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Sputtering of beryllium oxide by deuterium at
different temperatures simulated with molecular

dynamics

E A Hodille, J Byggmastar, E Safi, K Nordlund
Department of Physics, University of Helsinki, P. O. Box 43, FI-00014,Finland

E-mail: etienne.hodille®@helsinki.fi

Abstract. The sputtering yield of beryllium oxide (BeO) by incident deuterium
(D) ions, for energies from 10 eV to 200 eV, has been calculated for temperatures
between 300 K and 800 K using classical molecular dynamics. First, cumulative
irradiations are done to build up a concentration of D in the material, equal to
the one experimentally measured, that varies from 0.12 atomic fraction (300 K -
500 K) to 0.02 atomic fraction (800 K). After building up the concentration of
D, non-cumulative irradiations are done to estimate the sputtering yields of BeO.
For all incident energies, the sputtering yield peaks at 500 K, being closely related
to the decrease of the concentration of D above this temperature. While for 10
eV, the concentration of D on the surface drives the temperature dependence,
above 30 eV, it is the amount of surface damage created during the cumulative
irradiation.

Keywords: Plasma-wall interactions, Molecular dynamics, Beryllium oxide, Deuterium
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1. Introduction

Beryllium (Be) is the chosen material for the first
wall of JET [Il 2] and ITER [3]. Ions coming from
the plasma can lead to sputtering of this material,
reducing the life time of the plasma-facing components
and creating a source of impurity for the plasma. In
addition, the sputtered material can migrate in the
edge plasma and be redeposited on surfaces creating a
deposited layer that is expected to be the main media
for fuel retention in ITER [4, 5]. It is thus important
to estimate the sputtering of Be materials in a fusion
environment.

Be oxidises easily, and a thin Beryllium oxide
(BeO) layer can be formed with a small pressure of
oxygen. Thus, BeO layers can be formed between
plasmas and quickly removed in strong sputtering
area during plasma operation (in limiter plasma for
instance). BeO can also be formed during off-
normal events like melting of Be, as BeO inclusions
have been observed by Raman spectroscopy in melted
regions [0, [7]. The sputtering of BeO by deuterium
(D) ions is thus of importance for the description and
understanding of the plasma-wall interactions.

In this work, we use molecular dynamics (MD)
to estimate the sputtering yields of BeO by D ions.
In a previous study, MD has been used to determine
these sputtering yields at 300 K [§]. During tokamak
operations, the temperature of the first wall can rise
above 300 K. Here, the MD simulations have been
extended to provide estimations of sputtering yields
of BeO up to 800 K.

2. Method

The irradiation of BeO was simulated with classical
MD using the MD code PARCAS [9]. The simula-
tion cells contain three species: beryllium (Be), oxygen
(O) and Deuterium (D). To describe the interactions
between these species, Tersoff-like potentials [10] 1]
have been used. For these interactions, D atoms are
considered as H atoms with a mass of 2.014 atomic
mass units. The Be-Be and Be-H potential are both
taken from [12] (version IT), the H-H potential is taken
from [13], the O-O is taken from [14], the Be-O is taken
from [I5] and the O-H part is taken from [§]. The full
Be-O-H potential was previously shown to give good
agreement between simulated and experimental sput-
tering yields [8], and is therefore well-suited for plasma-

wall interaction simulations.

In [8], it is shown that the sputtering yield in-
creases with ¢p in the material. The best comparison
between MD and experimental sputtering yields is ob-
tained at 300 K for ¢p ~ 0.12 atomic fraction (at.fr.)
which is the saturation concentration of deuterium in
BeO determined experimentally for irradiation at 300
K [16]. Thus, for the present simulations at different
temperatures, the temperature dependent values of cp
in BeO are also used. Roth et al [I7] as well as Alimov
et al [I8] reports those values of ¢p for temperatures
between 300 K and 773 K. They are shown on figure
Both experimental studies agree on the evolution of cp
in BeO with temperatures: cp is about constant (equal
to 0.12 at.fr.) from 300 K to 500 K and it drops above
500 K.

The simulation set-up used in this paper is the

0.16
0.124 V*\
o
= 0.081 +
& | AN
0.04 - O Roth et al E\\
O Alimov et al \\.
-@- MD simu. Y
0.00 = T T T T T
300 400 500 600 700 800

Temperature (K)

Figure 1: Evolution of the deuterium concentration,
cp, with temperatures. The open symbol are the
experimental values reported by Roth et al [I7] and
Alimov et al [I8] (experiments). The closed circles are
the value of the deuterium concentration, cp, used in
the MD simulations (averaged on all 6 energies used in
this paper). The error bars are the standard deviation
over all 6 energies.

