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Abstract: Formation of Be-W mixed layers in thermonuclear fusion reactors can potentially alter the
retention of hydrogen isotopes and affect the retention and release properties of these isotopes. This
paper reports on the retention and release characteristics of D from reference Be, W layers as well as
three Be-W mixed layers with well-defined atomic concentrations (2:1, 1:1, 1:2). The layers resulted
from the sputtering of Be and W materials in Ar:D (1:1) mixture at 2 Pa using DC magnetron sputtering.
The mixed layers’ deposition parameters were varied to adjust accordingly the deposition rate for
each material in order to obtain the desired concentrations. Scanning electron microscope images
showed that morphology is independent of composition for samples deposited on silicon substrates.
In contrast, layers deposited on tungsten revealed a textured surface and morphological changes
with W concentration variation. X-ray diffraction patterns of mixed layers evidenced the presence
of a polycrystalline tungsten phase. Additionally, the degree of crystallinity is highly influenced
by the plasma parameters and enhanced amorphization is evidenced by a decrease of crystalline
size by a factor of 10 for mixed layers compared to the W reference layer. The release behavior of D
from the layers is affected by the trapping contribution of both Be and W. Compared with implanted
layers, presented in literature studies, the co-deposited layers show a high D occupancy of low energy
trapping states, the majority of the D retained in the samples being released at temperatures below
623 K. High energy trapping becomes more pronounced for layers with a high Be concentration.
The oxygen contamination observed for Be layers points to a mitigation of D retention in low energy
trapping states and shifts the desorption chart towards a higher temperature due to enhanced
retention in BeO associated traps. The D retention presents a linear decrease of W concentration in
the sample.

Keywords: deuterium retention in beryllium-tungsten; plasma facing materials and components

1. Introduction

Despite the best efforts of the engineers and physicists from the fusion community,
hydrogen (H) isotope retention in plasma facing components (PFC) was and still remains
one of the most complex issues to solve in order to make a sustainable transition from
experimental to commercial fusion reactors. The enhanced H isotope retention was the
main reason behind the decision to replace carbon (C) with all metal PFCs in experimental
and future commercial reactors [1-3]. For the foreseeable future, experimental reactors such
as the International Thermonuclear Experimental Reactor (ITER) and the first generation
commercial reactors’ demonstration power plant (DEMO) are designed to operate using
deuterium (D) and tritium (T) as nuclear fuel. T raises important concerns regarding the
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operational costs and safety of the fusion reactor, due to its limited supply and radioactive
properties [4-8].

To prevent a massive release into the environment in the case of containment failure,
the total allowed T retention in ITER walls is limited to 700 g [9]. The current all-metal
design of ITER includes the use of beryllium (Be) PFECs for the first-wall and tungsten (W)
PFCs for the divertor, both materials presenting good plasma compatible properties [10].
Considering that nuclear fuel retention was the main reason for replacing C PFC with W and
Be, retention in metallic layers is not necessarily small. In laboratory experiments, the levels
of D/W have reached peak values of 5 at%, as was reported in several studies [11-13], and
under the right conditions D retention in Be layers can reach levels (40 at%) similar to
those observed in C PFC [12,14]. Under normal operating conditions, chemical sputtering
should not be an issue for an all metal ITER design. However, despite the best efforts
to magnetically confine the plasma, the first wall will still be subjected to an intense
bombardment with plasma species, enhancing in the physical sputtering of Be PFC. Despite
the low yield, W PFCs can also be sputtered, leading to prompt re-deposition on nearby
surfaces [15]. Erosion and migration of these materials during ITER operations will lead
to the formation of mixed-material layers with different properties in relation to original
PFCs. Two main mechanisms responsible for nuclear fuel retention in ITER will be the
implantation of the hydrogen isotopes into PFCs and co-deposition of the eroded materials
together with nuclear fuel [4,16,17].

Experimental results and simulations show that, among the two retention mechanisms,
co-deposition will be by far the most dominant mechanism in ITER. It will primarily consist
of the formation of H isotopes containing Be layers in magnetically shadowed areas of
the vessel and on the W PFCs in the divertor region [8,18,19]. Furthermore, by means of
simulation it was estimated that the maximum T-allowed retention in ITER (700 g) will be
reached after a limited number of 400 s pulses (between 3000-20,000), seriously affecting the
reactor’s lifetime. In this context, it is important to develop reference samples and suitable
deposition techniques in a laboratory framework to obtain and extrapolate usable results
for ITER. In specialized literature, the most common technique employed to produce Be-D
and W-D co-deposited layers is via linear plasma generators. Physical vapor deposition
techniques, such as magnetron sputtering, can also be employed due to similarities between
the resulting layers and those observed in current experimental fusion reactors such as
JET [20,21]. One of the unwanted effects of plasma—wall interaction is the formation of
the Bex-Wy layers with potential dramatic consequences for operations in ITER. Separate
studies concerning the co-deposition of Be and W with D were performed and discussed in
detail, providing important information about D retention and thermal release behavior
in relation to deposition parameters (substrate temperature; ion energy and gas pressure;
layers thickness; deuterium flow; layer composition) [11,13,21-32].

