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on titanium

K.U. Klages, A. Wiltner, J. Luthin, Ch. Linsmeier *

Max-Planck-Institut fur Plasmaphysik, EURATOM Association, Boltzmannstrasse 2, D-85748 Garching b. Miinchen, Germany

Abstract

Interaction of deuterium ions with highly oriented pyrolytic graphite and thin carbon layers on titanium are studied
by X-ray photoelectron spectroscopy (XPS) measurements. The effects induced by the deuterium beam are compared to
bombardment with chemically inert argon ions. XPS allows the identification of several carbon states: graphitic carbon,
disordered graphitic carbon, ion-induced radiation defects in carbon, and carbidic carbon in the carbon films on ti-
tanium. Erosion of the carbon film by deuterium proceeds through two paths: first a chemical erosion with a cross-
section of 4.7 x 1077 ¢cm? removes elementary carbon. At the same time, carbidic carbon is eroded with a linear yield of

0.003 within the fluence range between 8 x 10'% and 1.4 x 10'7 cm™2.
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1. Introduction

The application of different materials for use as
plasma-facing components (PFCs) at the first wall of
modern fusion experiments [1] and in the design of ITER
[2,3] leads to the formation of multi-component materi-
als due to erosion, material transport through the plasma
and redeposition of materials at different locations [4,5].
Elevated wall temperatures and energetic particles allow
compound formation at the surfaces as well as diffusion
of surface species into the bulk material [6,7]. Compound
surface layers influence the hydrogen inventory in the
PFCs by modifying the hydrogen isotope diffusion
through these layers, the chemical erosion behavior of
the PFC surface towards hydrogen, and the hydrogen
adsorption and desorption properties of the surfaces.

In order to understand and consequently predict
hydrogen isotope interactions with multi-component
PFC materials it is necessary to comprehend the prin-
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cipal interaction mechanisms of hydrogen with pure and
mixed PFC materials. In previous work we studied the
surface interaction of carbon with several materials,
leading to carbide formation and carbon diffusion at
elevated temperatures [6,8-10]. We also demonstrated
that the bombardment of carbon layers on Ti and W
with chemically inert noble gas ions leads both to
sputtering and formation of a carbide phase at the sur-
face [11]. In this work, the interaction of deuterium ions
in the keV energy regime with pure carbon, as well as
with carbon films on titanium is studied by X-ray pho-
toelectron spectroscopy (XPS). The results of the XPS
measurements are compared to kinematic simulations of
the ion—solid interactions using the Monte Carlo code
TRIDYN [12] which describes dynamic compositional
changes due to ion bombardment.

2. Experimental

Samples for this investigation are highly oriented
pyrolytic graphite (HOPG ZYA, Advanced Ceramics),
and a polycrystalline titanium foil (Goodfellow). Sample
areas are approx. 1 cm? and thicknesses 1 mm. The
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HOPG surface is stripped by adhesive tape before in-
sertion into the ultra-high vacuum system (UHYV, base
pressure in the low 10~® Pa range). XPS measurements
performed directly after sample insertion show only
signals originating from carbon; no further cleaning of
the HOPG surface in UHV is applied prior to ion
bombardment.

Titanium is mechanically polished to mirror-like
finish. Cleaning under vacuum involves heating/sput-
tering cycles (970 K, 5 keV Ar") until only metal signals
are detected by XPS. Carbon films on Ti are deposited
from an Omicron EFM3 source using high-purity car-
bon (99.999%, Goodfellow). The chemical state of the
sample surfaces is characterized using XPS with mono-
chromatic AlKa radiation (PHI ESCA 5600). This
technique is very suitable to distinguish carbon in its
graphitic and carbidic phases [9]. Additional details re-
garding the analysis and sample preparation system can
be found elsewhere [13].

