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This study investigates the sputtering properties of nano-columnar tungsten surfaces under 2 keV D,*
irradiation. It was conducted both by performing experiments in a highly sensitive quartz crystal microbalance
setup as well as by numerical methods using two simulation codes called SPRAY and SDTrimSP-3D. A key
question was whether the strong sputtering yield reduction observed in previous studies under 2 keV Ar*
irradiation is maintained when using a much lighter ion species like deuterium. For the latter, a substantially

larger projected range in the material has to be expected. Therefore, a total confinement of the ion-solid
interaction within the W nano-columns cannot be assumed a priori. However, both the experiments and the
numerical simulations showed in good agreement that the geometrically induced sputtering yield reduction
is still observed to the same extent despite the increased range of ions in the material. Thus, a potential
application of such nano-columnar tungsten surfaces as plasma facing components in future nuclear fusion

devices is not affected.

1. Introduction

For thermonuclear fusion devices, the availability of suitable first
wall materials that can withstand the harsh physical conditions present
inside a reactor vessel is a critical requirement for achieving mankind’s
goal of developing a viable fusion power plant concept [1]. Especially
the divertor is a critical plasma-facing component (PFC) where very
high particle fluxes and heat loads are present during operation. On the
divertor foreseen in ITER, which is the largest thermonuclear fusion ex-
perimental reactor currently under construction in the south of France,
stationary thermal heat loads of ~10 MW/m?, short transient heat loads
up to GW/m? during edge-localised modes (ELMs) and large fluxes of
energetic particles reaching up to ~5 x 1023 m~2s~1 are expected [2,3].
A prominent material choice for the divertor is tungsten (W), which
is the metal with the highest known melting temperature. A further
advantage of W is a relatively low sputtering yield when irradiated
with energetic plasma particles, which increases the expected lifetime
of the divertor while decreasing the impurity concentration in the main
plasma region. The latter is important to keep radiative losses from the
plasma low, allowing a higher energy gain. These properties support
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the suitability of W as the first wall material for a divertor. The use of
W as a divertor material has already been successfully demonstrated
in state-of-the-art experiments like ASDEX-Upgrade [4] or JET [5] and
is also foreseen in ITER [2]. Nevertheless, the scientific community
working on plasma-wall interaction (PWI) is continuously investigating
new materials and their behaviour under exposure to energetic particles
in order to provide the necessary technological basis and knowledge to
realise the first commercial nuclear fusion power plant.

In recent studies, the potential use of nano-engineered W surfaces
for PFCs instead of conventional flat W gained some attention, as
several favourable properties could be observed. For instance, a re-
duction of W-fuzz growth rates during exposure of nano-columnar
W (NCW) surfaces to He plasmas was identified in a study by Qin
et al. [6]. Also, beneficial properties like reduced thermal stresses when
exposed to localised heat loads were observed [7]. Furthermore, a
substantial sputtering yield reduction was recently identified via both
experiments and numerical simulations for the case of NCW irradiation
under Art bombardment [8]. Similar results were already observed in
an earlier work by Ziegler et al. for nano-structured W surfaces under
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He ion irradiation [9]. Recently, a numerical optimisation study by
Cupak et al. indicated a specific geometrical NCW configuration which
allows for a favourable reduction of the 2 keV Ar*-induced sputtering
yield for irradiation along the surface normal direction down to 20%
with respect to flat W [10]. Such results in principle motivate further
investigations of these complex topographies for potential applications
of NCW as PFC.