same as in [8]: a wurtzite BeO cell with a (0001) sur-
face is irradiated with ion energies of 10 eV, 30 eV, 50
eV, 80 eV, 140 eV and 200 eV. The irradiated temper-
atures are 400 K, 500 K, 600 K, 700 K and 800 K. The
sputtering data at 300 K are taken from [§] and have
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Figure 2: Simulation cells obtained by the cumulative irradiation and used for the non-cumulative irradiations
for the different temperatures from 300 K to 800 K and incident energies of 10 eV ((a) to (f)), 50 eV ((g) to
(1)) and 140 eV ((m) to (r)). Top: Snapshot of the cells, obtained with the OVITO software [19], with O atoms
in grey, Be in black and D in red. Bottom: Evolution of the deuterium concentration cp in the depth for the
considered cells. The experimental concentrations are shown with a dotted line.

been obtained with the exact same procedure. The to simulate a uniform bombardment. More details on
cell is 25x24 A” in the (x,y) plane and is elongated in ~ the simulation set-up (relaxation of the box, tempera-
the z direction (Z=68 A for Ej,. < 80 eV and Z=104 ture control, incident angle) can be found in [§].

A for >80 eV). Each irradiation lasts for 7000 fs and As in [8], first, cumulative irradiations are run to
prior to any irradiation, the box is randomly shifted  build up a D-rich layer. The cumulative irradiations
over the periodic boundaries in the z and y direction  are stopped when the D concentration in this layer is
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comparable to the experimental ones. The values of
¢p obtained during this first step are shown in figure ]
(averaged over the 6 energies). For the lowest tempera-
tures, these concentrations are reached after about 100
(for 10 eV) or 400 (for 200 eV) impacts, while only few
tens of impacts are needed for the highest temperatures
(lowest ¢p). The cells obtained this way and used in
the non-cumulative irradiation are shown in figure
for incident energies of 10 eV, 50 eV and 140 eV for
the different temperatures. For 30 eV (80 eV), the cells
are similar to the ones obtained for 50 eV with more
(less) D atoms on the surface. For 200 eV, the sim-
ulation cells are similar to the ones obtained for 140
eV with a more pronounced swelling of the cell for the
highest value of ¢cp. The D depth profiles are limited
to the implantation zone (few nm below the surface)
as the diffusion coefficient of H in BeO is large [20, 21]
meaning that no diffusion can be captured at the MD
time scale.

After building up the relevant deuterium concen-
tration in the material, 10000 non-cumulative impacts
are simulated to determine the sputtering yields of
BeO, Ygeo, calculated as the average number of sput-
tered Be and O atoms over incoming D ions. The stan-
dard deviation over all individual bombardments are
used to provide error bars to the estimated sputtering
yields. Again, to simulate a uniform bombardment,
the simulation cell is randomly shifted over the peri-
odic boundaries in the x and y direction before any
impacts.

3. Results and discussion

3.1. Evolution of Ypeo with the temperature

The sputtering yields calculated by MD calculations
for the different incident energies and temperatures
are reported in figure [3] and are correlated to the
evolution of ¢p with temperature. Experimental data
at room temperature on oxidized Be samples [22] [24]
and sintered BeO [23] are also reported. For all
energies, Ypeo increases from 300 K to 500 K as
cp is constant, and as soon as cp decreases, Ypeo
decreases as well. Such peaking of the sputtering
yield with temperature has already been reported for
carbon-based materials [25] 26], 27] and Si [25] and is
understood to be evidence of chemical sputtering [27].
Concerning BeO, the evolution of the sputtering yields
with temperature has not been studied experimentally
so far. However, concerning metallic Be, Nishijima et
al [28] observed experimentally a decrease of the
sputtering yield of plasma-deposited Be layer from
320 K to 570 K that they attributed to a decrease
of the deuterium retention at 570 K. In addition,
the sputtering yield of Be in JET has also been
shown to decrease from 200°C (473 K) to 400°C (673

YBeO

7300 400 500 600 700 800

(b) 30 eV

YBeO
2
(=)
[\

600 700 800
(c) 50 eV

YBeO

YBeO

600 700 800

300 400 500

YBeO

600 700 800
(f) 200 eV

300 400 500

YBeO

300 400 500 600 700 800
Temperature (K)

Figure 3: Evolution of the MD sputtering yield Ygeo
with the temperatures. The contributions of single Be
atoms (BeP™®), single O atoms (OP™*), BeD,, OD,,
Be,O,, Be,O,D. and O, are also shown. exp® [22]
(150 eV and 200 eV), exp® [23] (50 eV and 150 eV)
and exp® [24] (50 eV and 60 eV)
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K) [29) B0]. It is explained by the decrease of cp in
Be with temperature, diminishing the production of
BeD molecules as shown in MD simulations [31]. Thus,
to investigate further the observed peaking of Ygeo
at 500 K, we distinguished the different sputtering
products as follows: single O/Be atoms, BeD, and
OD. molecules, Be,O,, Be,O,D, and Oz molecules.
For OD, molecules, z is equal to 1 or 2 (z=2 is heavy
water molecules). The contribution of each of these
products is shown in figure

3.2. Physical sputtering of Be and O

The single atoms are produced through physical
sputtering processes and no strong temperature
evolution can be determined for physical sputtering of
Be and O. One can still note that for 30 eV, there is no
single Be sputtered at 300 K while there are at higher
temperature. Regarding the obtained sputtering yields
of ~ 1 x 1073, this represents about 10 sputtering
events among the 10000 non-cumulative irradiations.
Thus, sputtering of few Be could have been missed by
the limited number of impacts.