In contrast, D retention in mixed Be-W layers has been sparsely studied in the literature,
with most of the experiments being conducted via D ion implantation. Mateus et al.
implanted Be, W and Be-W (50-50 at%) layers obtained by the thermionic vacuum arc
technique with 15 KeV H* ions at room temperature to study the layers” morphology
influence on retention [33]. The results indicate only a negligible influence of this particular
parameter on H retention. K. Sugiyama et al. studied the retention in Be based mixed layers
(Be-C, Be-O and Be-W) at smaller D ion energies (200 eV) and he observed a significant
reduction of D released from the Be-W layers and concluded that a small concentration of W
can mitigate the formation of trapping sites in beryllium [34]. Another study, over a wider
range of Be-W layer composition, was carried out by Jepu et al. using the Pisces B linear
plasma generator [35]. The result showed that D retention primarily increases with the Be
content in the sample. The same conclusion was derived by Dinca et al. in an experiment
performed on samples with a similar composition [36]. Compared to implantation studies,
the number of experiments that addressed retention in co-deposited layers is limited
to only a couple. The first study that treated the retention in Be-W mixed layers was
performed by the main author of this paper and it was devoted to understanding the
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influence of nitrogen impurity seeding on deuterium retention in mixed Be-W layers [37].
Among other structural and compositional differences, the authors observed that nitrogen
significantly alters the trapping mechanisms and shifts the D desorption onset to higher
temperatures, which could potentially affect the tritium removal procedures in ITER. It was
also pointed out that N desorption is very well correlated with D desorption potentially
acting as a trapping state barrier for D. This was followed by a more complex work by
Zibrov et al. over a wide range of samples deposited at 0.8, 2.7 and 8 Pa respectively, with
small amounts of W impurities (4.3-28 at%) [38]. He observed that D retention is positively
correlated with the increase of gas mixture pressure and, in contrast with the conclusions of
K. Sugiyama et al. [34], the results indicate an increase of retention with a factor of two for
layers with low W content (4.3-7.3 at%) in comparison to Be-D layers, independently of the
deposition pressure. As it was stated by the authors, this points to a different incorporation
of D in co-deposits compared to implanted layers.

To extrapolate useful results for ITER, more studies are needed to accurately predict
the trapping and thermal release behavior of D from mixed Be-W layers. In this manuscript
we continue our previous work in Dinca et al. [36] by studying Be-W layers with the same
metallic composition (Be-W (1:2, 1:1 and 2:1) as well as reference Be and W layers. Still, in
this experiment the layers will be co-deposited with D, unlike the previous one where they
were implanted. These two manuscripts can provide the basis for a comparison between
the main D retention mechanisms in ITER (co-deposition and implantation) applied for a
specific case. On the other hand, it can also be viewed as a continuation of Zibrov et al.’s [38]
study and the results can bridge the gap in knowledge for a mixed Be-W layer with W
content higher than 28%.

2. Materials and Methods
2.1. Layer Deposition

The co-deposition of mixed (Be-W) and reference (Be, W) layers together with D was
performed in a small cylindrical shape vacuum chamber with a volume of 0.05 m? (diameter
of 40 cm-height of 40 cm). The chamber was pumped down to a base pressure of 10~* Pa
prior to the deposition with a vacuum system composed of a turbo-molecular and a dry
scroll pump. A schematic representation of the deposition setup is illustrated in Figure 1.

Figure 1. Schematic representation of the deposition setup used for obtaining D containing BeW
mixed layers. The QMB was positioned in the center of the substrate holder to measure the deposition
rates and thickness in situ.
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The mixed and reference layers were deposited on three types of substrates—silicon
(100), tungsten and graphite—all of them having the same dimensions (12 x 15 mm?).
The tungsten and graphite underwent a polishing process. The first step consisted of a
course of polishing using SiC paper and it was followed by a fine polishing with Al,O3
nanopowder, resulting in a nearly mirror finished surface with an average roughness
of 50 nm. The resulting debris was removed using deionized water. Furthermore, the
substrates are cleaned for 15 min in an ultrasonic bath in a mixture of acetone and isopropyl
alcohol in order to facilitate the removal of microscopic dust particles. Subsequently, they
were washed abundantly with distilled water and left to dry in atmospheric air. The Si
100 substrates were subjected to the same cleaning procedure. Subsequently, the substrates
are mounted on a circular holder at a distance of 10 cm with regard to the Be and W
sputtering sources.

When the base pressure value is 10~# Pa, Ar is introduced in the vessel and a glow
discharge is ignited on the substrates with the aim of removing surface impurities and
oxides. The Be and W sputtering sources consisted of two water-cooled magnetron cathodes
provided with high purity (99.95%) Be and W circular (50 mm diameter- 3 mm thickness)
targets operated in DC magnetron sputtering regime. After the substrates cleaning, both
Be and W target were sputtered clean in pure Ar atmosphere at 2 Pa for approximately
30 min. During this time the substrates were shielded with a shutter from the plasma
sources. For the final step, D, gas was introduced into the vacuum chamber through a
calibrated Mass Flow Controller to initiate the reactive sputtering. The Ar/D ratio was
1:1 and this ratio was used for all depositions. The total pressure of the gas mixture was
stable at 2 Pa throughout the whole coating process. A —80 V polarization voltage was
supplied on the substrate to enhance the ion bombardment of the growing layers. During
the deposition process, the substrates were indirectly heated by the two plasma sources.
Considering that the plasma sources were operated at different powers depending on the
layer composition, the substrate temperature varied from 340 K when only the Be was
deposited to 360 K for mixed layer depositions.

