, which would circumvent the 
permeation barrier effect of the W oxide/W interface. 
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