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ABSTRACT

Boronization in tokamak devices with tungsten (W) plasma facing components (PFC) may lead to the formation of mixed layers of W and boron (B) that can affect
wall retention of plasma fuel species. In this study, deuterium (D) retention was investigated in W-B thin films with different stoichiometries as well as in pure W and
B, grown on silicon (Si) substrates by means of magnetron sputter deposition. After pre-characterization, the layers were implanted with 1 keV D3 ions to a fluence of
7 x 10'7 D/cm?, followed by in-situ ion beam analysis. The samples were annealed to temperatures between 400-600 °C and in-situ ion beam analysis measurements
were performed before, during and after the annealing process by simultaneous Elastic Recoil Detection Analysis and Rutherford Backscattering Spectrometry. The
different B concentrations in the films led to significant differences in D retention, where higher boron concentrations resulted in higher deuterium retention
immediately after implantation. After annealing, the lowest amount of retained D was observed for a W-to-B ratio of 2:1, with an areal density of 8 x 10'3 D/cm?,
about three times lower than for pure W. The highest retention of around 5 x 10'® D/cm? after annealing to 600 °C was found for the pure B-film. Ex-situ electron
microscopy techniques revealed significant morphological modifications due to implantation and/or annealing, including bubble formation (W film), W surface

enrichment (B-rich film) and crack formation (W-rich film).

1. Introduction

PFC in tokamak devices such as ITER are exposed to extreme radi-
ation and heat loads during operation [1-3]. The foreseen fuels used for
the fusion reactions in future tokamak devices are deuterium (D) and
tritium (T) that combine to form alpha particles and high energy neu-
trons, the latter of which will be used for energy production in future
fusion power plants. Due to the scarcity and radioactivity of T it is
crucial to choose a plasma facing material (PFM) with low retention of
light elements since high levels of fuel retention could negatively impact
reactor performance, lifetime and safety [4]. Tungsten (W) fulfills this
and additional requirements of a PFM, having for example a high
melting point and low sputter yield. It was recently announced that W is
replacing beryllium (Be) as PFM in ITER in the new baseline [5,6] and is
already in use in other devices [7,8].

The presence of mid-Z impurities like oxygen can be expected in any
fusion device [9,10]. These impurities will degrade the plasma and may
act as a seed for sputtering W and other high-Z elements, leading to
significant radiation losses in the core plasma and can in the worst-case

lead to disruptions [11,12]. W does not provide the same level of oxygen
gettering properties such as those of Be, therefore, alternative methods
of impurity reduction must be used. A glow discharge conditioning
(GDC) technique, commonly referred to as boronization, will be used for
ITER [13]. The technique was developed for TEXTOR [14] and has been
successfully implemented in several fusion reactors since then [15-17].
In tests done at the WEST tokamak it was observed that boronization
significantly improved plasma stability and was in some cases even
necessary for plasma startup [8]. During boronization, a thin film con-
taining boron (B) is deposited on the entire first wall (FW) and divertor
regions in order to getter impurities. The deposition can be done in
different ways, such as solid boron injection [18] or boronization via
pulsed ion cyclotron wall conditioning plasma [19,20]. Proposed for
ITER is a glow discharge with (deuterated) diborane (B2Dg¢) [6].

An unwanted side-effect of the boronization may be the formation of
tungsten-boron (W-B) mixtures through continuous re-deposition steps
during plasma wall interactions (PWIs). The presence of W-B mixtures
has already been observed on ITER-like PFC in WEST [21]. The formed
W-Bs feature different stoichiometries, morphologies and
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Table 1

Description of samples. The B-concentrations of the films were estimated with
ToF-ERDA measuements. The sputter yields were calculated by SRIM and
SDTrimSP and film densities and backscatter rates calculated by SRIM. Film
thicknesses are measured with TEM or estimated based on the listed film den-
sities (SRIM) together with ToF-ERDA data. The implantation fluences are
approximated using the average current measured by the sample holder during
implantation.