The desired layer composition was adjusted by performing calibrations before each
batch was deposited. A quartz microbalance was positioned in the virtual place of the
substrates to evaluate separately the sputtering rate for Be and W, assuming a bulk density
of 19.2 g/cm? for W and 1.85 g/cm? for Be [31]. Based on these calibrations, the process
duration was adjusted for each batch to obtain a final desired thickness of 500 nm. In total,
five batches of samples resulted from the experiment, namely reference Be and W layers
and three mixed Be-W layers (1:2; 1:1; 2:1), respectively. The deposition parameters, such
as Be and W discharge voltage (U, Uw), discharge current (Ige, Iyy) and deposition rate
(Dge, Dw), are presented in Table 1. Together with these parameters each batch was indexed
with a codename for an easier discussion of the results further on. Mixed Be-W will be
assigned a codename dependent on the nominal atomic concentration of W in the layer.
For example, the codename of Be-W (1:1) will be W50. Separately, a list of abbreviations is
provided at the end of the manuscript for the most common terms used throughout the
paper text.

Table 1. Main deposition parameters for the mixed and reference D containing layers.

Index Be Deposition Parameters W Deposition Parameters
Use Ipe Dge Uw Iw Dw
V) (mA) (nm/s) V) (mA) (A/s)
Be 420 320 0.86 - - -
w - - - 320 100 0.89
W33 410 320 0.84 300 70 0.79
W50 410 320 0.84 390 130 1.60

W66 380 150 0.37 390 120 1.40
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2.2. Layer Analysis

A FEI Co. model Inspect S was used to acquire the SEM images for the mixed Be-W
and reference Be and W layers co-deposited with deuterium. The analysis of the layer mor-
phology was conducted for samples deposited on Si and W substrates. The measurement
parameters were: 25 kV electron acceleration voltage, 5000 x magnification and a working
distance of 16.8 mm.

Crystalline structure investigations were carried out with X-ray diffraction (XRD).
Measurements were performed only on layers deposited on Si(100) substrate due to the
reduced layer thickness (500 nm) and in order to avoid the overlapping of W signals from
the layer with the one given by the polycrystalline W substrates. Measurements were
performed in a Bragg—Bretano configuration, using a classic diffractometer provided with a
Cu-K« X-ray source (0.154). The samples were analyzed over a wide 80° interval, between
20° and 100°, with a step of 0.01° and an acquisition time of 2 s per step.

Rutherford backscattering spectrometry (RBS) data were acquired for the mixed Be-W
layers to provide reliable quantitative information regarding the Be and W concentration
as well as the oxygen impurity distribution. Measurements were carried out in the 3 MV
Tandem Accelerator facility available at IFIN-HH in Bucharest [39]. Layers deposited
on 12 x 15 mm? graphite substrate were investigated in a single measurement run. Ion
beam analysis was only performed on layers deposited on graphite substrate because
they allow a better quantification of the layer stoichiometry compared to Si substrates [34].
Samples were mounted on a holder inside a high vacuum chamber (10~° Pa). A precise
(0.01°) stage-controlled goniometer was used to sequentially position each sample for the
experiment. A broad beam with a diameter of 1 mm composed of *He* monoenergetic ions
was focused on the layers at normal incidence. The backscattered particles” energy was
measured with a silicon solid-state detector positioned at an angle 6 = 165° with respect
to the ion beam. The energy resolution of the detector was 18 keV and it was calibrated
prior to the measurements with thin films of gold. The energy of the *He* ion beam was
2.6 MeV, selected below the 3.6 MeV threshold energy where neutrons from Be layers which
can activate the materials inside the HV-chamber. The accumulated charge was measured
with a Faraday Cup and the final value for each measurement was 10 pC. The elemental
areal densities of the layer metallic constituents (Be and W) and impurities, respectively,
were obtained by fitting the RBS experimental spectra with simulated spectra in SIMRA
computer code developed at IPP Garching [40].

Thermal desorption spectroscopy was employed to investigate the D trapping and
release behavior from mixed and reference layers. The experiments were conducted on
layers deposited on W. The experimental setup was composed of a Quadrupole Mass
Spectrometer (QMS), a quartz tube, an oven and a vacuum system. The samples were
loaded into the quartz tube and were sequentially measured. Since the samples were
heated via thermal radiation from the oven a calibration was carried out to correlate
the temperature measured on the oven with the one measured on the sample. This was
performed by placing a thermocouple in direct contact with the W bulk substrate during a
full temperature cycle. After the samples were loaded into the quartz tube, the setup was
pumped down to a base pressure of 10~° Pa and the heating cradle area was outgassed
up to 1300 K. Subsequently the samples were measured one by one and in between the
measurements a blank full temperature cycle was performed to determine the background
levels. In all TDS measurements the maximum temperature was set at 1300 K with a
constant heating rate of 10 K/min. The released species were detected and recorded by the
QMS as ion currents.