The sputtering yield reductions as reported in previous work fo-
cusing on Ar* irradiation were directly attributed to geometric effects
caused by the NCW topography. This special surface structuring en-
hances redeposition of sputtered W and also reduces the sputtering
yield dependence on parameters like the ion incidence angle [8].
However, one critical question for a potential application in a nuclear
fusion reactor is whether these findings are also applicable if lighter
projectiles like deuterium (D), which as a fuel species is more fusion-
relevant, are selected for the irradiation of NCW. In contrast to Ar, D
has a much lower stopping power and therefore a larger mean projected
ion range r, in W. The previously observed sputtering yield reduction
could be explained by a simple geometric model in which the sputtering
characteristics of a flat surface were mapped onto the surface of a
sample of interest while neglecting the actual cascades of individual
collisions occurring within the solid. This assumption might however
be daring in the deuterium case where the projectiles reach farther into
the sample columns, which themselves are limited in their geometric
dimensions. It is thus of interest to test the sputtering properties of NCW
surfaces also during irradiation with light projectiles.

To this end, we present the following study which includes sputter-
ing yield measurements of real NCW surfaces under 2keV D; bombard-
ment using a highly sensitive quartz crystal microbalance (QCM) setup,
but also numerical simulations employing the geometric ray-tracing
code SPRAY [11] and the full 3D BCA code SDTrimSP-3D [12]. With
data from these different techniques at hand, we can go beyond a mere
geometric model and untangle the further contributions to a possible
reduction in sputtering yield, if present. The key goal is therefore to
elucidate if and to what extent this favourable sputtering reduction
effects as observed under Ar* irradiation holds when considering much
lighter fuel species.

2. Materials and methods
2.1. Experimental methods and choice of samples

Experimental sputtering yield data were obtained using a high-
precision quartz crystal microbalance (QCM) setup. In this technique,
an SC-cut quartz resonator is driven in a thickness shearmode oscilla-
tion and its resonance frequency is tracked using specialised electron-
ics [13]. Based on the foundation laid by Sauerbrey in [14], small mass
changes Am of the resonator are related to changes of its resonance
frequency Af via Eq. (1).

Am Af

my — fo W
Here, m; and f, denote the original mass and eigenfrequency of the
QCM, respectively. Eq. (1) remains valid also for thin films of foreign
material deposited onto the QCM, allowing to study in real time the
erosion of samples that have been grown directly onto the quartz
platelet. In past studies, this very setup has been shown to be capable
of resolving mass change rates of up to 10~* monolayers of W per
second [15].

For this investigation, tungsten NCs were grown directly onto quartz
resonators by means of DC magnetron sputtering under oblique an-
gle (zenithal deposition angle of 85°). An Al mask was used during
the deposition process to ensure that not the whole QCM area was
covered, thereby preventing possible electrical shorts of the planar
QCM electrodes. The topography of the NCW layer was characterised,
prior to and after the sputtering experiments, using high resolution
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Fig. 1. Top view (a) and cross-sectional view (b) as imaged by SEM of nano-columnar
tungsten grown on a Si substrate with an Au inter-layer. c¢) Representation of a
computer generated model of the nano-columns to be used as input for simulations.
Images adapted from [8].