Sample name w Wy:B W:B W:Bg B

B concentration (at. %), 0 ~37 ~50 ~90 96
ToF-ERDA

Film thickness (nm), TEM 181 235 126 150% 149

Film density (g/cm3), 18.7 17.0 16.2 — 2.47
Experimental

Film density (g/cm?), 19.35  14.93 10.00 4.05 2.35
SRIM

Impl. Fluence (10'7 D/ 6.16 7.42 6.19 7.27 7.00
cm?)

Sputtered B (at./ion), — 0.085 0.0186 0.0338 0.035
SRIM

Sputtered B (at./ion), — 0.030 0.036 0.036 0.022
SDTrimSP

Sputtered W (at./ion), 0 0.00180 0.00243 0.00051 —
SRIM

Sputtered W (at./ion), 0.002 0.001 0.001 6E-5 -
SDTrimSP

Backscatter yield (%), 44 38 34 15 6.5
SRIM

*Thickness estimated by ToF-ERDA and RBS together with the film density ap-
proximations calculated by SRIM.

microstructures that can behave differently from the pure elements
during device operation. Boron is also known to have strong retention
properties of hydrogen isotopes [22,23], that may affect the retention
properties of the formed W-Bs.

There exist a few different methods to remove hydrogen isotopes
retained in PFC [24]. One such method is called strike-point scanning
and has been shown to reduce the D content of thick co-deposits in the
divertor region of JET [25]. Baking is another method for recovering D
and T as well as removing impurities that are retained in the walls of a
reactor. Baking has been utilized as a wall conditioning method by
several tokamaks [24,26,27] and is expected to be used in ITER as well
[12]. For ITER, no plans exist for infrastructure that would allow baking
of PFC to temperatures above 240 °C [12]. Surface temperatures of PFC
are however expected to reach temperatures of 600 °C [28] or even
above 900 °C [29] in some parts of the reactor during nominal opera-
tion. To investigate the potential impact of the mixing of B and W and its
effects on hydrogen isotope retention and desorption during annealing,
W-B thin-films of different stoichiometries were grown followed by in-
situ D implantation of the films. To avoid D loss from air exposure, in-
situ Ion Beam Analysis (IBA) was used to monitor, in real time, the D
retention in films before, during and after annealing. Further charac-
terization was done ex-situ using electron microscopy imaging tech-
niques to study the changes in morphology of the films after
implantation and annealing.

2. Materials and methods

This experimental study was performed at the Angstrom Laboratory
at Uppsala University using the facilities of the Tandem Laboratory to
produce, anneal and analyze films using IBA techniques and the facilities
of the Myfab laboratory for microscopy imaging of the films.

2.1. Growth of W-B layers

A PREVAC magnetron sputtering system was used to grow W-B thin
films of different stoichiometries [30]. The magnetron system was
recently upgraded and is now equipped with four MS2 63C1 magnetron
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sources suitable for targets with 2" diameter and 1-6 mm thickness. Five
different depositions were performed to obtain W-B films with different
stoichiometries. The general procedure was the same for all depositions
and is described in the following. The substrates used were silicon (Si) <
100 > wafers, 1 cm? in size, which were all ultrasonically cleaned for 10
min in an ethanol bath prior to transfer into the sputtering system.
Starting from a base pressure between 5 x 10 and 4 x 107 mbar, Argon
(Ar) was introduced into the chamber to act as sputtering gas during the
depositions. All depositions were performed at room temperature at a
pressure of 5.6 x 10°> mbar. Sputter co-deposition using two magnetron
targets simultaneously was used to grow the mixed W-B films. The
power supplied to the magnetrons depended on the desired film
composition and varied between 0-170 W for the boron target and 0-50
W for the tungsten target, both operating with radiofrequency (RF)
discharges. A quartz crystal microbalance (QCM) was used to measure
the deposition rate and estimate the final thicknesses of the films. The
samples were named according to the W-to-B ratio determined experi-
mentally of the films, as presented in Section 3, Table 1.