3. Results and Discussion
3.1. Layer Morphology

To investigate the material mixing and substrate influence on the morphology of D
containing co-deposited layers, SEM micrographs were collected for samples W33, W50
and W66, respectively, deposited on W and Si substrates. The results are illustrated in
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Figure 2. The caption below includes the code of the samples together with the abbreviated
symbol for the substrate

Figure 2. SEM images of the top surface morphology of D containing mixed Be-W layer deposited on
W and Si substrates: (a) W33 Si; (b) W50 Si; (c) W66 Si; (d) W33 W; (e) W50 W; (f) W66 W.

Clearly, from the beginning it can be observed that the substrate’s nature has a strong
influence on the mixed Be-W layers” growth. The W33 layer (Figure 2a) appears to be very
smooth with no obvious imperfections and no specific features that can be observed at the
magnification used here (5000X). It can also be pointed out that the layer is composed of
small grains uniformly distributed along the surface and that could indicate a potential
dense microstructure. However, this hypothesis cannot be verified using cross section
images, due to work restrictions for beryllium. In a previous study [36] it was observed
that a dense microstructure leads to a reduced D trapping in high energy binding states.
Similar morphologies were observed for the rest of the mixed layers (Figure 2b,c), which
can lead to the conclusion that in this case layer morphology is independent of Be and
W composition. On the other hand, layers deposited on W substrate have a textured
morphology with no ordered surface growth. This is emphasized by the morphology of
the W33 sample (Figure 2d), where surface voids and defects are observed. These surface
characteristics were also noticed for Be layers deposited on tungsten substrates in a previous
work performed by the authors [41]. As it was underlined there the main cause can be the
chemical and roughness difference between the Si and W substrates. Unlike the previous
work, where only Be layers were deposited, here we can see an evolution of the surface
morphology with the Be/W ratio in the samples. With the increase of the W concentration
in layers, the surface defects tend to coalesce to form a compact surface morphology. This
can be attributed to the ordinate growth of W on a substrate with similar properties.

3.2. Crystalline Structure

The diffraction pattern resulting for the Be layer (not shown here) deposited on the
Si substrate did not indicate the presence of the diffraction peaks specific to a beryllium
crystalline phase; the most likely explanation being the X-ray transparency properties of Be.
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The diffraction pattern of the tungsten layer is illustrated in Figure 3. The investi-
gated sample presented a crystalline phase corresponding to metallic tungsten, Im-3 m
space group and a body-centered cubic arrangement of the atoms in the elemental lattice.
The sample crystalline nature is evidenced by ordinate growth on W 110 and W 200 orien-
tation. Additional reduced intensity and hkl orientations (not shown here) corresponding
to the tungsten metallic phase (W 211 and W 220) were observed at higher angles; however,
preferential growth of crystallites was on the W 200 orientation.

3.0)(103 s T § I/A,'I'I'I'I'I"I'I'I

2.5x10°

2.0x10° -

<
=
=
z

1.5x10°
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/ feettt bl
46 48 50 52 54 56 58 60 62 64

20 (degree)

0.0
38

Figure 3. XRD diffraction pattern of 500 nm thick tungsten layer.

The diffraction patterns of mixed layers are presented in Figure 4. The shift between
the patterns is intentionally introduced in order to better differentiate them. The pattern
obtained for the W50 layer indicates the presence of the same tungsten metallic phase as
that identified for the pure W layer, in this case with preferential growth on the W 110
orientation. Similar crystalline growth and orientations were identified for W66 and W33
layers, respectively. However, for W33, besides the W orientations, an additional crystalline
hydride phase identified as a beryllium deuteride (BeD,) was identified, its only peaks
corresponding to the preferential orientation of BeD, (022). BeD, formation was only
observed for the W33 sample and one can argue that the high Be concentration in this
sample is the main reason. However, a crystalline phase corresponding to BeD; was not
observed for the Be layers presented in this study or in previous studies where the layers
were produced using the direct current magnetron sputtering technique [36,38,41]. Thus,
the formation of these compounds here is not clearly understood. A direct comparison
between the diffraction patterns of W and Be-W layers indicates a widening of the 110 ori-
entations for mixed layers compared to pure W layer. The widening could be caused by
the presence of both beryllium and deuterium in the tungsten matrix which can induce
micro-stress. However, it is observed that between mixed layers the degree of crystallinity
is not necessarily influenced by the Be content in the sample. On the contrary, the sample
with the lowest Be concentration, namely W66, has the lowest crystalline order as shown
in Figure 4, and the W50 presents the highest crystalline order among the mixed layers.
The observed discrepancies can be caused by the different plasma parameters applied
during the coating process. In Table 1, it can be seen for W66 that Be plasma parameters
(I, V) are significantly lower, which in turn leads to a reduced plasma density, a lower ion-
ization yield and consequently to a reduction of the ion flux impinging on the just forming
layers. On the other hand, the W50 sample has the highest power applied to both Be and W
cathodes, leading to an enhanced ion bombardment during deposition and consequently
to an increased ad-atom mobility which improves the crystalline structure [42].
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Figure 4. Overlapped diffraction patterns of the mixed Be-W layers.

