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ABSTRACT

The retention of two neon isotopes, 2°Ne and 2>Ne, was studied by ion beam analysis (IBA) for thin-films of mixed W and B as well as for pure W and B layers grown
on silicon-and tungsten-substrates by means of magnetron sputter deposition. Each isotope was implanted to a fluence of 3 x 10'° at./cm? but at different energies
(35-190 keV) to obtain deposition profiles closer to the surface and deeper into the film, depending on isotope and thin-film composition. Thermal annealing in
combination with IBA was used to investigate the Ne-retention in a range of temperatures between RT and 1000 °C. Time-of-flight elastic recoil detection analysis
was employed to monitor the retention and depth profiles of the Ne isotopes. Both Ne-isotopes remain at their original implantation depth, thus not indicating
diffusion, intermixing or desorption for the full range of temperatures and for all studied compositions.

1. Introduction

There are several ways in which Ne-seeding is utilized in fusion de-
vices. Puffing of Ne during plasma discharges is used for radiative
cooling and reduction of divertor heat loads. It has been beneficial for
both enhancing the confinement and lowering the high-confinement
mode (H-mode) threshold power [1,2]. Other uses of Ne include
disruption mitigation, wall conditioning [3] and application as a tracer
element for diagnostics and retention studies [4,5]. The retention of Ne
in plasma-facing materials (PFM) has been observed in previous studies
[4-7]. Uncontrolled releases of medium-Z impurities such as oxygen (O)
and Ne will, however, degrade plasma performance and can lead to
erosion of PFM by sputtering of tungsten (W) and other high-Z elements.
This would lead to significant radiation losses in the core plasma and can
result in plasma disruptions [8,9] which can in turn lead to further
erosion [10].

For tokamaks such as ITER with W as the choice for PFM [11-13],
wall conditioning will be necessary to improve the start-up phase and
the overall plasma performance, which includes gettering of unavoid-
able oxygen impurities [14,15]. To this end, a boronization process will
have to be implemented in ITER [16]. It was developed in 1988 starting
at TEXTOR [17] and has since been successfully applied in several other
devices [13-22]. An inevitable consequence of boronization in ITER will
be the formation of W-B mixtures on the first wall and divertor surfaces
due to continuous erosion and re-deposition steps during plasma-wall

interactions. The presence of W-B mixtures have been identified dur-
ing an ex-situ study of WEST wall components [21]. Ne puffing will
result in Ne co-deposition with the W-B mixtures in a reactor [6,7]. This
calls for studies to understand and assess the possible impact of Ne
retention in B, W and their mixtures on the operation of tokamaks.

This project includes characterization of material properties at
elevated temperatures, since surface temperatures of PFM can exceed
600 °C [23-25] in some areas of a reactor. The aim of this work was to
determine neon retention in thin films of pure W and B, and W-B mix-
tures under thermal annealing in a broad thermal range from room
temperature (RT) to 1000 °C.

2. Materials and methods
2.1. Deposition of W-B thin-film layers

A PREVAC magnetron sputtering system was used to grow the pure
W, pure B and mixed W-B thin-films [26]. In total, 24 samples were
grown, 12 of which were on silicon (Si) < 100 > wafers and 12 on 0.5
mm thick W sheets. The different substrates (Si or W), all approximately
1 cm? in size, were ultrasonically cleaned for 10 min in an ethanol bath
and individually dried using pressurized air prior to being loaded into
the sputtering system. The magnetron system is currently equipped with
four MS2 63C1 magnetron sources suitable for targets with 2" diameter
and 1-6 mm thickness. In total, three different depositions were
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performed, see Table 1 for more details. Prior to the depositions of the B-
layers the substrates were all annealed in-situ in the Load-Lock (LL)
system of the sputtering machine. Once a base pressure of 9 x 10~ mbar
was reached, the annealing began and substrates were kept at 1000 °C
for 10 min, before being allowed to passively cool down for 30 min and
subsequently be transferred from the LL chamber to the sputtering
chamber. The general procedure for deposition was the same for all
samples, with a minor exception for the B-deposition (discussed at the
end of the section), and is described in the following. With base pres-
sures in the sputtering chamber between 1.9 x 10~ and 5.5 x 107/
mbar, argon (Ar) was introduced into the chamber to act as sputtering
gas during the depositions which were performed at RT at a pressure of
5.6 x 1072 mbar. When growing the mixed W-B films, two indepen-
dently controlled magnetrons were used simultaneously to achieve the
desired W-to-B ratio. The power supplied to the respective magnetrons
depended on the desired film composition. The W-films were grown
with a magnetron power of 50 W direct current (DC), while the mixed
W-B deposition used instead 20 W radiofrequency (RF) discharges for
the W-target and 50 W (RF) to the B-target and lastly, for the B de-
positions, 150 W (RF) was supplied to the B-target. For all depositions a
quartz crystal microbalance (QCM) was used to determine the deposi-
tion rate and to estimate the final thickness of the respective films.