2.2. Characterization of W-B layers and implantation of D

With the films deposited, the samples were removed from the sput-
tering system and transferred to beamline T6 of the MV NEC-5SDH-2
pelletron tandem accelerator of the Tandem Laboratory (described in
[31]), where the film compositions and purities of the as-deposited films
were determined with time-of-flight elastic recoil detection analysis
(ToF-ERDA). D implantation and in-situ IBA during annealing of the
samples was subsequently conducted in the Set-up for In-situ Growth,
Material modification and Analysis (SIGMA) [32] chamber which is one
of the end stations of the pelletron tandem accelerator at the Tandem
Laboratory. The setup enables e-beam, low-energy ion implantation of
samples in an ultra-high vacuum (UHV) environment using a plasma ion
gun heating as well as simultaneous IBA. Base pressure during all
measurements was around 5 x 10 mbar and during the implantations
around 6 x 10°® mbar due to the introduction of D-gas into the chamber.
A residual gas analyzer (RGA) used to monitor the atomic mass distri-
bution of the species in the chamber throughout all measurements
confirmed mainly the presence of deuterium during implantation. The
ion gun was used to implant the samples with predominantly 1 keV D3,
corresponding to 500 eV/D, assuming first that the majority (93 %) of
the implanted species is molecular (D3) [33,34] and second that the
incident D3 molecules are all dissociated before reaching the sample
surfaces [35]. The implantations were done at normal incidence to the
sample surfaces. A nominal fluence of 7 x 10'” D/cm? was targeted in all
implantations. For the post-characterization of the films using scanning
electron microscopy (SEM), part of the surface of the samples were
intentionally covered during the implantation procedures. The covered
parts of the films were thus not implanted with D, but were annealed to
the same temperatures as the implanted regions, allowing for compari-
son of the two regions to investigate the effect of D-implantation on the
morphologies of the films.

2.3. In-situ ion beam analysis during annealing of D-implanted W-B

Following implantation, annealing of the samples was conducted
combined with in-situ IBA to measure the D retention in the films. Elastic
recoil detection analysis (ERDA) and Rutherford backscattering spec-
trometry (RBS) measurements were performed using a primary beam of
2.13 MeV “He™ ions that was used to obtain depth profiles of the sam-
ples. The specific energy of the primary beam was selected to make use
of the elastic resonance (~70 keV FWHM) for the nuclear reaction D(a,
D)*He, that improves the detection sensitivity of D during analysis [36].
The ERDA provided information about the quantification and depth
distribution of H and D in the samples while the RBS analysis yielded
complementary information about the composition and thickness of the
films. These IBA techniques were utilized to perform in-situ pre-
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Fig. 1. Atomic concentration depth profiles of “As grown” samples, obtained by ToF-ERDA measurements using 36 MeV I®* primary ions. Figure (b) shows presence

of low concentration elements in more detail.

characterization of the samples directly following D implantation.

The samples were subsequently annealed while the D retention,
distribution and composition of the films were simultaneously measured
by ERDA and RBS. The detector geometry for the IBA measurements was
set so that the primary beam was at an incidence angle of a = 70° with

respect to the surface normal, where both the ERDA and RBS detectors
were placed at an exit angle p = 80°, again with respect to the sample
surface normal, both in IBM geometry. The ERDA detector resided thus
at a scattering angle of 6 = 30° and the RBS detector at 6 = 170°, both
with respect to the incident beam direction, see Appendix A Fig. 1 for a
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Fig. 2. Experimental ERDA-spectra showing the charge normalized yield of H and D before (left) and after (right) annealing of the samples. The same spectra are

shown with a linear (top) and logarithmic (bottom) y-axis.

schematic illustration of the setup. Absorber foils were placed in front of
the detectors to reduce unwanted signal/noise. The foil thickness in
front of the ERDA detector was chosen to stop the scattered primary
beam particles while still allowing for hydrogen and deuterium
profiling. The absorber foil in front of the RBS detector reduced noise by
blocking light from reaching the detector during sample annealing. The
measurements started with the samples at room temperature (20 °C).
The temperature was measured using two Optris CT 3 M pyrometers
positioned outside the chamber and focused with lasers on the centers of
the samples. The two pyrometers are rated for two different temperature
ranges with some overlap (50-400 ‘C and 150-1000 °C). A temperature
ramp close to 4.8 °C/min was kept for each annealing and was continued
up to 600 °C or until the D signal was indistinguishable from read noise.
A subsequent faster ramp down of the heating filament followed after
reaching the temperature maximum and the sample was then allowed to
cool down passively. The chamber pressure was around ~ 10”7 mbar
during the annealing procedures and ~ 10® mbar before and
afterwards.