The analysis of the diffraction peak profiles was performed in order to assess the
crystalline size from the peak full width at half maximum. The width of the Bragg peak is
influenced by both sample and instrumental induced effects and thus for a correct analysis
it is necessary to determine the widening induced by the diffractometer.

The instrumental peak broadening was measured using a corundum standard cal-
ibration material for the XRD equipment. The size of crystals for the metallic tungsten
phase was calculated based on 110 orientation. The obtained results are shown in Table 2.
A decrease of crystallite size with an order of magnitude can be seen from pure tungsten
layers to mixed Be-W.

Table 2. Crystallite size calculated for the most intense line in X ray diffraction pattern.

Sample W Crystallite Size (nm) BeO Crystallite Size (nm) BeD; Crystallite Size (nm)
Be - 18.88 -
W 11.95 - -
W66 13 - -
W50 1.7 - -
W33 0.9 - 50.97

3.3. Compositional Analysis

Figure 5 illustrates the RBS spectrum of the W50 layer. As we can see the spectrum
is represented as counts versus the channel number. The channel number allows for the
identification of the layer atomic constituents and the counts axis provides information
about the elemental abundance in layers. For the spectrum presented in Figure 5, we
identified that the main constituents of the layers are W, O, the graphite substrate and
of course Be, which will be indirectly quantified. The highest peaks in the spectrum
correspond to W and C from the substrate.

In Figure 5 the experimental RBS spectrum (dots) is fitted with the simulated SIMRA
spectra (line). A good correlation between them is observed and this is essential to obtain a
better precision in determining the elemental areal densities.
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Figure 5. Experimental RBS data represented against the simulated spectrum in SIMNRA for W50.

The highest peaks noticed in the spectra correspond to W (from the deposited layer)
and C (from the substrate) with a small contamination of oxygen which is present through-
out the whole film thickness.

A comparison of the W signals corresponding to the mixed layers is presented in
Figure 6. As can be seen, the typical W signal has a sharp clearly defined edge around
channel 850, followed by a plateau and a tail-like elongated decrease (675-725). It can be
observed that the count values are constant throughout the plateau region suggesting that
tungsten is uniformly distributed throughout the film thickness.

12,000 : : , l - . :
! W 66
10,000 i s e e T e N . —
8,000 | 4 wao i
m |
et i F | |
£ 6,000 | W33 -
8 _ A ]
4,000 - i N
2,000 - &
o [ . . . . —
65 700 750 800 850
Channel

Figure 6. Comparative tungsten signal resulted from the RBS experimental spectra of the mixed
Be-W layers.

Separately, the sharp increase at ~850 is given by He ions’ interaction with the layer
surface. The tail elongation a result of the interaction with the layer—substrate interface and
the elongation is more pronounced with the increase of substrate roughness.

The results obtained in Figure 6 for the mixed Be-W layers indicate, as expected, an
increase of the W signal with its concentration in layers, with the most intense signal
observed for W66. Besides this aspect, we can also observe that the width of the W peak is
slightly different for each type of layer, which means that there are slight differences in film
thickness also.
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The depth profile of W33 results from the fitting of the experimental spectra with
SIMRA (Figure 7). The largest part of the layer was simulated using a single layer with a
width of 2.9 x 108 at/cm?, attesting to the homogeneous distribution of the elements in
depth. The resulting atomic concentrations for Be and W determined using RBS are similar
to the desired concentrations for W33. On the other hand, the layer—substrate interface
region was harder to resolve due to the inhomogeneity caused by the substrate roughness,
requiring a total number of five layers to obtain a good agreement between the experimental
and simulated data. The only impurity identified is oxygen, whose presence in the depth of
the layers shows a continuous, small contamination of 5 at%. This contamination was also
observed for the rest of the Be-W mixed layers, with the observation that it is larger close
to the interface, the source most likely being the oxygen at the layer—substrate interface,
which can diffuse in the deposited samples.

1.0 —
0.8 -
Beryllium 1t
o o
g ¢ |l
= 0.4 g
g o Tungsten all
< = I
0.2 -
Oxygen — !
0.0

0 1000 2000 3000 4000 5000
Depth(x1015 atlcmz)

Figure 7. Depth profile of the W 33 sample depicting the element and impurity concentration in layer.

3.4. Deuterium Retention

During TDS measurements, the release of multiple gaseous species from the sample
was monitored with an emphasis on mass 3 and mass 4, corresponding to HD and D,,
respectively. As was observed in an earlier study [41], the release of D atoms from the
co-deposited samples was mainly dominated by D,, unlike the HD dominated release
from implanted layers [36]. To quantify the D, release, calibrations were performed by
leaking known amounts of D, into the TDS chamber. For HD, H gas was leaked and the
calibration factor was obtained as an average between the calibration factor of H and D,.
By converting the ion current given by the QMS into an atom flux and normalizing it to the
area of sample surface, the TDS charts below are given in at/cm?.