For the B-film depositions, which took in total 6 h, there was an
interruption in the film-growth after the first 5.2 h, where the films
remained in high vacuum overnight before continuing the deposition
the following day, depositing again for the remaining 0.8 h. Once the
films were exposed to atmosphere, post-deposition, a green opaque
coloration was observed on the samples, regardless of substrate type.

2.2. Sample characterization and implantation of Ne-isotopes

Following the film depositions the samples were implanted (350 kV
Danfysik equipment at Uppsala University [28]) first with 2’Ne and then
with 2°Ne at different energies chosen based on SRIM [29] simulations
where the film compositions and thicknesses had to be estimated based
on results from prior studies [27]. Table 1 details the energies used
during each of the six implantations. The reason behind the isotope
implantation order stems from the damage that is expected to be
introduced in the films during the implantations, which is calculated by
SRIM to be significant, also listed in Table 1. The damage per atom (dpa)
calculations were done by using the ’quick calculation of damage’ op-
tion in SRIM with displacement energy thresholds of 19.36 eV for B [30]
and 90 eV for W [31]. The higher energy implantations of the heavier
isotope that will penetrate the deepest are done first, followed by a
shallower implantation, aiming to minimize the disturbance of the im-
plantation profile closer to the surface.

The expected energies of the majority of ions that impact PFM during
nominal operation of tokamaks like ITER are on the order of hundreds of
eV or less [32], as compared to the tens-to-hundreds of keV implantation
energies used in this study. Since the focus of this study was not to

Table 1

Ne implantation energies and predicted implantation ranges (the average depth
of the implanted ions) are shown. The nominal fluence for each of the six im-
plantations was 3 x 10'® at./cm?. The film thicknesses were calculated using the
listed experiemental densities together with information from the areal densities
from ToF-ERDA measurements.

w W:B B

22Ne impl. energy (keV) 190 150 65
20Ne impl. energy (keV) 100 90 35
22Ne impl. range (nm), SRIM 113.4 144.8 109.5
20Ne impl. range (nm), SRIM 64.1 92.7 62.4
Maximum 2?Ne impl. damage (dpa), SRIM 10.5 8.5 11.1
Maximum 2°Ne impl. damage (dpa), SRIM 11.0 9.4 12.1
Film density (g/cm®), experimental [27] 18.70 10.00 2.47
Film thickness (nm), calculated 212 179 137
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investigate the effects of damage induced by Ne in PFM, the ion energies
were chosen to ensure well-separated implantation depth profiles at
specific regions (close to the surface and deeper in layer) of the two Ne-
isotopes to investigate their mobility in the studied materials.

2.3. Annealing steps and ToF-ERDA measurements

One sample of each substrate type from each of the three batches (B,
W:B and W) was stored at room temperature (RT) for the duration of the
study as a control. The samples were annealed using the same PREVAC
system which was used for the sample preparation. Annealing stages
exist both in the LL- and deposition chamber of the system and the prior
was used to anneal all samples. The samples were annealed three
separate times, to different temperatures each time, and were measured
by time-of-flight elastic recoil detection analysis (ToF-ERDA) after each
annealing step to track the Ne-content and distribution of the individual
isotopes in the samples. For the ToF-ERDA analysis of the samples, they
were transferred to beamline T4 of the MV NEC-5SDH-2 pelletron tan-
dem accelerator of the Tandem Laboratory (see [28] for further details),
where the film compositions and purities of the annealed and non-
annealed samples could be determined using a primary beam of 36
MeV 2718+, The film densities were found experimentally in a previous
study [27], where the same recipe for growing the films was used as in
this work. Using the film densities together with the ToF-ERDA mea-
surements allows for calculation of the film thicknesses, listed in Table 1.

The annealed samples were kept at respective target temperature for
1 h in vacuum before being allowed to passively cool down, for a min-
imum of 30 min to reach close to RT. The base pressures prior to and
after the annealing steps were in the range of 1 x 1077 to 9.5 x 1077
mbar and a maximum of 8 x 1077 to 18 x 10~/ mbar during.

In the first annealing step, samples were annealed to either 200 °C,
300 °C or 400 °C. For each temperature, two samples — one grown on Si
and one on W — were chosen from each of the three grown batches. This
results in six samples per target temperature, or 18 samples that were
annealed in total. All samples were then measured by ToF-ERDA
following this first annealing step.

In the second step, samples were annealed to either 500 °C, 600 °C or
700 °C. The same 18 samples from the first annealing step were used
once again. The six samples that were previously annealed to 200 °C
(300 °C and 400 °C) were in the second step brought to 500 °C (600 °C
and 700 °C, respectively). Following the second annealing step the
annealed samples were measured by ToF-ERDA once again. The samples
kept at RT were not included during this measurement.