field emission gun — scanning electron microscopy (SEM). The mean
diameter of the columns and their height were determined to be 50 +
10nm and 665 + 8nm, respectively, while they cover approximately
58% of the deposited surface. Figs. 1a and 1b show top view and cross
sectional SEM images of the NCW, respectively. The oblique appear-
ance of the columns in Fig. la is caused by the SEM detector being
positioned off-centre from the surface normal direction, while Fig. 1b
shows the parallel nature of the W nano-columns with respect to the
global sample surface normal. Samples were taken from the same batch
studied previously in [8], where their production and the analyses are
described in greater detail. Additionally to these microscopy images,
a computer model of the nano-structures was generated, taking into
account the geometric dimensions from the above described analyses.
The diameter was fixed at 50 nm while the height of the individual
columns was varied by §h < +50nm around a mean of 500 nm to
better represent the measured columnar height distribution. According
to [10], no further reduction in sputtering yield is to be expected
with increasing column height and fixed surface coverage density and
column diameter. Moreover, simulations with different mean height
values down to 400 nm did not show significantly different results, thus
justifying the discrepancy in column height between SEM studies and
models. The cylinder tops were terminated with cones, mimicking the
tips seen in Fig. 1b. A render of the model is given in Fig. 1c.
Irradiations of the coated QCM were carried out under ultra-high
vacuum conditions with a base pressure of 1 x 10~ mbar. The sample
was placed on a rotatable manipulator allowing to tilt it with respect to
the ion beam. Data were obtained for incidence angles ranging from 0°
to 70° in 5° increments, where by convention angles are measured with
respect to the target surface normal. Ions were extracted from an all-
permanent magnet electron cyclotron resonance ion source [16] in the
form of 2keV D;f as a proxy for 1keV D*. Using molecular deuterium,
higher fluxes of 7.72 x 10'® ions/m?/s were achieved compared to
atomic deuterium. The ion beam current density was checked by means
of a Faraday cup both before and after the irradiations to ensure
constant experimentation conditions. Literature shows that at these
velocities, no effects due to the molecular structure of the projectile are
to be expected [17,18]. This can be understood as follows: The 2keV
molecular deuterium ion dissociates at the surface. Both individual
atomic D retain energies of about 1 keV because the dissociation energy
of D, is of the order of 10 eV at most and therefore negligible compared
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Fig. 2. SEM image taken before (a) and after (b) irradiation. The nano-columns are
still present and no erosion is discernible.

to the involved kinetic energies [19]. Inside the solid, their trajectories
are governed by random walk processes and the two collision cascades
evolve independently and become spatially separated after a few col-
lisions. Experimentally obtained sputtering yields for 2keV D; were
therefore divided by 2 to represent data for 1keV D*.

To verify that the sputtering and reflection of D, is indeed the same
as twice the values of D with the same energy per nucleon, molecular
dynamics (MD) simulations were carried out with PARCAS [20,21].
Because MD can consider the molecular projectile structure, it is a suit-
able means to validate this link between experiments with molecular
ion beams and simulation codes that deal with atomic projectiles (see
Section 2.2). We investigated perpendicular irradiation and irradiation
at 60° incidence. The total distance the ion could travel in the MD
cell was comparable with the observed penetration depth. 40,000
projectiles were simulated at perpendicular impact and 20,000 impacts
at 60°, to obtain statistics. We used the interatomic potentials by [22].
Reflection yields were found to be practically identical, considering
the factor of two between D and D, at both incidence angles. The
sputtering yields were also similar when accounting for the factor two.
However, the very low sputtering yield resulted in some variation,
with the final values for D being ~40% of the ones for D, rather than
the expected 50%. We do still keep the scaling factor of 0.5, since
it lies within the numerical uncertainty and because of the available
literature [17,18]. Moreover, it gives a more conservative estimation
for erosion and lifetime considerations.

Under this assumption, the flux of 7.72 x 10'¢ D} /m?/s corresponds
to 1.54x 10'7 D*/m?/s. Given the tabulated surface coverage density of
6.3 10" W/cm?/nm for tungsten and a nano-column surface coverage
of ~50%, 1 nm depth of NCW can then be roughly approximated to
contain 3.15x 10'* W/m? atoms. Integrating the deuterium flux over all
irradiation times results in a total applied fluence of 7.5 x 10! D*/m?.
With a sputtering yield of approximately 5 x 10~ W/D (see Section 3),
this corresponds to the erosion of roughly 1 nm over the whole course
of the experiments. Therefore, a steady-state sputtering yield can be
measured without having to account for fluence dependent erosion
processes. This is furthermore corroborated by SEM images, which
show no difference in the NCW morphology before and after sputtering,
as is given in Fig. 2.

