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The temperature dependence of chemical erosion and chemical sputtering of amorphous hydrogenated carbon
films due to exposure to hydrogen atoms (H0) alone and combined exposure to argon ions and H0 was measured
in the temperature range from 110 to 950 K. The chemical erosion yield for H0 alone is below the detection limit
for temperatures below about 340 K. It increases strongly with increasing temperature, goes through a maximum
around 650 to 700 K and decreases again for higher temperatures. Combined exposure to Ar+ and H0 results
in substantial chemical sputtering yields in the temperature range below 340 K. In this range the yield does not
depend on temperature, but it increases with energy from about 1 (eroded carbon atoms per impinging Ar+ ion)
to about 4 if the ion energy is increased from 50 to 800 eV. For temperatures above 340 K the measured erosion
rates show the same temperature dependence as for the H0-only case, but they are higher than for H0-only. The
difference between the Ar+ and H0 and the H0-only cases increases monotonically with increasing ion energy.
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I. INTRODUCTION

Plasma-facing components in thermonuclear fusion devices
have been mainly made of carbonaceous materials in the last
two decades. In the present design for ITER it is also fore-
seen to build parts of the divertor—the strike zone—from
CFC (carbon fiber composites) material [1, 2]. With this
choice, erosion and redeposition of carbon accompanied by
co-deposition of hydrogen isotopes is expected to be one of
the dominant tritium retention mechanisms [1, 3, 4].

The process of tritium retention in redeposited layers can
roughly be separated into three steps: i) erosion, ii) trans-
port through the boundary plasma, and iii) surface reactions of
neutral carbon carrying species in remote surface areas. This
article deals with the first step, the erosion process which leads
to the production of volatile hydrocarbon molecules through
interaction of the plasma species with carbon surfaces. The
most important plasma species in this context are energetic
particles (ions and neutrals) and thermal or low energetic hy-
drogen atoms.

From a large number of experimental studies it is well
known that bombardment with hydrogen ions or the com-
bined interaction of thermal atomic hydrogen and energetic
ions leads to significantly higher sputtering yields than pre-
dicted for pure physical sputtering (see e.g. [5] or [6] and ref-
erences therein). Recently, Hopfet al. [7–10] systematically
investigated the combined interaction of argon ions and ther-
mal hydrogen atoms with plasma-deposited amorphous hy-
drogenated carbon (a–C:H) films in the low-energy region (20
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- 800 eV). They found a significantly enhanced erosion yield
compared with the sum of the individual processes — physi-
cal sputtering due to ion bombardment and chemical erosion
due to hydrogen atoms. Such a synergistic effect, i.e., that the
yield of the combined interaction of ions and neutrals hydro-
gen atoms is higher than the sum of the yields of the individ-
ual processes, has been found earlier by Vietzkeet al. for the
combined bombardment of graphite with Ar+ (5 keV) + H0

[11, 12] and by Daviset al. for H+ (50 eV to 3 keV) + H0

[13]. Erosion due to the combined interaction of reactive neu-
trals and energetic ions was namedchemical sputtering[5, 7–
10].

A key signature of chemical sputtering is the temperature
dependence of the sputtering yield [5]. Despite the large
number of investigations for chemical erosion and chemical
sputtering of graphite (for a review of this field see Ref. [5])
only a few investigations were so far devoted to a–C:H films.
On the other hand, a–C:H films represent a model system for
the chemical sputtering of graphite by hydrogen ions and the
study of such films helps to better understand the involved
basic processes. The bulk of the studies devoted to a–C:H
films addressed the measurement of the production yield of
certain hydrocarbon species by mass spectrometry [11–20].
Although such experiments deliver very valuable information
on the erosion process and the produced species, they do not
necessarily determine the total erosion yield. The determina-
tion of total erosion yields, e.g., by ellipsometry [7–10], pro-
vides information complementary to the mass spectrometric
studies.

Vietzke et al. [15, 16] investigated the chemical erosion
of a–C:H films due to exposure to thermal atomic hydrogen
and the chemical sputtering due to bombardment with hydro-
gen ions, measuring hydrocarbon (CxHy) production yields by
mass spectrometry. They found that the erosion yield of ther-
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mal hydrogen atoms for a–C:H films is much higher than for
graphite and comparable to the yield for energetic hydrogen
ions on graphite [15–18]. The temperature dependence for
the erosion of a–C:H films with atomic hydrogen is similar
to that of the chemical sputtering of graphite using energetic
hydrogen ions [16–18].

The chemical erosion of thin, ion-beam deposited, amor-
phous hydrogenated carbon films due to exposure to a flux
of thermal atomic hydrogen alone was extensively studied by
Küppers and coworkers [21–27]. Based on a wealth of exper-
imental data they devised an atomistic model for the chemical
interaction of atomic hydrogen with such films and developed
a rate equation system which allows to describe the experi-
mentally observed temperature dependence [27]. We reem-
phasise that chemical erosion is a purely chemical, thermally
activated reaction which requires no kinetic energy—beyond
thermal levels—to enable the reaction. The experimental and,
as a consequence, also the model results of Hornet al. [27]
show qualitative agreement with the experimental results of
Vietzkeet al. [15, 16]. But the absolute yields of Hornet al.
are about a factor of 10 lower than those of Vietzkeet al. The
absolute chemical erosion yield at the maximum temperature
(Tmax) was also determined by Schwarz-Selingeret al. [28].
The obtained value atTmax= 650K is 2±0.7×10−2 [28].