The D release curves resulting from the TDS measurement of W and mixed Be-W
layers are presented in Figure 8. The desorption chart of the reference W sample (Figure 8a)
has a two peak release behavior for deuterium. The first desorption feature on the chart
is characterized by a broad strong release observed for the 450-600 K temperature range,
with a peak at 510 K. This desorption feature was followed by a smaller release (730-850 K)
with a distinct peak at 780 K. For temperatures above 850 K a “shoulder type” release is
still observed up to the final programmed temperature. The desorption pattern of the W
layer in this study is similar to those observed in previous works [43], and its appearance
suggests the presence of at least three trapping energies. The D trapping energies in W were
extensively studied by Poon et al. [43], who explained that the 520 K peak observed in TDS
measurements is associated with the de-trapping of molecular and atomic D from vacancies.
On the other hand, Wang et al. [29] attribute the 520 K release to D de-trapping from intrinsic
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defects, namely dislocations and grain boundaries. The continuous release observed in
the high temperature range (>900 K) can also be explained by the trap modelling work
performed by Poons [43]. In his work, the high energy trapping behavior can be explained
by the clustering of vacancies or interstitial trapping sites leading to the formation of voids,
with D being retained on the inner surface of the voids. By integrating the contribution of
the trapping sites from the TDS spectra, the results show that the majority of the D content
is released from vacancies complexes (64%) at temperatures below 900 K. A significant
amount of D has also been released at temperatures above 900 K (36%), which suggests
that “void-type defects” are created during deposition.
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Figure 8. Deuterium release comparison for samples: (a) W, (b) W66, (c) W50, (d) W33.

In an earlier work published by the authors [36], the W samples were implanted with
D using a plasma torch. There, the main release occurred at temperatures larger than 800 K.
However, in this study, the largest part of the D inventory (40%) in pure W layers is released
at temperatures lower than 700 K.

The W66 desorption curves point to a similar release profile (Figure 8b) with the
reference W layer. Desorption has an onset at 450 K and, after the second main release peak,
it decreases exponentially at high temperatures. The first main feature observed on the chart,
between 450 K and 600 K, has a maximum release at 520 K and it is followed by a second
wide release, between 600 K and 900 K, with a maximum at 760 K. In comparison to the W
reference, a small shift of the peaks in relation to temperature is noticed. In this case, the
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peak associated with low energy trapping is shifted with 10 K towards higher temperatures
and the second release is shifted with 20 K towards lower temperatures. There is also a
significant increase in release, with a factor 2 increase for the 520 K and a factor 3 increase
for the 760 K peak, respectively. In this case, Be has a positive contribution concerning the
energy trapping of D above 900 K, reducing the contribution of this trapping-state to D
inventory by a factor of 2, compared to the pure W case. Yet, the increase of D released at
lower temperatures can point to the fact that Be provides additional trapping sites for D in
the layer. This hypothesis can also be supported by the fact that most trapping states in
Be release D at similar temperatures to those observed for the main desorption features of
W66 [44]. On the other hand, the power applied on Be cathode automatically increases the
plasma density and implicitly the ionization rate which can also lead to an enhanced D ion
flux towards the substrate. Both hypotheses mentioned above can have a complementary
effect in practice, which can account for the large occupancy of the trapping sites observed
in Figure 8b. In terms of trapping dominance, one can clearly see a large occupancy of
the “intermediary” trapping sites (600-900 K) compared to low energy trapping. Thus, as
expected, the results show that 68% of the D retained in the W66 is released at temperatures
between 600 K and 900 K, 24% in 450-600 K range and only 8% above 900 K.

The desorption chart illustrated in Figure 8c presents the release from the W50 layer.
Here, it can be seen that a further increase of Be content leads to drastic changes in the
D trapping. In contrast with the two-step release behavior observed for W and W66, the
release from W50 is dominated by one major peak followed by a low continuous desorption
at higher temperatures. One striking difference is represented by the disappearance of
the second release peak, which represented the dominant feature for W66. A probable
cause might be the increase of the power applied on the Be target from 57 W (W66) to
130 W (W50) which may increase both the metallic and D ion flux to the substrate due
to enhanced ionization and consequently increase the ad-atom mobility leading to the
mitigation of the vacancies and reducing the available trapping sites for D. This hypothesis
can be confirmed by the rise of the low temperature peak with a factor 3 compared to W66,
suggesting an accumulation of D in unfavorable low energy trapping states. These states
are also evidenced in implantation experiments performed at high D fluencies and become
populated after the available trapping sites in Be are occupied [44]. Another important
difference is represented by release onset which shifted with 50 K from 450 K (W and
W66) to 500 K and of the main desorption peak from 520 K to 570 K. This shift may be
caused by an increase in layer thickness, or it could potentially signal the transition from W
associated trapping states (dislocation and grain boundaries) to Be trapping states, namely
BeD; [36,45]. The release continues with an elongated tail up to 800 K highlighting the
presence of additional trapping sites specific for Be. Furthermore, the D occupancy of
the high energy trapping sites has quadrupled compared to W66, indicating that their
number increases with Be concentration in the sample. Since co-deposition implies a
combined process between deposition and implantation, the defects can be also created
in Be by energetic bombardment of the layers with gas ions (Ar, D) as is the case during
implantation [44]. By integrating different desorption regions from the TDS spectra in
Figure 8¢, it resulted in half of the D being released below 623 K, which will be the wall
conditioning temperature in ITER [9].