In-situ post-characterization of the samples was also carried out after
annealing once the sample was allowed to passively cool down to room
temperature (below 50 °C). The residual D retention in the samples was
quantified by simultaneous RBS and ERDA measurements using the
same beam configuration and geometry as before/during annealing.

To analyze the collected data, the SIMNRA program [37] was used to
provide simulated fits to the ERDA and RBS spectra from the experi-
ments. The RBS analysis allowed for charge calibration which was used
in order to obtain quantitative estimates of the H and D concentrations
in the samples from the fits to ERDA profiles, using cross section data by
Quillet et al. [36].

2.4. Ex-situ morphology analysis utilizing electron microscopy techniques

The morphology of the Implanted & Annealed films was investigated
with a Zeiss Crossbeam 550 scanning electron microscope/focused ion
beam (SEM/FIB) system and compared to twin samples from the same
batch that were not implanted or annealed, from now on referred to as
As grown samples. A focused beam of gallium ions was used to cut ultra-
thin lamellae of some of the films and scanning transmission electron
microscopy (STEM) was used to image their cross-sections. This
approach also allowed for determination of the film crystallinity
(diffraction TEM), elemental homogeneity and thickness. Energy-
dispersive X-ray Spectroscopy (EDX), using an Oxford Instruments
AZtec EDS detector, supplemented the STEM imaging for elemental
analysis.

To further investigate surface features seen with SEM for one of the
samples, high-resolution RBS (HR-RBS) was measured using a semi-
conductor surface barrier (SSB) detector with a cryogenic assembly
installed at a scattering angle of 135° at a multipurpose beam line at the
single stage 350 kV Danfysik implanter at the Tandem Laboratory,
Uppsala University [38].

3. Results and discussion
3.1. Sample pre-characterization and simulation

Fig. 1 shows the depth profiles prior implantation for the 5 different
samples used in this study. This pre-characterization confirms low

contamination in the films and is used to estimate the W-B stoichiom-
etries of the samples, listed in Table 1.
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Fig. 3. Areal density of retained deuterium in the samples during annealing, as
measured by ERDA. The areal densities were obtained by fitting simulated
profiles to experimentally measured ERDA spectra using SIMNRA.

Implantation depth profiles were simulated for the different W-B
stoichiometries, obtained from IBA, for 500 eV D irradiation using the
binary collision approximation model SRIM [39]. In the simulated im-
plantation depth profiles, the maximum ion range calculated for the
different compositions, beyond which no ions should be expected ac-
cording to SRIM, were all close to 2x10'7 at./em? (20-30 nm), with
average ion ranges all around 0.5x10'7 at./cm? (6-8 nm). The one
exception was for pure B where the maximum range was around 4x10'”
at./cm? (~30 nm), with average ion range of 1.6 x 10'7 at./cm? (11 nm).
It is clear that all expected implantation ranges are well below the film
thicknesses, shown in Table 1. However, the reader should be aware that
SRIM has been demonstrated to potentially yield incorrect results such
as overestimation of vacancy production [40] and unrealistic angular
distribution of sputtered atoms [41], suggesting that the calculated ion
ranges may not be accurate. This assumption is true in particular close to
threshold energies as was used for the simulations in presented work,
with 500 eV D'. Moreover, SRIM does not account for the mobility,
saturation, diffusion or desorption of implanted species. Due to the high
nominal implantation fluences, the depth profiles calculated by SRIM
are unlikely to represent the final D profile in the samples.