In the third and last annealing step, samples were treated at 800 °C,
900 °C or 1000 °C. The same 18 samples from the prior annealing steps
were used once again. Following the same recipe as for the second
annealing step, the samples that were previously annealed to 500 °C
(600 °C and 700 °C) were in this step annealed to 800 °C (900 °C and
1000 °C, respectively). Following this final annealing step, all 18 sam-
ples were measured once more by ToF-ERDA, together with the six
samples kept at RT.

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

Prior to implantation of the samples, simulations were made to
choose appropriate implantation energies for the different sample
compositions and Ne-isotopes. The binary collision approximation
model SRIM [29] was used for the simulations and the results can be
seen in Fig. 1. While the SRIM code is a good tool for quick estimations,
the reader should be made aware that SRIM assumes a static target,
meaning that it does not account for the damage done during implan-
tation when calculating the final depth profiles. The program also does
not calculate diffusion, saturation, desorption or mobility of implanted
species and is known to provide unrealistic results such as
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Fig. 1. Composition depth profiles for 2°Ne and *?Ne implanted in the different

film compositions as simulated by SRIM. The film-substrate interfaces were
determined from ToF-ERDA measurements of the grown films.

overestimations of vacancies [33] and false distributions of sputtered
atoms [34]. The film-substrate interfaces, obtained from later ToF-ERDA
measurements of the grown samples and converted to nm-scale based on
previous experimentally obtained densities [27], are also indicated in
the figure for the B-, W:B- and W-films grown on Si. The implantation
energies were chosen to get a good separation of the Ne-isotope profiles.
20Ne (natural abundance of 90.48 %) implantations were performed at
lower energies in comparison to 22Ne (natural abundance of 9.25 %). By
using an isotopic sensitivity technique to investigate the distribution of
the different isotopes, the potential interdiffusion between neon
implanted at different regions after annealing steps can be traced.

The ToF-ERDA technique allows for elemental and isotopic mass
separation in a broad mass range, making it ideal for the samples studied
in this work. Fig. 2 shows the raw ToF-ERDA spectrum from one of the
measurements. In addition to mass separation, the technique also pro-
vides depth information about the detected recoils, allowing for depth
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profiling of the analyzed samples.

The raw ToF-ERDA spectra from each measurement were analyzed
using the Potku software [35] (version 2.2.5) and converted into atomic
fraction depth profiles, see Fig. 3. To calculate the depth profiles 4 it-
erations were used, with stopping powers values calculated by SRIM as
an external subroutine for Potku, and screening corrections by Andersen
were chosen for the elemental cross sections. The W/Si sample showed
possible signs of W-Si formation after annealing above 900°C, seen in the
depth profiles as a migration of the Si edge towards the film surface
accompanied by a lowering of the W edge near the film-substrate
interface. This type of change is however also consistent with
increased film roughness. W-Si is known in literature to form above
900 °C [36], and was thus expected during the experiments.

The Ne-depth profiles show little to no change throughout the
investigated temperature range, as can be seen in Fig. 4. The 2’Ne-im-
plantation of the B/Si samples resulted in a significant portion of the
implanted species reaching beyond the film-substrate interface. This was
mainly due to the initially aimed thickness, 180 nm, of the films which
were in fact closer to 140 nm thick. The same can be said for the W:B-
films, although in those cases the effect is not as significant.

The depth resolution and accuracy of atomic concentration mea-
surements in ToF-ERDA can be close to ~ 30 nm at the sample surface
[37] but is affected by energy loss straggling and multiple scattering
effects, with the effects being stronger at increased depth and in the
presence of high-Z elements. Due to limited probing depth for the
measurements of the W-films [38] the signal from deeper in the samples
(beyond the film-substrate interface) is not analyzed deeper in the layer,
as can be seen by the sudden cut-off around 3 x 10'® at./cm? in the 2?Ne
profiles in the figure.

The implanted Ne remains at the depth to which it was implanted, up
to the highest temperatures studied in this work. Only after annealing
above 800 °C of the W:B/Si is there a significant shift of the Ne-profiles
towards the substrate. It is known in literature that Ne-implantation at
different energies can lead to the formation of bubbles or dislocation
loops [39] as well as other defects in Si [40,41], W [42,43] and other
materials [44-46], that can act as trapping sites and which may affect
retention. In the 22Ne-depth profile for the B/Si sample, Fig. 4, it can be
seen that a significant amount of the implanted ions was initially trap-
ped by the film-substrate interface region.

The use of keV ions during implantation can affect the Ne-retention,
or amount of Ne that is trapped, in the sample. For comparison, in the
case of another noble gas, Helium (He), when implanted at 1 MeV, has
been observed to remain in W until 1700 °C but started being released at
close to RT when implanted at lower energies [47,48]. For high fluence
low energy irradiations of He (or Ne), the implantation depth profile will
be shallower and more concentrated as compared to irradiations at
higher energy. In the former case, there is a higher possibility to reach
the saturation limit of the film [49], where He (possibly also in the case
of Ne) may be trapped closer to the surface.