Desorption from the W33 sample is illustrated in Figure 8d. It presents a highly
textured D release profile, which is associated with multiple trapping states occupancy.
The low temperature peak is clearly defined (500-600 K) with a sharp appearance and
a maximum release at 560 K. There is no significant difference compared to the release
temperature for W50, clearly pointing to a Be trapping state (BeD,). Additionally, the
intensity of the release is slightly larger than W50 and does not follow the trend observed
earlier. This clearly confirms the dependence of the trapping state with fluency, since
the latter should remain at similar levels with W50, considering that the power applied
to the Be cathode is the same. The low temperature peak is followed by a wide feature
resembling a desorption shoulder (600-850 K), with a maximum release at 720 K. This
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peak is attributed in the literature to oxygen impurities in the Be layer, where D is trapped
as BeO-D and released by the decomposition of the hydroxide [44]. Another interesting
phenomenon is represented by desorption from high energy traps. In contrast to previous
samples, W33 has a pronounced release component at temperatures above 850 K, with
two identifiable peaks at 900 K and 1150 K. The first was observed in previous studies
performed by implantation at low fluency [44] and represent favorable energetic trapping
states for D. The second peak could be associated with the decomposition of C-D bonds;
however, since it was not visible in previous samples it is highly unlikely that this may be
the cause of release. Its origin can be attributed to trapping and de-trapping phenomena in
the depth of the Be layer. In comparison to W50, the contribution of high energy trapping
doubled for W33. The release profile also indicates that the three trapping states identified
for W33 have approximately equal contribution with only 35% of the D inventory being
released up to 623 K.

Previously, the Be-W samples implanted by Jepu et al. [35] in the PISCES B facil-
ity on a corresponding range of compositions showed similar release behavior for Be
with W33 and W50 samples in particular. The low temperature peak for all measured
samples was observed, as in our case, in the 500-600 K range. However, the results of
Jepu et al. must be treated carefully since the high ion flux used in their experiment
(5.5-9.8 x 1022 jons m 25~ 1) led to the depletion of Be from a large number of mixed
layers. In contrast, the samples implanted at a lower ion flux (2.85 x 10 D m~2 s 1)
by Dinca et al. [36] retained their intended composition and they showed a completely
different retention and release behavior.

The low temperature peak was less apparent for the implanted compared to co-
deposited samples, which is clear considering the reduced ion flux. Mixed implanted
layers retained D at elevated temperatures in a similar way to W66 from the current study
which makes the trapping states difficult to identify. In any case, the majority of the
D released from implanted samples is trapped in vacancies and defects created by ion
bombardment. In Be, deuterium is retained primarily in the BeO surface layer due to the
shallow implantation range (<15 nm) at ITER relevant ion energies and due to the low
H-isotopes solubility in Be.

On the other hand, the co-deposited layers primarily show a significant and, in many
cases, dominant low temperature release. The retention in mixed layers is highly influenced
by the Be concentration and by the plasma parameters. The increase of Be concentration
also increases the density of the D trapping sites. Plasma parameters, primarily the power
applied on the Be target, have a similar role to the fluency in implantation studies. Thus, it
was noticed that low energy trapping sites’” occupancy increased with the applied power.

The D desorption curve from reference Be layer is illustrated in Figure 9. The quantity
of D release at temperatures lower than 600 K is very small. Above 600 K, an exponential
increase is observed with increasing temperature, which represents the main release from
this layer. It has a maximum at 780 K and an additional not so obvious peak at ~950 K.
Above 950 K, the release has an exponential decrease and continues at reduced levels
up to the final programmed temperature. The D trapping mechanisms are similar to
thoseobserved for the sample with the highest Be content among the mixed layers (W33),
namely BeO-D and D trapping in defects.

The most important difference in relation to the mixed layers is represented by the
disappearance of the low temperature peak even though the deposition conditions (pressure
and temperature) remain similar. The root cause of the different retention behavior can be
the creation of additional BeO trapping sites in the material. This idea is also strengthened
by the RBS measurements performed on the Be layer. The depth profile resulting from
SIMRA simulation is presented in Figure 9b and it shows an O contamination larger by
at least a factor of four compared to the rest of the samples. It gradually increases from
surface to interface where it reaches 35 at %, clearly implying that the unintentional O
contamination occurred during deposition.
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Figure 9. (a) Thermal desorption of D from Be layer; (b) Elemental depth profile resulted from SIMRA
simulation of Be layer experimental RBS spectra.