Based on the model by Hornet al. [27] Roth and Garćıa-
Rosales developed an analytical formula describing the chem-
ical sputtering of graphite by hydrogen ions [29]. This for-
mula was later revised by Roth [30]. This analytic description
was developed and optimized for bombardment of graphite
with energetic hydrogen ions. It is not directly applicable
to erosion of a–C:H films and in particular not to the co-
bombardment experiments with ions and atomic hydrogen
[5, 7–10].

In this article we present measurements of the temperature
dependence of chemical erosion and chemical sputtering of
plasma-deposited a–C:H films measured by ellipsometry. The
films were exposed to a flux of atomic hydrogen alone or a
combined flux of atomic hydrogen and argon ions of different
energies, respectively.

II. EXPERIMENTAL

The particle-beam experiments were carried out in the MA-
JESTIX device. The experimental setup is depicted in Fig. 1
and thoroughly described in [31]. In short: For the experi-
ments described in this report the ion source and one radical
beam source were used. A beam of mass filtered argon ions
was produced by a commercial Colutron G2-D low-energy ion
gun system [32]. One of the radical beam sources is used to
generate a flux of thermal, atomic hydrogen. Film thickness
changes were measured in real time by ellipsometry. Because
of the strong correlation of all physical properties of the inves-
tigated hydrocarbon layers [33, 34], the carbon density of the
layers can be determined from the measured optical constants.
This allows converting the film thickness change into the num-
ber of eroded carbon atoms. Since the impinging ion flux den-
sity is measured, erosion yields can be calculated from the
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FIG. 1: Schematic representation of the MAJESTIX experiment.

erosion rates. The argon ion flux,jAr, was(3.5to4.3)×1012

cm−2s−1. The atomic hydrogen flux,jH0, for all experiments
presented in this article was about1.2×1015 cm−2s−1. It was
determined using the method described in Ref. [28]. For the
flux calibration the erosion rate at 650 K is measured. From
the so determined erosion rate the flux is calculated assum-
ing the published erosion yield of(2±0.7)×10−2 [28]. The
yields for the exposure to atomic hydrogen are given as num-
ber of eroded carbon atoms per impinging hydrogen atom. For
the cobombardment case (Ar + H0) the yields are normalized
to the ion flux, i.e., they are given as number of eroded carbon
atoms per impinging ion.

As samples, silicon wafers with approximately 30 nm thick
a–C:H films were used. Amorphous hydrogenated carbon
films were produced in the load lock of the MAJESTIX setup
using an RF plasma with methane (CH4) as working gas. Typ-
ical hard, diamond-like a–C:H films with a hydrogen content
of H/(H+C) ≈ 0.3 (refractive index about 2, density about
2 g cm−3) were produced at a self bias voltage of about 300 eV
[33, 34]. The sample temperature during interaction with the
particle beams is measured by a thermocouple pressed to the
sample surface. The uncertainty of the temperature measure-
ment is estimated to be about±20K.

The in-situ ellipsometry setup was slightly improved com-
pared to Ref. [31]. The laser for the ellipsometer was replaced
by a laser with a smaller beam diameter (0.8 mm compared
with 1.5 mm in the old setup) which allows measurements
with better spatial resolution (2.5 mm compared with 4.5 mm
in the old setup). Because the beam profile of the ion beam
is relatively strongly peaked, the better spatial resolution of
the ellipsometer allows a more accurate determination of the
erosion rates.
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FIG. 2: Chemical erosion of a–C:H films due to exposure to a flux of
thermal, atomic hydrogen (jH0 = 1.2×1015 cm−2s−1) as a function
of temperature (solid circles, the line is only a guide to the eye). The
y-error bars represent only the relative error of the data caused by
the uncertainty in the determination of the eroded film thickness. For
comparison, data of Vietzkeet al. [17] and Hornet al. [27] are
also shown. The calibration value (big cross) is taken from Schwarz-
Selingeret al. [28]. The associated relatively large error represents
the uncertainty of the flux calibration.

III. RESULTS AND DISCUSSION

Fig. 2 shows the chemical erosion yield for exposure of
a–C:H films to a flux of thermal hydrogen atoms as a func-
tion of sample temperature as measured by in-situ ellipsom-
etry in MAJESTIX (solid circles). For temperatures below
about 340 K the yield is below the detection limit of about
3×10−4. Above 340 K it increases strongly with increasing
temperature, goes through a maximum around 650 to 700 K
and decreases again for temperatures higher than 700 K.

The maximum yield at 650 K is given by the published
value of (2± 0.7)× 10−2 measured by Schwarz-Selingeret
al. [28] which is als shown as big cross in Fig. 2. This value
of Schwarz-Selingeret al. is used to calibrate the atomic hy-
drogen flux density atTmax. With other words, our data are
normalized relative to that data point.