2.2. Simulation approach

To model the sputtering of solids, a common tool are computer
simulations based on the binary collision approximation (BCA) [23]. In
these codes, usually an amorphous solid is assumed and the trajectories
of the projectiles are tracked through the sample. After a mean free
path determined by the sample density, an elastic collision between the
projectile and a single recoil is assumed to happen, for which momen-
tum and energy transfer are calculated according to classical scattering
theory. Inelastic energy loss is accounted for during the particles’ paths
between collisions. After the recoil (and all subsequent recoils) are set
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in motion, their trajectories and energies are also tracked, until their
energies fall below a certain threshold and the particles are considered
stopped. Thus, the ensuing collision cascade is monitored. This allows
to obtain insight on the sputtering yield and the angular distribution
of ejecta, as well as mean projected ranges of the projectiles inside the
target, among others. Moreover, BCA codes are considerably faster than
MD, for which some technical issues need to be considered. Therefore,
BCA is the method of choice for this study [24].

In this study, we used the following BCA based codes: SDTrimSP [25]
and SDTrimSP-3D [12]. SDTrimSP is a one-dimensional simulation soft-
ware, meaning targets are assumed to have an infinite flat surface while
material properties like concentrations or ion beam induced damages
are functions of depth only. Particularly, sputtering yield data for flat
reference samples were obtained from SDTrimSP with a convenient and
user-friendly graphical user interface [26], using static simulations and
the default input parameters (“H, D, T” inelastic loss model, tabulated
surface binding energy of W, KrC interaction potential and Gauss—
Legendre integration). In contrast, SDTrimSP-3D can operate on almost
arbitrary sample geometries for which the surface can be specified in
all three spatial dimensions. Modelling of the NCW was performed
with SDTrimSP-3D using the computer generated images for the W
columns that were described in Section 2.1. These model surfaces have
already been shown to better reproduce experimental data with argon
projectiles compared to microscopy images [8]. The advantage of using
SDTrimSP-3D for this particular geometrical configuration is that it
allows calculating the collision cascade fully in three dimensions. Since
no significant erosion was observed during D bombardment, SDTrimSP-
3D was run in the static mode to reduce calculation time. Nonetheless,
these simulations still come with the downside of computationally
high demands (2100 GB of random-access memory) and long runtimes
(several days).

Therefore, sputtering yields were also simulated with the SPRAY
code [11]. It takes as input both the surface topography of the sample
to be investigated and a database of sputtering data for flat surfaces,
generated usually from one-dimensional BCA simulations. Surface ge-
ometries can be loaded from either microscopy images, or from com-
puter generated models. In this case, the models shown in Fig. 1c were
used, just like for the SDTrimSP-3D simulations. The repository data on
the sputtering of flat surfaces contains information on the sputtering
yield and the trajectories of sputtered atoms and reflected ions, both
as a function of incidence angle and impactor energy. By means of ray-
tracing, the projectile trajectories are tracked onto the target where the
local conditions of the impact are checked. For these locally prevalent
conditions, particles and ions are assumed to be sputtered and reflected,
respectively, according to the aforementioned repository data. Further
tracing of the newly generated particles allows to simulate the effects of
ion reflection, secondary sputtering and redeposition of ejecta as well
as automatically considering a variation of the local incidence angle as
well as shadowing of affected surface regions. These simplifications of
the simulated model significantly reduce computational demands.

3. Results and discussion

Fig. 3 shows the sputtering yields as a function of incidence angle
obtained from simulations and experiments for bombardment of W in
both the flat and nano-columnar configurations with 1keV D* ions.
The simulated sputtering yield for flat tungsten is given by the blue
solid line and observed to start at roughly 0.008 W/D under normal
incidence, after which it increases with the incidence angle 6 with
respect to the target surface normal until a maximum of 0.021 W/D
is reached at 6 ~ 80°. At larger angles, the sputtering yield decreases
again and drops to O at # ~ 85° due to increased projectile reflection
at grazing incidence. A different trend is observed, however, for the
W nano-columns. SPRAY simulations (green curve) report sputtering
yields starting at 0.005W/D at # = 0° and reaching 0.01 W/D at 0§ = 80°
incidence, respectively. The sputtering yield is drastically reduced by
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Fig. 3. Sputtering yields of W under 1keV D* impingement as a function of incidence
angle with respect to the target surface normal. Simulations were carried out using
SDTrimSP for a flat sample (blue) and SDTrimSP-3D and SPRAY for tungsten nano-
columns (orange and green, respectively). Experimental data are shown by red dots.
0° denotes normal incidence.