The binding energies in the XPS spectra are refer-
enced to the graphitic C 1s signal at 284.2 eV from the
respective spectra. The analyzer work function is ref-
erenced to the Au 4f;/, signal at 84.0 eV. Spectra are
accumulated with a pass energy of 2.95 eV at an elec-
tron exit angle of 22° with respect to the surface nor-
mal. Ton bombardment is carried out using a non-mass
separated ion source (Specs I1Q 12/38). Ton fluences are
calculated with known implantation areas at the sam-
ple surface and sample current measurements. For
deuterium bombardment, fluences are calculated as-
suming D" ions, although D; and Dj may as well be
present.

3. Results
3.1. Graphite

An HOPG sample is bombarded with 1 keV D™ ions
up to fluences of 2.3 x 10! cm~2. Between ion bom-
bardment cycles, XPS spectra are taken in survey and
high resolution modes. Survey spectra prove no con-
tamination accumulation at the sample surface during
all treatment steps, since only peaks attributable to
carbon are observed. Already after a DT fluence of
1 x 10 cm™? the C 1s peak shows a shift in its overall
maximum of 0.1 eV to lower binding energies (from
284.2 to 284.1 eV). After 2.3 x 10'¢ cm?, the shift
amounts to 0.15 eV and after annealing at 700 K the
peak maximum is at 284.0 eV. In contrast to Ar"
bombardment measurements of thin carbon layers on
gold [9] where the disorder introduced by the ion beam
and the remaining graphitic peak can be separated un-
ambiguously by peak fitting, this procedure is not suc-
cessful here. Nonetheless, to gain information on the
additionally introduced binding states of carbon under

D™ irradiation, the C 1s spectrum from clean, unirra-
diated HOPG is subtracted from the respective spectra
after ion impact after Shirley background removal. The
difference spectra are plotted in Fig. 1 in two groups for
better visibility. The upper group consists of the first six
implantation steps between 1.0 and 4.7 x 10'> cm~2. The
lower group comprises the following five implantation
steps from 6.6 to 23 x 10" cm~2 together with the final
annealing experiment at 700 K for 30 min. Solid and
broken lines alternate with increasing fluences, the first
and last curves in the groups are marked in the plot.
Positive intensity differences (values above the 0 lines) in
these spectra denote additional intensity compared to
clean HOPG, whereas negative values show decreased
intensity at the respective energy.

The difference spectra immediately indicate intensity
variations during the treatment cycles at three distinct
binding energies. The intensity changes (height at max-
imum/minimum in Fig. 1) of the three peaks in the dif-
ference spectra are plotted with increasing deuterium
fluence in Fig. 2(a). The largest changes take place at a
binding energy (BE) of 284.2 eV, which we attribute to
graphitic carbon. The position of this peak does not
change throughout the whole treatment series. However,
intensity in this position continuously decreases com-
pared to the clean HOPG. After the final 700 K heating,
a slight increase in intensity at this position is again
observed. The peak at the higher BE of 284.9 eV is very
weak, but also stable in position. Intensity at this BE
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Fig. 1. XPS difference spectra in the C 1s region of HOPG
bombarded with 1 keV D* ions. The consecutive fluence steps
are separated into two groups. Successive spectra are marked
with solid and broken lines, respectively. Some fluences are
indicated, the intermediate fluences correspond to the values of
the data points in Fig. 2. The final spectrum is measured after
annealing at 700 K for 30 min.
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Fig. 2. Panel (a) shows the intensity changes of the three peaks
identified in Fig. 1. Positive values indicate an increase in in-
tensity compared to HOPG at the respective BE, negative val-
ues a decrease. Panel (b) compares the total C 1s intensity from
the raw spectra (after subtraction of a Shirley background) with
the sum of the heights from panel (a) at each fluence. The height
curve is normalized to compare with the intensity curve. Values
after 700 K heating are indicated in the plots.

increases during the first implantation steps up to ap-
prox. 7 x 10 cm™2. At higher fluences, first a small
decrease is noticed and the intensity is then constant up
to the final implantation step. After heating at 700 K,
the intensity around 284.9 eV almost drops back to the
level at the clean HOPG surface. The third peak com-
ponent appears around 283.9 eV and shifts during the
implantation to 283.7 eV. This component appears im-
mediately after the first ion implantation step and
maintains the initial maximum intensity throughout the
subsequent ion treatments. It is only after the 700 K
heating that the intensity of this component increases
again and reaches a new maximum, while remaining
constant at 283.7 eV BE.

