jourgal of
1 nuEiegr
materal

www.elsevier.nl/locate/jnucmat

ELSEVIER

Journal of Nuclear Materials 290-293 (2001) 71-75

Formation of mixed layers and compounds on beryllium due
to C* and CO™ bombardment
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Abstract

Compound formation on a clean beryllium single crystal (000 1) during bombardment with 5 keV C* and 3 and
5 keV CO™ ions is studied by means of in situ X-ray photoelectron spectroscopy (XPS). In combination with in situ
Rutherford backscattering analysis (RBS), TRIDYN computer simulation, and measurements of the weight change of
the sample due to the bombardment, models for the sample composition changes and erosion mechanisms are derived
for both ion species. In the case of C* bombardment a carbon layer builds up on top of the beryllium. The transition
region from pure beryllium to pure carbon consists partly of Be,C and the beryllium erosion stops as the covering
carbon layer develops. During CO" bombardment a deposition/erosion equilibrium is established. After initial C and O
accumulation, the beryllium substrate is covered by a ternary mixture layer of about 10 nm thickness containing BeO,
elementary carbon and C-O compounds. Be,C is present only at low fluences and before the equilibrium is established.
The erosion of beryllium proceeds and a chemical erosion process limits the deposited amounts of carbon and oxygen

via emission of CO. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In present experiments and in the design of future
fusion plasma devices like ITER, several elements are
being considered as first wall materials [1]. This use of
multiple materials and the presence of impurities in the
plasma (e.g., oxygen) will result in the formation of
mixed materials at the first wall because of erosion and
(re-) deposition during the discharges. The use of mul-
tiple materials in JET has led to a considerable im-
provement of the plasma performance and the hydrogen
inventory of the first wall [2-5]. Carbon has been used in
most fusion machines and both carbon and beryllium
are candidate first wall materials for ITER [1].
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Earlier investigations showed that in the case of C*
bombardment of beryllium, a carbon adlayer builds up
on top of the substrate and protects the beryllium from
further erosion. In the case of CO" bombardment
(simulating an oxygen and carbon co-bombardment) a
deposition/erosion equilibrium is established. This can-
not be explained assuming physical sputtering to be the
only erosion mechanism [6]. In this paper the chemical
interactions between the different elements in these
mixed materials are studied to develop deposition/ero-
sion models for both ion species.

2. Experiment

A polished beryllium single crystal (0001) was
cleaned by 1 keV Ar" sputtering and bombarded with
5 keV C" and 5 keV CO" at normal incidence in the
new UHV experiment ARTOSS [7]. After the cleaning
process the only detectable impurity was oxygen
(X-ray photoelectron spectroscopy (XPS) measurement:
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<10™ cm™2). The oxygen contamination did not exceed
this value during the implantation experiments. Both ion
species were supplied by a Colutron type ion source
using CO, as a precursor gas. The ion beam emitted by
this source had an energy width of 3 eV [8] and was mass
separated by an 80° deflection magnet before entering
the main UHV chamber. The position of the ion beam
(¢ ~ 3 mm) on the sample surface was monitored using
a Faraday cup (¢ 0.5 mm). The integrated image of the
ion beam intensity profile on the sample was measured
by spatially resolved XPS (analysis spot ¢ 0.8 mm) and
used to calculate the ion fluence as a function of the
measured ion implantation dose. The implantation was
interrupted after certain fluences for in situ XPS (Mg
K,, 1253.6 V) and Rutherford backscattering analysis
(RBS) (“He™, 1 MeV, 165° scattering angle) analysis.
The electrostatic analyser for XPS was operated at a
constant pass energy of 23.5 eV. The photoelectrons
were detected at 90° relative to the sample surface and
the Au 4f;/, core level line (84.0 eV) of a clean gold
sample was used for energy calibration. The base pres-
sure in the ARTOSS main UHV chamber and the
pressure during analysis and ion bombardment stayed
below 10~% Pa.