In figure[3] one can roughly estimate the threshold
for physical sputtering of Be and O. It is between 10
and 30 eV for Be while it is around 30 eV for O.
This difference makes sense considering the difference
of mass between these two elements.

3.8. Swift chemical sputtering of OD, molecules

The BeD, and OD, molecules are mostly produced by
swift chemical sputtering (SCS) [8,[32]. The proportion
of BeD,, is at maximum a few percent while the one of
OD, is 100% for 10 eV. The predominance of OD,
comes mostly from the fact that the OD dimer is much
more stable than BeD [§].

For 10 eV, this contribution, which represents all
the sputtering events, peaks at 500 K and then drops
by one order of magnitude as ¢p decreases. In [g], we
showed that the SCS mechanism is active for 10 eV <
Eine < 80 eV for a perfect (0001) surface. However,
the presence of adsorbed D leads to the formation of
O-D bonds, which loosen the bond of the O atoms to
the rest of the material [8]. Such a bound O atom can
then be sputtered by 10 eV D ions. The amount of O-D
bonds on the surface for the highest values of ¢p (300
K - 500 K) is obviously higher (figure[2[a) to (c)) than
for the lowest values of ¢p (700 K - 800 K). For 700 K
and 800 K, no O-D bonds are actually on the surface
and all the D atoms are below the surface (figure 2| (e),
(D).

For Ei,. > 30 eV, the temperature dependence of
the formation of OD, through SCS is not as obvious,
except for a slight increase from 400 K to 500 K
at 50 eV. Indeed, other sputtering processes start to

appear (physical sputtering, formation of Be,O,D,
molecules). Thus, SCS leading to OD, molecules
contribute only to a few tens of percent at 30 eV, a
few percent at 50 eV and 80 eV and almost 0 above
that as the upper limit for this process is about 80
eV [g].

3.4. Sputtering of Be, Oy D, molecules

In the Be-O potentials used here, the energy of the
BeO dimer had to be overestimated by 1 eV/atom
in order to have accurate cohesive energies for the
bulk phases [I5]. This could favor the formation
of Be,OyD. molecules in our MD simulations that
appear mostly as BeO dimer and BeOD molecules.
However, BeO, BeOD and BeOs molecules have been
observed experimentally by mass spectrometry after
the bombardment of Be samples by an (Art+Dj)
mixture [33]. Thus, their formation in our MD
simulations is not an artifact of the potential.

For Fi,. >30 eV, as can be seen in figure
the temperature dependence of Ypeo is mostly due
to the sputtering of Be;O,(D,) molecules (including
O2). For most of the events involving Be,O,(D,)
formation, the incident ion is not bound to the
sputtered molecules: the initial interaction leading
to the sputtering has a physical nature. It is
the description of the chemically assisted physical
sputtering (CAPS) suggested by Brezinsek et al [34].
In our previous simulations of irradiations of BeO
at 300 K, we determined 4 processes leading to the
production of these molecules via CAPS. First, there
are two types of BeO physical sputtering mechanisms
(direct and delayed) called Y}ggg)yDz. During a direct
physical sputtering event, the incident D ion physically
sputters one Be/O atom which drags with it one of
its O/Be neighbors forming a BeO dimer. During
a delayed physical sputtering event, the incident D
atom physically sputters one atom in its way in
the material, is back-scattered and sputters another
atom in its way back. If both sputtered atoms were
neighbors, they might be sputtered together within a
short space and time window allowing them to stay
bound as a BeO dimer (this is a rare event due to
the conditions required for it). Trajectories for both
mechanisms can be found in [8]. Then, there are
two other processes active only on damaged surfaces,
i.e. surfaces containing roughness and loosely bound
groups of atoms (figure [2)). The first is the delayed
SCS sputtering during which an atom is kicked away
from its initial position. It can then move on the
surface and possibly interact with other atoms via the
SCS mechanism releasing a molecules. The second is
the detachment induced sputtering: on the damaged
surface, there are atoms or groups of atoms that are
more loosely bound to the surface than any atoms on
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a pristine surface. If the incident D ion kicks off the
atoms that bond a group of these atoms to the rest of
the material, they can be detached from the surface.
Trajectories for both mechanisms can also be found
in [8]. Both processes are regrouped in ng:i(‘)yDz.