a factor of about 2 in the whole studied 6 range and depends only
weakly on the angle of incidence. SDTrimSP-3D data presented in
orange confirm the quantitative values obtained from SPRAY as well
as the trend of a flattened and less pronounced behaviour over the
incidence angle. Also the experimental results given by the red dots
show a sputtering yield reduction with respect to the flat surface. For
0 in the range between 20°-60°, both simulated data and experimental
results for the NCW coincide with the error bars. For more normal
and more grazing incidences, the measured yields are underestimated
and overestimated by the simulations, respectively. Almost no angular
dependence of the sputtering yield is resolved experimentally.

These results qualitatively agree with those reported for 1keV and
2keV Art bombardment, where the flattening of the angular depen-
dence was attributed to the surface envelope roughness and the low-
ering to redeposition within the hollow channels [8]. Quantitatively,
however, the measured sputtering yield of 1keV D* of 0.005W/D is
smaller than for 1keV Ar* by a factor of roughly 100. We further
quantified this difference in sputtering yield of D* and Ar* of 1keV
energy each: For all experimentally covered incidence angles (0°-70°,
5° increments), we took the ratio between sputtering yields of both D
and Ar point-wise at each angle and calculated their mean and standard
deviation. This reduction factor is (9.3+1.5)x 1073 for the experimentally
measured sputtering yields, while it is (8.4 +1.0) x 10~ and (8.1 +£2.7) X
10~3 for SPRAY and flat SDTrimSP simulations, respectively. Thus, the
reduction when choosing deuterium as projectile remains the same,
regardless of whether nano-columnar or flat surfaces are considered.
For flat samples, this effect can be ascribed to the lower mass and
therefore lower momentum transfer from the D ions to the W target
atoms. Moreover, due to the higher implantation depth, collisions take
place deeper in the sample. This leads to a decreased likelihood of
particles being released from the near-surface regions. While the mass
effect stays the same for both surface types, the increased implantation
range could potentially lead to different effects due to the confined
nature of the columns. However, the observation that the reduction in
sputtering yield does not change for the nano-column structure suggests
that the nano-structuring affects the results from both projectile species
equally.

This can be understood by a more in-depth consideration of the
respective ion penetration depths. The stopping probability of 1keV
D projectiles as simulated by SDTrimSP is given by the solid line in
Fig. 4a, while the dashed blue line gives the mean projected range
r,- Despite being roughly an order of magnitude bigger than what is
calculated for the 2keV Art used in [8], it is still within the mean
diameter of the tungsten nano-columns. Moreover, the distribution
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Fig. 4. (a) Range of 1keV D in W given as the stopping probability of a projectile
ion as function of depth. Shown for irradiation along the surface normal direction.
The dashed vertical line denotes the mean projected ion range r,. (b) Mean projected
ion range for various incidence angles. The decrease towards more grazing incidences
follows a linear trend, as is indicated by the fit function represented by the dashed
line. Data were obtained using the SDTrimSP code [25,26].