A justification for this method of spectrum evalua-
tion by differences is the overall development of the sum
of the three difference peaks. In Fig. 2(b) the sum of the
three peaks is plotted together with the total C 1s peak
integral from the XPS spectra (after Shirley background
subtraction). For comparison, the sum is normalized to
the amplitude of the C 1s curve. Both lines show the
same overall behavior: after a small initial intensity in-
crease during the start of ion bombardment the curves
decrease until a fluence of approx. 8 x 10" cm™ is
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Fig. 3. XPS difference spectra in the C Is region of HOPG
bombarded with 1 keV Ar*. Sample treatments are indicated.
The overlapping spectra correspond to fluences from 2.1 to
8.5 x 10" cm™2, respectively.

reached. At higher fluences, no changes are observed.
The intensity increase seen for the C 1s peak after
sample heating to 700 K is also reproduced by the sum
of the difference peaks.

The variations in the difference spectra of the HOPG
bombarded with deuterium is compared to HOPG
bombarded with argon. Fig. 3 shows an analogous ex-
periment to Fig. 1 for 1 keV Ar™ up to a fluence of
8.5 x 10" cm~? and final annealing to 970 K for 60 min.
As in the difference spectra from the D" experiment,
three peaks are observed. However, the peak positions
after Ar" bombardment do not vary with fluence. The
peak around 285 eV appears under Ar" bombardment
and develops with fluence. The dashed line corresponds
to 8.5 x 10'* cm~2, the subsequent implantation steps
(fluence of 2.1-8.5 x 10'> cm™2) already show saturation
at this BE. After annealing to 970 K this peak almost
completely vanishes again, as in the deuterium case. The
gradual changes with fluence are also visible in the in-
tensity at 284.2 eV. At this position, however, no influ-
ence of the annealing step is recognized. The peak
around 283.7 eV exhibits the most pronounced altera-
tion after annealing. While Ar™ bombardment creates
this peak already after the first fluence step and subse-
quent implantation cycles do not modify it, annealing
strongly increases the intensity at this BE. The peak
position, however, remains unaffected.

3.2. Carbon films on titanium

A 2.9 nm carbon film on titanium is bombarded with
4 keV D7 ions up to a fluence of 1.4 x 107 cm~2. De-
pending on the applied model for electron attenuation
lengths is solids [14], it is several nm for our experi-
mental parameters. The XPS information depth there-
fore is larger than the carbon layer thickness. Fig. 4
shows the C 1s range after the indicated fluences. The
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Fig. 4. XPS spectra in the C 1s region of a 2.9 nm carbon film
on titanium before and after D ion bombardment at 4 keV.
The curves are labeled with the applied D* fluences. The ver-
tical lines indicate binding energies of graphitic carbon (284.2
eV), titanium subcarbides (282.6 ¢V), and TiC (281.8 eV), re-
spectively.

spectrum without ion bombardment shows a broad peak
(compared to HOPG) located at 284.6 eV, originating
from graphitic carbon. A second peak at 281.8 eV
originates from TiC, formed at the interface between
deposited carbon and titanium metal. Between these
peaks, intensity is recorded around 282.6 eV, where ti-
tanium subcarbides are located. The graphitic peak
shifts already after a fluence of 3.9 x 10" cm~2 by 0.11
eV to lower binding energies and reaches a fixed position
at 1.2 x 10' cm~2 after a total shift of 0.22 eV. At the
same time, no shift is observed in the position of the TiC
signal. The total intensity of the C 1s signal decreases.
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Fig. 5. XPS difference spectra after D implantation in 2.9 nm
carbon on Ti, in the fluence range between 3.9 x 10" and
4.7 x 10' cm~? (difference spectra at higher fluences in Fig. 4
are omitted for clarity, since they exhibit only minor further
changes). Consecutive spectra are marked with solid and bro-
ken lines, respectively. The intermediate fluence values can be
taken from Fig. 4.