For ¢p = 0 at.fr., with a perfect (0001) surface,
among these two processes, only Yé)::(s)yDz is active and
it represents about 30 percent of the total sputtering
yield [8]. In figure [3] for 700 K and 800 K (cp < 0.04
at.fr.), the contribution of Be,O,(D.) is also about 30
percent and the irradiated surfaces are almost perfect
(0001) (figure [2). Thus, at these temperatures, only
Ygfj’gyDz is active.

On the other hand, for the highest values of ¢p
(300 K to 600 K), as seen in figure [2| the material
is more damaged (and eventually amorphized). This
amorphization and surface damage are expected in
insulator material [35]: the energy threshold for this
amorphization can be very low (about 0.01 keV /target
atom) for material that are more covalent than
ionic [35], which is the case of BeO [36]. Thus,
it activates ngﬂ%yDz for the highest values of cp
for which Yge,0,p, contribute between 30 and 60/70
percent to the total sputtering yield. As a larger
amount of irradiation is needed to build up the relevant
value of cp, the surfaces for higher c¢p are more
damaged than for low cp. Thus, the decrease of c¢p
above 500 K induces a reduced amount of surface
damage, leading to a decrease of Yg:f(gyDz and hence
also Ygeo from 500 K to 800 K.

Despite ¢p(300 K) > ¢p(600 K), for 30 eV<
Eine < 80 eV, there is Y0 (600 K) > Y5.0(300 K), a
pronounced increase of Yg.o from 300 K to 500 K and
a smooth decrease above 500 K. It means a thermally
activated process either (i) increases the amount of
surface damage when building up ¢p or (ii) facilitates
the sputtering of atoms thanks to the thermal motion.
Both can play a role in the temperature behavior of
YBeo but one can expect that the enhancement of Ygeo
by a higher thermal motion would be similar for any
incident energies. As the peaking is only observed
for Ei,e < 80 €V, it is most likely that the peaking
of Ygeo is due to a increase of the surface damage
with the temperature (for constant cp). Indeed, the
depth profiles in figure [2] show that the D atoms are
deposited much closer to the surface for 50 eV: the
damage are close to (and eventually on) the surface.
At 140 eV, the D atoms are much deeper in the bulk:
even though the damage induced by the irradiations
increases from 300 K to 500 K they are moslty located
in the bulk and do not affect that much the surface and
the sputtering yield. Thus, for all energies, the disorder
and damage induced by the ion irradiations increases
with the temperature (from 300 K to 500 K), but they
affect the sputtering yield in that range of temperature

only if they are close to the surface. This difference in
deposition also leads to higher surface D concentrations
at low energy, especially for 30 eV and 50 eV, leading
to a higher relative contribution of Be,O,D, in the
total sputtering yield.

Finally, one can note that O is only formed in
high fraction at 500 K for Ei,. > 140 eV (figure|3)). For
these energies, the morphology of the surface damage
(ﬁgurem—r) favor the delayed SCS sputtering. Os can
then be formed if an O atom migrating on the surface
recombines with another one. The surface damage
for Eij,e > 140 eV can also lead to the formation
of adsorbed O molecules as two O atoms are close
together (one of their common Be neighbor being
sputtered away during the cumulative irradiation).
These O molecules can be outgassed by the local
increase of temperature created by the incident D ion
impact. As the surface disorders are the highest at
500 K and as outgassing is also favored by higher
temperature, this explains the high fraction of Os
production at 500 K.

4. Conclusions

MD simulations of the irradiation of (0001) wurtzite
BeO surface at energies from 10 eV to 200 eV and
temperatures from 300 K to 800 K have been carried
out to estimate the variation of the BeO sputtering
yield Ypeo with temperature.  First, cumulative
irradiations were done to build a concentration of
deuterium, cp in the material. From experimental
results, the value of ¢p depends on the irradiation
temperature [I7, [18]: it is 0.12 at.fr. from 300 K to
500 K and it drops up to 0.02 at.fr. at 800 K. In the
simulations, for all energies, Ypeo follows the trends of
ep(T') above 500 K: it decreases as the concentration of
deuterium decreases. In the temperature range where
¢p is constant equal to 0.12 at.fr. (300 K - 500 K), Yseo
increases. For 10 eV, only OD, molecules are sputtered
and the decrease of Yge0 with temperature/cp is due to
a decrease of the amount of O-D bonds on the surface
as these bonds decrease the binding energy of the O
atom to the rest of the material. Above 30 eV, the
variation of Ypeo with temperature is mainly due to the
evolution of the sputtering of Be,O,D. molecules due
to the change in surface damage: as cp decreases, the
amount of surface damage decreases as well as Ypco.
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