Following sputter-deposition, the samples were temporarily exposed
to atmosphere while being transferred to the UHV SIGMA chamber for
in-situ implantation, IBA and annealing. In SIGMA, each sample was
implanted with 1 keV D3 ions using an ion gun, with nominal implan-
tation fluences around 7 x 107 at./cm?. Each implantation lasted ~ 18
h with a beam current of around 5-6 pA, approximated using the
average of current measured by the sample holder at the beginning and
end of the implantations. By the end of each implantation the current
had decreased by approximately 10 %.

Table 1 provides an overview of the samples, including their boron
concentrations, film thicknesses, nominal total implantation fluences,
the calculated sputtering yields for both tungsten and boron atoms, and
the simulated fraction of deuterium ions that were backscattered during
implantation. The backscattering (BS) yields, describing the reflection
yield, or percentage of incident ions that are BS from the sample during
the implantations, were calculated under the assumption that all inci-
dent particles during the experiments were charged D3 ions and all
backscattered species were neutrals. The BS yield is higher in W-rich
films due to higher scattering cross-sections. The thicknesses of the films
were estimated by IBA together with film density approximations
calculated by SRIM. In the case of the B, W:B, Wy:B, and W films, the
thicknesses were obtained by TEM, images can be found in Appendix A
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Figs. 2-5. Using TEM, the thickness of the W:B film was determined to be
126 nm, while using the ToF-ERDA measurement of the film together
with density approximations from SRIM (as was done for the W:Bg-film),
a thickness of 191 nm is calculated instead. This discrepancy highlights
the uncertainty in the thicknesses of the films for which TEM was not
performed.

The W and B sputter-yields listed in the table were calculated by both
SRIM and SDTrimSP [42]. The calculated sputter yields vary between
the two different software packages, with SDTrimSP giving higher
sputter yields in almost all cases. At low energy ion bombardment
(~500 eV) of W, SRIM is known to differ from experimental data, due to
significantly higher default sputtering threshold energies used by the
code, while much better agreement is observed in SDTrimSP [43]. Ac-
cording to SRIM calculations, no sputtering is expected in the case of
pure W, which is unrealistic at this incident energy [41]. Nevertheless,
such values can be used to estimate erosion of films due to the D im-
plantation and compositional changes in the surface from preferential
sputtering, as discussed later in this section.

3.2. Deuterium retention analysis

ERDA was performed to examine the concentration and distribution
of H and implanted D in the films before, during and after annealing.
Despite the fact that the implantation fluences were similar for all
samples, the deuterium content was significantly different for each
composition. The H which was also detected is assumed to be contam-
ination present due to film exposure to air during transport between
experimental set-ups. The ERDA spectra in Fig. 2 show the H and D
profiles of the five samples before and after annealing. The peaks around
700 keV correspond to D retained in the samples while the peaks around
400 keV show retained H as well as, potentially, D retained deeper in the
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Impl. & Annealed

Fig. 5. SEM images of the film surfaces in three different states: “As grown” (neither implanted with deuterium nor annealed), “Annealed only” (annealed without D
implantation), and “Implanted & Annealed” (subjected to both D implantation and subsequent annealing). All scale bars correspond to 100 nm.

films or substrates. The tails on the low-energy side of the D-peaks (the
region around 500 keV, before overlap with H-signal), for the mixed
films (W3:B, W:B and W:By) suggests that D has diffused deeper into the
samples. From the spectra recorded after annealing, it is apparent that
much or most of the implanted species were desorbed. Before annealing,
directly after implantation, the amount of retained D in the samples is
found higher in the B-rich films and scales with boron concentration.
The same trend is not seen after annealing as both the W:B (black data
points) and Wy:B (red) films retained less D than the W film (gray).
Fig. 3 shows the D content in the films before and during annealing.

The collected data was split into sets of 100 s measurement time each,
allowing for quantitative monitoring of the changes in H and D content
at different temperatures. The data points at 20 °C show the D amounts
in the films at the beginning of annealing before the samples reached a
temperature measurable by the pyrometers (~80 °C). The samples
exhibit different retention behaviors at different temperatures. The W-
rich films, W:B, W:B and W, lose D steadily starting around 100 °C and
drop below detector read noise level around 400 °C (W:B) or 500 °C (Wy:
B and W) at which point the samples were not heat treated further. The D
retention is more stable in the B-rich films which were annealed up to
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annealing showing W-enrichment on sample surface. A simulated fit to data is
also shown.