The graphitic peak vanishes after a D" fluence of
5.5 x 10 cm~2, up to where the TiC signal continually
increases. Within the fluence range applied here, no
complete erosion of formed TiC is observed. Compared
to the spectra of the bombarded HOPG samples, no
increased intensity around 285.2 eV due to ion-beam-
induced effects is visible.

These observed changes in the C 1s signals are more
clearly visible in the difference spectra (plotted in Fig. 5).
Shown is the difference of the unirradiated spectrum
from the spectra observed after fluences of 3.9 x
10°-4.7 x 10'® cm™2. Compared to HOPG in Figs. 1
and 3 where a peak in the differences around 285 eV is
observed, here only an intensity decrease is visible. No
additional intensity is produced by the D' ion beam. In
contrast to Art bombardment experiments of carbon
films on Ti (not shown here) where the disordered gra-
phitic carbon (peak at 285.2 eV), produced during the
carbon vapor deposition, is eroded during the first ion
implantation steps, no peak is formed at this BE under
D" bombardment.

The peak around 283.8 eV, well developed in the
HOPG experiments, is also identified on the C film.
However, the maximum is only distinct at the 3.9 x 10"
cm~? fluence; at higher ion fluences it vanishes. The
281.8 eV peak originating from carbon in a TiC envi-
ronment is clearly observed and remains fixed for all
fluences. The carbide intensity continues to increase with
fluence, while the total carbon intensity decreases. In-
tensity pointing to the existence of titanium subcarbides
(around 282.6 V) is visible at the initial stages of Dt
bombardment. After 1.6 x 10'® cm~2 the subcarbides are
hardly discernible in the difference spectra. However, in
the raw spectra (Fig. 4) there is still intensity around this
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BE. The existence of subcarbides therefore cannot be
excluded.

4. Discussion

During deuterium and argon ion bombardment of
HOPG a shift in BE and a broadening of the C 1s peak
are observed. The shift of the C 1s peak to lower BE for
both ion species is caused by a decrease in intensity at
the graphitic carbon position (284.2 eV) and an increase
of intensity at lower BE. The difference spectra reveal a
peak 0.35-0.53 eV below the graphitic signal. In contrast
to the existing literature the difference spectra allow to
distinguish components in the C 1s signal rather than to
characterize spectral changes through mere peak shifts.
Compared to results from earlier work we are able to
attribute the main peak and the high-BE signal to gra-
phitic carbon and carbon in a disordered graphitic en-
vironment [9]. The fact that the high-BE component
(285.2 eV) also disappears in the HOPG experiments
under annealing corroborates the assignment to a dis-
ordered graphite state. The new peak at lower BE is
assigned to states induced by the ion beams. A shift to
lower BE has previously been observed in the literature
[15,16] without separating components in the C Is sig-
nal. In our measurements we do not observe a shift to-
wards higher BEs after extended ion implantation. On
the contrary, after annealing of the implanted samples
the C 1s signal shifts even further to lower BE.

The intensity decrease in the C Is signal during ion
implantation into HOPG is explained by the dilution of
the carbon in the XPS information depth by hydrogen
or argon. In contrast to what has been reported in the
literature [15-17] we do not observe a peak shift to
higher BEs at prolonged D" implantation; this shift has
been attributed to the formation of C-H bonds [16,17].
BEs above 285.0 eV could also be attributed to sp*-hy-
bridized carbon [18] which, however, is unlikely to be
produced within a collision cascade at low fluences. Not
compatible with the argument of C—H bond formation
for a signal at any new BE is the fact that all shifts/
contributions observed here appear under both D™ and
inert Art bombardment. An interpretation of the shift
to lower BEs by C-H bond formation of unsaturated
hydrocarbons would be the BE values for sp and sp?
carbon from [18]. HREELS measurements also indicate
the formation of sp? and sp® carbon [19]. However, the
identical observations for Ar* implantation rule out this
interpretation at least as far as being the only explana-
tion. Similar shifts were also observed under Het im-
plantation [20]. We therefore attribute the C 1s intensity
below 284.0 eV to defects in the graphite lattice, pro-
duced by the collision cascades, and therefore different
from the disordered graphitic carbon with a BE of 285.2
eV. The reason for the smaller changes at below 284 eV

in the case of the carbon film compared to the HOPG is
the lower degree of structural order in the film. The film
C 1s peak is initially already much wider than from
HOPG and changes due to the ion-beam-induced effects
are harder to detect.