In a previous study, the authors investigated the D retention in Be in relation to the
D; flow introduced into the chamber [41]. The resulting samples showed minimum O
contamination (2 at %) and one of the Be layers was obtained with the exact deposition
conditions as the one in our current study (pressure, temperature, D, and Ar flow) in the
same coating facility [41]. These provide us with the opportunity to compare both samples
given the identical deposition conditions and to assess the influence of oxygen on D release.
In contrast to our current study, the “clean” Be layer [41] had an early desorption onset
and a very high occupancy of the low energy trapping states, with the largest part of the D
inventory released at temperatures lower than 700 K. This plainly shows that a high oxygen
contamination leads to the release of D at high temperatures and potentially introduces
a recombination barrier which is detrimental for the in-vessel tritium management in
ITER [9]. On the other hand, the D profile of the contaminated Be layer resembles more
closely the release observed in implanted Be layers [36], which can be true considering that
the shallow implantation depth leads to D retention in an oxidized sub-surface Be layer.

The total D inventory resulting from integrating the D release curves was presented
earlier for reference and mixed layers. The resulting values are plotted in Figure 10a as
a function of W concentration. Along with them, the results obtained by Jepu et al. and
Dinca et al. [35,36] are also represented for comparison. The inventory resulted in Dinca
et al. showed a higher concentration of D in “pure” layers and it decreases for mixed
layers. Room temperature implantation data (Jepu et al.), despite showing a linear decrease,
cannot confirm the trend since there are no data available for higher W concentrations.
However, the results obtained for D implantation at 473 K are similar to those obtained
by Dinca et al., with lower retention observed for equal Be and W at%. In contrast, the
retention values from co-deposited samples presented in this study have a linear decrease
with W concentration. A linear fit of the data shows that retention is characterized by the
following relation:

Rp = 1.34 % 107 + (—1.15 % 10% « x), )

where Rp represents the D retention, X is the W concentration in layers. However, the
above relation is extrapolated based on very few results and a narrow range of deposition
pressures. To compare our results with the ones presented by Zibrov et al. [38], the retention
is converted in at% using the RBS results (which gives the density of Be and W atoms). It
can be seen that, despite the different deposition pressure, the three sets of data follow the
same trend, namely the D concentration in the samples decreases with W concentrations.
Furthermore, lower (<30 at%) W concentrations in both Zibrov et al. (0.8 Pa) and our current
study confirm an increase of retention in comparison to “pure” Be layers. The cause of this
phenomena is not yet known and it was not observed either in previous D implantation
studies [34]. On the contrary, Sugiyama et al. in his work showed that samples with
low W (6 at%) content had a reduced D retention compared to Be layers [34]. Therefore,
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the hypothesis that a small amount of W can produce additional trapping states in the
host material is not confirmed. Thus, it is possible that the increased retention represents
a particularity of the deposition technique. The authors go even further to suggest that
igniting an additional plasma on the W cathode can lead to a significant increase of D ion
flux due to additional ionizations.
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Figure 10. (a) Total deuterium retention as a function of W concentration. Data reported by Jepu et al.
and Dinca et al. (b) Deuterium inventory as a function of W concentration plotted along with data
from Zibrov et al. for mixed layers deposited 0.8 Pa and 2.7 Pa.

4. Conclusions

The aim of this work was to improve the existing scarce knowledge regarding the
D retention in mixed fusion related Be/W layers. The mixed and pure Be and W layers
were obtained using the DC magnetron sputtering technique in an Ar/D (1:1) mixture.
The SEM images show a smooth morphology for all the layers deposited on the Si substrate.
The morphology of the layers deposited on W substrates is textured with voids and defects
underlying the influence of the substrate in layer growth. The diffraction patterns of the
samples showed the presence of a polycrystalline W, cubic phase with preferential W 200
orientation for W layer and W 110 for the Be/W layers. RBS measurements confirmed
that the resulting concentrations are in good approximation with those intended by the
authors. D release behavior from mixed layers is highly influenced by the contribution
of trapping states from both Be and W. In terms of release, the co-deposited samples,
unlike the implanted sample, present a high D occupancy of low energy trapping states
which might prove beneficial for in-vessel tritium recycling procedures in ITER with
the largest part of D being released at temperatures below 623 K. On the other hand,
high oxygen contamination can be troublesome for layers with high Be content. It leads
to the disappearance of the low temperature peak and shifts the release of D to higher
temperatures by increasing D trapping in BeO traps. D retention in samples decreases
linearly with the amount of W. In contrast, low W concentration (<30 at %) layers showed,
both in this study and in Zibrov et al., that D concentration increases in comparison to the
Be layer. Since this phenomenon was not confirmed in implantation studies, the authors
consider it to be caused by an increase in D ionization and ion flux with the ignition of
a second magnetron discharge. Future studies will aim to investigate the influence of
substrate temperature and ion energy on the retention and release properties from mixed
layers. Another important milestone is to quantify the ion flux towards the substrate under
different deposition conditions.
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W Tungsten
D Deuterium
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Ar Argon
C Carbon
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BeO Beryllium oxide
BeD, Beryllium deuteride
ITER International Thermonuclear Experimental Reactor
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DC magnetron  Direct current magnetron sputtering
QMS Quadrupole Mass Spectrometer
SEM Scanning electron microscope
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XRD X ray diffraction
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SIMNRA Software for simulation of RBS
W50 codename of Be-W (1:1)
W33 codename of Be-W (2:1)
W66 codename of Be-W (1:2)
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