In a separate experiment the weight change of a
polished polycrystalline beryllium target during 3 keV
CO" ion bombardment at normal incidence was mea-
sured using the high-current ion source described in [9].
The remaining carbon and oxygen impurity concentra-
tions after polishing were in the range of (5-10) x
10" cm~2. The weight of the target was determined after
certain ion doses using a Mettler 22 vacuum microbal-
ance with a sensitivity <1 pg. The weight change was
calculated in relation to the original sample weight
measured before the ion bombardment in the same
vacuum chamber. The base pressure in the target
chamber was about 1077 Pa, the pressure during ion
bombardment about 10~* Pa.

The Monte Carlo program TRIDYN (version 40.3)
[10,11] was used to calculate the ion ranges and sput-
tering yields. This program takes into account all
collisional effects such as implantation, reflection, and
sputtering. Ions and collisional cascades are tracked
until the respective particle energy falls below the
surface binding energy of this particle in the target.
These energies are based on the elemental heats of
sublimation and are interpolated to take into account
the surface composition of the target [12]. Chemical
erosion, diffusion and segregation are not considered.
Though the program is able to take changes in target
composition due to the ion beam into account, this
option was not used here because we wanted to obtain
physical sputtering yields for a fixed target composi-
tion under simultaneous bombardment with two ion
species.

3. Results and discussion
3.1. C* bombardment

The RBS analysis after the implantation steps shows a
continuous increase of the deposited carbon amount with
increasing fluence and this behaviour is well reproduced
by TRIDYN computer simulations, as we recently re-
ported elsewhere [6]. Depth profiles given by TRIDYN
suggest that a carbon layer builds up on top of the be-
ryllium substrate [6]. This adlayer formation is also
confirmed by weight change measurements which show a
continuous increase of the sample weight with increasing
ion fluence [13]. This is also consistent with a carbon self
sputtering yield below unity at normal incidence [14].

The fluence dependence of the surface composition,
derived from the XPS measurements using the intensity
ratios and the characteristic sensitivity factors of the
different elements [15], confirms this model. The carbon
share of the surface composition increases with fluence
until it reaches almost 100% at a C' fluence of
111.7 x 10'® cm™2. This means that a pure carbon ad-
layer builds up on the beryllium substrate because the
probability for a photoelectron emitted at a certain
depth to leave the sample decreases exponentially with
depth (it can be estimated that <5% of the overall in-
tensity comes from a depth >6 nm).

In addition to the elementary composition of the
surface layer, XPS analysis gives information about the
chemical composition of the growing adlayer. Fig. 1
shows the XPS spectra of the C 1s binding energy region
after the denoted C* implantation fluences. For a flu-
ence of 8.9 x 10'® cm~2 there is almost no carbon signal
visible. This is due to the mean implantation depth of
the carbon ions in beryllium (TRIDYN: 20 nm) which is
beyond the reach of XPS. The increase of fluence then
leads to a broadening of the implantation profile and
simultaneously to erosion of beryllium at the surface.
Because of these effects the implanted carbon is not
visible for XPS until a fluence of 20.1 x 10'® cm—.

At this and at the next higher fluence the carbon
signal is almost entirely located at a C 1s binding energy
which is characteristic of Be,C [16]. A second peak,
originating from elementary carbon [17] is not observed
until the C* fluence reaches a value of 42.4 x 10! cm~—2,
For higher fluences the elementary signal increases and
dominates the spectrum more and more until only a
small carbide signal is left at a fluence of 111.7 x
10" cm—2.

The observed behaviour can be explained by the
following model: Directly after implantation of carbon
into clean beryllium Be,C is formed. With increasing
deposited carbon amount and simultaneous beryllium
sputtering the carbon fraction in the surface layer ac-
cessible by XPS exceeds the stoichiometric value of 33%
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Fig. 1. XPS spectra of the C 1s binding energy region at the
denoted C* fluences. The vertical lines indicate the peak posi-
tions for graphitic and disordered carbon and beryllium car-

bide.