600 °C with a clear D signal still present in the ERDA spectra of both
films at the end of the procedure. The D-distribution, seen in the ERDA
measurements from before annealing, shows the presence of D deep in
the film bulks/substrates of the samples with mixed films.

The retained amounts for all samples from before, after and during
annealing for a few temperatures can be seen in Fig. 4. The ‘nominal’
and ‘Nominal — Reflected’ implantation fluence values are shown as
well, where the latter refers to nominal yield minus the BS yield. The
clear effect of B incorporation in the films can be observed. The retention
behavior before annealing, directly following implantation, shows a
non-linear dependence on the B-concentration in the films. At the end of
annealing the W:B and W:B films have the lowest amount of retained D.
The pure W film does not follow the general trend of the other compo-
sitions which, after annealing, measure less retained D as the B-content
decreases. The pure W-film breaks this trend as it has less D-loss after
heat treatment as compared to both the Wy:B- and W:B-films.
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3.3. Post-annealing sample characterization

Aiming to better understand the different effects of the deuterium
implantation in the films, ex-situ characterization was performed. SEM
was used to study the surface morphologies of the films. It was possible
to study the morphologies of the films for three cases, described in the
following. Films grown simultaneously/under identical conditions as
the implanted films were imaged to understand the film morphology
directly after deposition (As grown). Since part of the films were inten-
tionally covered by a steel washer during the implantations it was
possible to investigate two separate regions of each sample (Annealed
only, Implanted & Annealed). Fig. 5 shows SEM images of all films for the
different stages/regions.

There were no significant morphological changes observed after
annealing/implantation for the B film. The film was found to be amor-
phous by diffraction TEM, shown in Appendix A Fig. 6.

The Impl. & Annealed W:Bg sample shows what was suspected to be
enrichment of W on the surface, which was later confirmed to be the case
by HR-RBS seen in Fig. 6. The W-enrichment can be seen in the spectrum
as a surface peak and measures 6.2 x 10'° at./cm?. This W-enrichment is
seen only in the implanted region and is thus likely a result of prefer-
ential sputtering of B during the D-irradiation, due to the difference in
energy transfer in the binary collisions. This hypothesis is supported by
sputter yields calculated by SRIM and are listed in Table 1 where the W-
to-B sputter ratio is 1:66. Using this ratio and BS-corrected implantation
fluences to calculate the difference in sputtered W and B, one would
expect a W-enrichment of 2.06 x 10'° at./cm?, which is almost twice of
what was measured. SRIM is known to present unreliable sputtering
yields at low ion energies due to a significantly higher energy threshold
[41] but can still give a qualitative estimate of the preferential sput-
tering effect. Calculations done using the SDTrimSP software gave W-to-
B sputter ratios of 1:600 (static simulation), which gives a W-enrichment
of 2.2 x 10%® at./cm?. One should note that the annealing of the sample
could also have affected the distribution of the surface tungsten and
could potentially contribute to the discrepancy observed between the
simulated and experimental surface enrichment.

For the W:B film there are no noticeable differences between the As
grown and Annealed only surfaces. The implanted region of the film
however, shows cracks on the scale of 10-100 nm all over the surface.
After cutting a lamella from the the Impl. & Annealed sample using FIB, it
was confirmed by diffraction TEM to be mostly amorphous, with the

Fig. 7. SEM image showing bubble formation on surface of W-film after D-implantation and annealing of the sample.
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presence of nanocrystals, shown in Appendix A Fig. 7. The cracks are
clearly a result of the D implantation, but it is not obvious from the SEM
images if this is due to implantation damage, or if the change in
morphology is due to annealing and/or the presence of D in the W-B
mixture.