The C Is spectra and also the respective difference
spectra of the carbon film on titanium do not allow a
similar distinction between the elementary carbon
binding states as in the case of HOPG. Initially, the
disordered graphite phase has a high weight within the
whole peak. The D bombardment leads to an erosion,
preferentially of the disordered graphite, and finally also
of the graphitic carbon. The preferential erosion of the
disordered phase is concluded from the decrease of the
full-width-at half-maximum of the high-BE peak (1.63
eV initially and 1.04 eV after 3.9 x 10'® cm~2), the total
shift of the peak to lower BEs, as well as from the
asymmetric development of the peak in the difference
spectrum. As in the HOPG experiments, the D* bom-
bardment leads to the formation of a small amount of
radiation-induced defects, visible by the small peak
around 283.6 eV in the difference spectra. In contrast to
the HOPG samples, these defects in the film are only
visible initially and are obscured by the decrease of the
subcarbide phases during D' implantation. Carbon
bound directly to titanium in TiC is initially present at
the interface between the carbon layer and the substrate
[6], and becomes more accessible to XPS with pro-
gressing layer erosion and even increases by ion-beam
mixing. lon-beam-induced carbide formation was al-
ready observed for noble gas ions [11]. After a maximum
of the TiC signal (at 281.8 e¢V) at 5.5 x 10'® cm™2 this
intensity decreases because of TiC erosion.

The total C 1s intensity decreases exponentially up
to a fluence of 8 x 10'® cm~2. Above, the intensity de-
crease follows a linear shape. The threshold between
the two parts is characterized by the complete disap-
pearance of carbon intensity other than from TiC (peak
at 281.8 eV). The different slopes suggest different
erosion mechanisms. Below the threshold, elementary
carbon is eroded chemically by deuterium ions. The
exponential shape is caused by an erosion mechanism
which involves the entire carbon layer, similar to the
ion-induced desorption of an adsorbed monolayer [21].
This is plausible since the implantation range of 4 keV
D" in C on Ti extends to more than 100 nm, as cal-
culated by TRIDYN. Therefore, the whole carbon
layer of 2.9 nm is irradiated and chemical erosion takes
place simultaneously throughout the entire layer. From
the exponential curve, a reaction cross-section for car-
bon by D of 6epem = 4.7 x 10717 cm™2 is calculated.
Above the threshold fluence, an erosion yield of 0.003
results from a linear fit to the data. This number is in
the range of the physical sputtering yield: TRIDYN
calculations [22] for 4 keV D™ on graphite give a yield
of 0.0074. Taking into account that TiC has a 1:1
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stoichiometry, the result of this work agrees well with
this TRIDYN calculation.

5. Summary

In summary, different binding states of carbon on
HOPG and carbon films on titanium during the inter-
action with deuterium ions are identified. The difference
spectra enable one to identify contributions from dis-
ordered graphitic carbon as well as from radiation-
induced defects besides the graphitic carbon state. The C
Is peak shift to lower binding energies due to ion im-
plantation is caused by an increase of the radiation-in-
duced defects on HOPG. In carbon films, the disordered
graphitic fraction is eroded preferentially, before the
remaining elementary carbon reacts. An erosion cross-
section for thin carbon films is determined. Carbon
bound in TiC at the interface erodes by a different
mechanism with a linear rate within the applied fluences.
No formation of hydrocarbons by D* bombardment,
especially with sp>-hybridized carbon, is observed.
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