(41% at 42.4 x 10'® cm~?). Therefore the carbon cannot
completely be bound in Be,C anymore. Eventually this
leads to the sample structure of elementary carbon on
top and Be,C in the transition region between pure
carbon and pure beryllium.

3.2. CO" bombardment

In the case of CO* bombardment the molecular ions
split upon impact on the sample surface and the ion
energy is divided between carbon and oxygen corre-
sponding to their mass ratio of 3:4, thus simulating a co-
bombardment of the sample with carbon and oxygen.
We recently showed that in contrast to the C* bom-
bardment the deposited amounts of carbon and oxygen
are limited and a deposition/erosion equilibrium is es-
tablished after a certain fluence.

Fig. 2 shows the weight change of a polycrystalline
beryllium target during 3 keV CO" bombardment. Be-
cause the equilibrium is already established at the lowest
dose shown in the graph (15 mC, RBS shows equilibri-
um after 0.5 mC) a linear fit is used to obtain a beryllium
sputtering yield (see Table 1). Taking into account the
fact that the total deposited amounts of carbon and
oxygen do not change any more after equilibrium is
reached (i.e., unity erosion yield for both elements) the
whole weight loss must be due to a continuing beryllium
erosion.
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Fig. 2. Weight change of a polycrystalline beryllium target with
3 keV CO" dose. The solid line is the result of a linear fit in-
cluding the two separate experimental series shown.

Table 1
Experimental and calculated (TRIDYN) erosion yields of be-
ryllium, carbon and oxygen due to 5 keV CO" bombardment?

Be C (6]
TRIDYN 0.36 0.24 0.29
Experimental 0.33 1.00 1.00

“In the calculations a homogeneous target containing 40% O,
32% C and 28% Be is assumed.

The chemical composition of the ternary surface
layer can be derived from the XPS binding energy
spectra of the Be 1s and C 1s regions. Fig. 3 shows the
XPS spectra of the C Is region after the denoted CO*
fluences. Besides the contributions from disordered and
graphitic carbon, Be,C and a broad intensity band at
values above the energy characteristic for disordered
carbon are observed. These last signals cannot be at-
tributed to a single compound but can be generally as-
signed to C-O compounds like CO, CO, or carbonates
whose binding energies are known to lie in the marked
region [18,19]. While the beryllium carbide signal de-
creases and eventually vanishes with increasing fluence,
the C-O compound intensity increases and reaches a
saturation level after equilibrium is reached. This means
that inside the ternary mixture layer after implantation
carbon is bound to a certain extent in C-O compounds
directly after implantation.

While it is not possible to fit the C 1s signal due to the
contribution of the C-O compounds, the Be 1s XPS
spectra were fitted using the MultiPak V 5.0 A code
(Physical Electronics). For this fitting procedure (least
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Fig. 3. XPS spectra of the C 1s binding energy region at the
denoted CO" fluences. The vertical lines indicate the peak po-
sitions for graphitic and disordered carbon and beryllium car-
bide. The grey rectangle marks the known energy region for a
number of simple C-O compounds.

square fit) each contribution is approximated by a
combined, symmetric Gaussian/Lorentzian function
centered at its characteristic binding energy. A Shirley-
type background subtraction was applied to the spectra
before the actual fitting procedure. The results of these
fits are shown in Fig. 4. Again there is a Be,C signal only
before the equilibrium is established. After the equilib-
rium is reached the beryllium in the ternary layer is
completely bound in beryllium oxide. At equilibrium the
ternary surface layer is composed of BeO, elementary
carbon and C-O compounds, no beryllium carbide is
detected (enthalpy of formation: BeO:- 612.5 kJ/mol,
Be,C:- 117.0 kJ/mol [20]).