decays rapidly enough such that its tail towards higher implantation
depths decays sufficiently fast so that no implantation is probable
beyond the mean NCW diameter of 50 nm. Therefore, transmission
through the columns in the direction normal to the column centre axis
can be considered negligible. For other directions, the behaviour of
the mean projected ion range r, is given in Fig. 4b. For more grazing
incidence angles, it decreases linearly as indicated by the dashed line
that is a fit function through square data points. Furthermore, with
increasing incidence angle, also the probability of projectile reflection
increases. Therefore, under oblique incidence the probability for ion
transmission, an effect not covered by our purely geometric SPRAY
simulations, decreases and for the whole range of possible incoming
ion directions, ion transmission is expected to be a minor effect.
Another strong indicator for the applicability of a geometric treat-
ment during the studied sputtering processes is the remarkable agree-
ment between the two different three-dimensional simulations,
SDTrimSP-3D and SRPAY, which are given by the orange and green
curves in Fig. 3. While SPRAY trades in the complexity of its underlying
assumptions for computational efficiency and a reduction of runtime,
SDTrimSP-3D does not. The shortcomings in modelling used by SPRAY
are a lack of dynamic calculations and a purely geometrical treatment
of the irradiated surface, neglecting the formation of a collision cascade
inside the target. Nonetheless, both codes’ results match, which thus
allows for the following conclusions: Firstly, the irradiation of the NCW
with 1keV D* ions under the reported conditions, especially the low
ion fluxes, can be treated statically. This is due to the inherently low
sputtering yield of tungsten, especially when bombarded with light ion
species. Moreover, once a steady state sputtering yield is reached in the
experiment, no variation of the sputtering yield as a function of applied
fluence is observed. This assumption has also been verified by means of
SEM measurements post irradiation as shown in Fig. 2. Secondly, as the
omission of a numerical treatment of processes inside the target does
not lead to a different result, the sputtering of this specific projectile—
target combination can still be described using the surface geometry
alone, as is done in SPRAY. Justification for this was given above in the
treatment of the ion implantation ranges governing the length scales of
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ion-driven modifications inside the solid compared to the dimensions
of the NCW.

We therefore conclude that the reduction in sputtering yield through
nano-structuring that is predicted by computer simulations and con-
firmed by experiments can be explained solely by a basic geometric
consideration of the target surface morphology.

The long-term stability of this desirable yield reduction remains
an open question, however. Using similar estimations as sketched in
Section 2.1, a fluence in the order of 10%* D/m? would be necessary for
full erosion under the assumption of a sputtering yield of 0.005W/D
and 500 nm high nano-pillars. This estimate is based on the static
conditions that were justified for this study, but might have to be
modified for substantial erosion. When the impactor energy is lowered
towards the sputtering threshold of W (~250€eV), SDTrimSP predicts
a sputtering yield reduction for D impact of roughly three orders of
magnitude. Whether this is enough for the NCW structure to survive
the expected plasma conditions in fusion devices like ITER remains to
be investigated. First dynamic investigations have been carried out for
2keVArt as projectiles [10]. In this case, numerical treatment in a rea-
sonable time span is possible due to the much higher sputtering yield.
For the significantly lighter deuterium, however, these investigations
still pose a computational challenge for future research.

4. Summary and conclusion

In this study we investigated the sputtering yield of nano-columnar
tungsten under 1keV D* jon impact combining both experiments and
simulations. Such nano-structured W surfaces have been shown in
the past to reduce the sputtering yield of both 1keV and 2keV Ar*
projectiles, thus possibly enhancing lifetimes of PFCs [8]. To investi-
gate whether this effect persists under deuterium bombardment, we
measured the sputtering yields as a function of incidence angle using
a quartz crystal microbalance setup. 2keV D; served as proxy for
1keV D*. Additionally, the irradiation was modelled using the codes
SDTrimSP-3D and SPRAY, differing in their underlying models. All
methods report the desired decrease in sputtering yield. Simulations
further predict a less pronounced behaviour as a function of incidence
angle and experiments in fact demonstrate the sputtering yield to be
almost independent from the incidence angle.

We conclude that previous findings, according to which description
of sputtering processes can be reduced to geometrical models, still hold
for the case of 1 keV D* as projectile. Despite greater penetration depths
than similarly energetic Ar ions, the deuterium’s interaction with the
target is still confined entirely within the columnar structures. This
justifies a treatment based on results from flat surfaces mapped onto
the topography of the tungsten columns. The structuring of tungsten
in highly corrugated and also oriented ways might therefore be ad-
vantageous to prolong the lifetime of plasma-facing components, as it
reduces material erosion not only under seeding gas, but also under fuel
species irradiation.
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