Results from literature indicate that the diffusion energy for He in
bulk W is significantly lower than that of Ne [50]. This fact might sug-
gest that Ne in W should be less mobile than He at RT, however other
relevant factors to consider are e.g. damage caused during irradiation,
trapping mechanisms and implantation depths, all of which will be
different for the two noble gases.

Fig. 5 shows the Ne-retention in the three studied compositions for
the films grown on Si-substrates. No significant differences in Ne-
retention were observed between the samples grown on W-substrates
(not shown) and Si-substrates. The Ne amounts were obtained by inte-
grating the composition depth profiles calculated by Potku, only
considering the Ne in the films and not the substrates, the depths of
which are different for each composition, as indicated in Fig. 4. The Ne
content was then normalized to the Ne areal densities obtained for the
‘as grown’ samples. For the ToF-ERDA measurements, unknown specific
energy losses of detected recoils and uncertainties in detector effi-
ciencies [37], as well as contributions of multiple scattering effects of
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Fig. 2. Example of a ToF-ERDA time-energy coincidence spectrum. The spectrum shows detected signals from the W:B-film grown on Si, with each curved region
corresponding to a specific mass which can be identified as elements or isotopes, as is indicated in the figure. The expected signal position from species located at the
film’s surface is indicated, qualitatively, by the dashed line and signals detected towards the bottom left in the spectrum, indicated by the red arrow, originate from
deeper within the sample. The iodine signals are not part of the sample but originate from the incident beam, which is being scattered predominantly by the W in the
film. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Composition depth profiles obtained from ToF-ERDA measurements and analyzed using Potku are here shown for three temperatures for each composition.

primary and recoiled species [38] are assumed to introduce systematic
uncertainties to the measured Ne-amounts of 10 %. Statistical un-
certainties stemming from the detected quantity of each Ne-isotope
during the measurements were accounted for in the error estimation
and ranged between 3.1-6.8 %. This results in final uncertainties be-
tween 10.5-12.1 % for the individual isotopes. In combination, we
obtain final uncertainties of the total Ne-amounts around 15.0-16.8 %
as seen in Fig. 5. As the specific energy loss is a systematic uncertainty
for a given sample system (B, W:B or W), just as detection efficiencies
and other experimental parameters are systematic uncertainties for a
given run, i.e. measurement day, these uncertainties are valid for a
comparison of different samples from different runs, where comparisons
within a run and for one system only being more accurate.

Results here indicate that implanted neon, independent of the im-
plantation region, film material, or substrate used, are highly stable as
no significant release, diffusion or intermixing between the different
isotopes was observed. Within the uncertainties we can expect a loss of,

at most, 30 % of the initially measured total Ne-amount after annealing
to 1000 °C (mixed film). These observations are in good agreement with
[43] that also observed high stability of Ne in W measured using thermal
desorption spectroscopy (TDS) for neon implanted at low energies and
annealed up to 1200 °C. In the same publication, a desorption peak was
however observed between 700-800 °C, which was not directly
observed in this work and which could possibly be attributed to the
differences in implantation energies. Slight changes in depth resolution
and systematic uncertainties for analysis performed at different days
could contribute to the observed fluctuation of the measured Ne-content
and are potential reasons for the trends seen in the data.

Here we have shown that for the two isotopes 2°Ne and 2?Ne in W, B
and mixed W:B-films implanted at 35-190 keV at fluences of 3 x 10'6
at./cm?, there was no clear evidence for Ne-desorption for any of the
compositions following annealing to several temperatures up to
1000 °C.
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4. Concluding remarks

These are the first-ever studies of Ne-retention in thin-films of W, B
and their mixtures by implantation of 2°Ne and ??Ne as isotopic tracers
as well as of the behavior of such layers under annealing over a broad
range of temperatures. Within the present study, the use of ToF-ERDA as
an isotopic tracing technique to study the evolution of Ne concentrations
depth-profiles within thin-films is demonstrated to be a viable analysis
tool.

This work contributes to the understanding of retention of noble
gases in first wall materials of future fusion devices. The depth profiles of
20Ne and ??Ne remain unchanged for all samples up to the highest
annealing temperature of 1000°C. This observation suggests that Ne

incorporated in such layers is very stable, i.e. little to no mobility is
observed. Only for the W:B mixture was a shift of the Ne-profiles
observed after annealing to 800 °C, possibly driven by a change in
sample chemistry during the formation of W-Si at the film-substrate
interface. Follow-up studies will be extended to examine the retention
of deuterium in W-B mixtures under a broad range of conditions.
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