The equilibrium surface composition of the sample
can be calculated from XPS spectra in the same way as
described in Section 3.1. It results in 40% oxygen, 32%
carbon and 28% beryllium. Because of the mentioned
photoelectron attenuation, this composition would be
valid for a homogeneous surface layer only. However,
this composition can be used as an approximation to-
gether with the total difference in the deposited carbon
and oxygen equilibrium amounts measured by RBS
(oxygen: 9 x 10'® ecm™2, carbon: 8 x 10'® cm™2). As-
suming furthermore densities of 2 g cm™ for carbon
and 3 g cm ™ for BeO, an estimated homogeneous layer
of the quoted composition must be 12 nm thick to agree
with both the XPS and RBS results. Because the calcu-
lated mean implantation depths (TRIDYN: 8§ nm) and
implantation profiles for both elements are almost
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Fig. 4. Composition of the Be 1s XPS signal at the different
CO" implantation fluences. For the fitting procedure binding
energies of metallic beryllium, BeO and Be,C according to
[16,19] have been used.

identical and because only the first 6 nm are relevant for
XPS, the difference in the total amounts must be ex-
plained by an inhomogeneous layer composition near
the sample surface. Thus it can be concluded that the
ternary surface layer is not homogeneous and that the
uppermost surface is rich in oxygen compared to carbon
(BeO at the surface, C chemically eroded). The con-
centrations of carbon and oxygen decrease and become
almost equal as the sample depth increases.

However, using the composition measured by XPS as
an approximation the physical sputtering yields of
carbon, beryllium and oxygen due to 5 keV CO* bom-
bardment can be calculated by TRIDYN for equilibri-
um conditions (see Table 1). Beryllium is bound in BeO
only and the BeO enthalpy of sublimation has been used
for the TRIDYN calculations. Therefore the particle
energy below which TRIDYN stops to calculate the
further particle path is correct in the case of beryllium.
Comparing the experimental and the calculated berylli-
um value, they are almost identical. Thus it can be
concluded that beryllium is eroded by physical sputter-
ing only. For carbon and oxygen the experimental and
the TRIDYN values are clearly different. Here the
presence of C-O compounds in the sample must be
considered. While a crystal lattice usually has a binding
energy of several eV, molecules like CO or CO, do not
form such a lattice and they have adsorption energies on
surfaces which are generally below 1 eV. The assump-
tion of a BeO lattice with stored and adsorbed C-O
compounds thus explains a much easier and thus higher
erosion of oxygen and carbon which cannot be calcu-
lated by TRIDYN because of the too low surface
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binding energies compared to the mentioned interpola-
tion. Additionally, the impinging ions can break existing
bonds and enable the formation of molecules like CO
directly at the surface. In this case even the enthalpy of
formation supplies enough energy for desorption
(C+ 0O — CO: ~1.1 eV). Taking into account that the
physical sputtering yields of oxygen and carbon are
quite similar (see Table 1) and that the overall erosion
yield is one for both elements it is probable that the
observed chemical erosion is due to the desorption of
carbon monoxide molecules.

4. Conclusions

Models have been constructed for the build-up of
mixed layers on a beryllium substrate and the erosion of
the target during 5 keV C* and 5 keV CO" bombard-
ment, respectively.

In the case of C* implantation an elementary carbon
layer builds up on top of a transition region containing
beryllium carbide between pure carbon and pure beryl-
lium. Beryllium erosion stops after the development of a
shielding carbon layer.

In the case of CO" bombardment an erosion/depo-
sition equilibrium is established and an approximately 8
nm thick ternary mixture layer containing beryllium,
carbon and oxygen forms on top of the substrate. The
composition of this layer is not homogeneous. While the
surface is relatively rich in oxygen compared to carbon,
the concentration of these two elements approaches a
similar value with increasing sample depth. In the ter-
nary mixture layer beryllium is entirely bound in beryl-
lium oxide. Carbon is present as a mixture of elementary
carbon and C-O compounds. There is no Be,C. Beryl-
lium erosion does not stop and is due to physical sput-
tering by the impinging CO™ ions with a sputtering yield
of 0.33. For carbon and oxygen we suggest a chemical
erosion process which takes place via the desorption of
carbon monoxide molecules.
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