For the Wy:B film there were no significant differences visible be-
tween the As grown and Impl. & Annealed stages. On the Annealed only
region of the same sample there are surface features visible that do not
appear in the As grown and Impl. & Annealed images. The cause of these
features was not further investigated and it is possible that the imaged
region is not representative of the surface morphology for the Annealed
only region of the sample. The film was found to be amorphous by
diffraction TEM, after implantation and annealing, shown in Appendix A
Fig. 8.

The W film was found to be polycrystalline in the SEM images, which
was also confirmed by diffraction in TEM for the As grown sample,
shown in Appendix A Fig. 9. The W film developed pm-sized bubbles in
the Impl. & Annealed region of the sample, seen in Fig. 7. No bubbles
were observed in the Annealed only region of the sample. Using FIB to see
the cross section of one of the bubbles revealed that the film had
delaminated completely from the substrate under the surface of the
bubble, shown in Appendix A Fig. 10. The bubbles are believed to have
formed due to the implanted D diffusing to the film-substrate interface
forming pockets of D. Bubble formation in bulk W due to implantation of
D has been investigated previously [44] but is different from what is
seen in this case, where the bubbles were seen to form at the film-
substrate interface, causing film delamination from the substrate.

4. Summary and conclusion

We present an investigation of the D-retention properties of sputter-
deposited thin-films of W, B and mixtures of the two elements. It was
observed, experimentally, how the impact of B influences the retention
of implanted D in W, B and W-B mixtures. The retention behavior does
not scale linearly with the atomic concentration of B in the mixtures,
making it difficult to predict material properties based on simple scaling
assumptions. The compositions also displayed considerably different
surface morphologies, further highlighting the complexity of predicting
how these materials will behave.

In this study, thin-films of W, B and W-B mixtures of three different
stoichiometries were grown on Si-substrates using magnetron sputter-
deposition. After pre-characterization by ToF-ERDA, the films were
implanted with D followed by in-situ annealing up to 600 °C accom-
panied by simultaneous IBA measurements using RBS and ERDA to
quantify the D content in the different samples. A region of each of the
samples was covered during the implantation processes to shield the
region from being implanted with D. This approach allowed for com-
parison between the surface morphologies of the implanted and non-
implanted regions using SEM imaging techniques. SEM and TEM was
also used to characterize twin samples that were neither implanted nor
annealed for further comparison to the modified samples.

Deuterium retention directly after implantation was found to scale
with B-content but does not depend linearly on the B-concentration in
the mixtures. Aside results for the pure W sample and looking instead
only at the amorphous films, there is evidence for a monotonic relation
between B-concentration and D-retention for the compositions, both
before and after annealing. The W-rich films retained significantly less D
compared to the B-rich films, which showed much stronger D-retention
properties. The films display different behaviors during annealing,
where the B-rich films are more stable compared to the W-rich samples,
retaining a large fraction of the implanted species to high temperatures.
The W-rich films are desorbed to levels close to the detection limit before
reaching 600 °C. The retention behavior of the pure-W film deviated
from the trend observed for the other samples. SEM imaging revealed
the formation of bubbles that are likely caused by diffusion of D to the
film-substrate interface, which could also be an effect of the
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polycrystalline structure of the pure-W film, confirmed by diffraction
TEM and not seen for the other films. The incorporation of B seems to
fully suppress the bubble formation observed in the pure-W film. The
threshold B-concentration needed to suppress bubble formation is un-
clear from the presented results, further investigation of which could be
of interest to explore as a follow-up study.

It was also observed that W-B mixtures can give rise to W-enrich-
ment/crack formation on surfaces after annealing and implantation of
high D fluences. These morphological changes were not observed in the
non-implanted regions of the same samples, confirming that these
changes are an effect of the D-implantation. The W-enrichment,
confirmed by HR-RBS, was observed in the film with a W-to-B ratio of
1:9 and is expected to be the result of preferential sputtering of B during
the D-irradiation. The crack formation occurred for a W-to-B ratio of 1:1
and is not thought to be an effect of preferential sputtering alone, due to
the structure of the cracks which are reminiscent of thermal damage, but
would need to be further studied to confirm.
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