The y-error bars in Fig. 2 are given by the uncertainty due
to the determination of the total eroded film thickness. They
represent the relative error of the measurement. This error is
highest for the data point at 340 K because for this layer only a
relative small thickness change was measured (see Fig. 2). For
the data point at 800 K this contribution to the error is some-
what higher, because the optical constants of the a–C:H films
change at these high temperatures. This change adds to the
uncertainty in film thickness measurements. For all other data
points the uncertainty due to film thickness determination are
comparable to the symbol size. We emphsise that these error
bars do not include the uncertainty of the calibration value.

Our data are compared to data from the literature in Fig. 2.

Vietzkeet al. [17] determined the erosion of plasma-deposited
a–C:H films by atomic hydrogen by measuring the time re-
quired to erode a film of given thickness (dash-dotted line in
Fig. 2). It should be noted here that in earlier publications of
Vietzkeet al. [15, 16] the hydrocarbon (CH3 and CH4) pro-
duction yields of a–C:H films were published. Zechoet al.
have shown that CH3 and CH4 contribute about 35% to the
total erosion yield. In fact, the yields in Refs. [15, 16] are
about a factor of 3 lower. The chemical erosion yields given
in Ref. [17] show the same general trend and comparable po-
sition of the maximum, but the absolute values are a factor of
5 to 8 higher than our data (maximum yield at 720 K = 0.12).
In this respect it has to be noted that the chemical erosion
yield sensitively depends on the actual microstructure of the
investigated carbon material [15, 17, 28, 35] which can lead
to a variation of the order of a factor of 10 [15]. On the other
hand, the data of Vietzkeet al. [15–17] could be inaccurate
by a factor of 5 to 10 due to a large uncertainty of the hydro-
gen atom flux measurement. This is hard to asses since the
determination of the hydrogen atom flux was never discussed
by Vietzkeet al.

Also shown in Fig. 2 are results of Hornet al. [27]. What is
actually displayed in the figure are the model results (dashed
line) of Hornet al. [27] which were fitted to the experimental
data. These data, measured for ultrathin, ion-beam-deposited
a–C:H films in an ultra high vacuum experiment are in reason-
able agreement with our data, but give a systematically lower
yield than our measurements. The uncertainty of the flux mea-
surement and accordingly of the determined yields published
by Horn et al. was mentioned to be of the order of a factor
of 3 [21]. The maximum yield of Hornet al. is 0.009. The
increase with increasing temperature is in excellent agreement
with our data, however, there are significant deviations at high
temperature. It has to be noted that measurements at high
temperatures are complicated by the fact that the films start
to undergo temperature induced changes, so that the detailed
behaviour at high temperature can depend to a substantial ex-
tent on the temperature history of the sample and the exact
experimental procedure.

Figure 3a shows chemical sputtering yields for combined
exposure to Ar+ and H0. In contrast to the measurements for
H0 only, which are also shown, we find measurable yields in
the temperature range below 340 K. In the range from 110 to
340 K, the yields are independent of temperature. The yields
increase with increasing ion energy from about 1 (per im-
pinging Ar+ ion) at 50 eV to about 4 at 800 eV. These data
are in excellent agreement with the previously measured en-
ergy dependence of chemical sputtering [7–10]. It has been
shown before that the yield for the chemical sputtering due to
combined irradiation with argon ions and H0 depends on the
neutral-to-ion flux ratioR [8]. For the measurements shown
in Fig. 3 the flux ratios are between 340 and 360. The con-
stancy of the yield for temperatures below 340 K compares
nicely with the results of E. de Juan Pardoet al. [36]. They
measured the methane production yield for bombardment of
pyrolytic graphite with 30 eV deuterium ions and found that
the value stays constant in the temperature range from about
120 to 350 K.
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FIG. 3: a) Chemical sputtering of a–C:H films due to combined exposure to argon ions and thermal, atomic hydrogen as a function of
temperature for different argon ion energies. The neutral-to-ion flux ratiosR are between 340 and 360. For comparison, the data for H0 only
(chemical erosion) are also shown. Lines are only a guide to the eye. b) Comparison of the sum of the chemical sputtering rate at 340 K
(ΓlowT

Ar++H0) and the chemical erosion rate at 700 K due to atomic hydrogen alone (ΓTmax
H0 ) (hatched bars) with the measured value (ΓTmax

Ar++H0) for
100 and 800 eV ion energy (solid black bars). In contrast to a) these data are presented on a linear scale.

All experiments were performed with a constant hydrogen
flux of about1.2×1015 cm−2s−1. Therefore, we can directly
compare the measured rates for the different experiments. Be-
cause we use different normalizations of the yields for the two
different cases (H0-only or H0 plus ions), it is more convenient
to make the following comparison for the rates. For temper-
atures above 340 K the rates for Ar+ plus H0shows the same
temperature dependence as for the H0-only case, but they are
in the complete temperature range systematically higher than
for H0 only. The difference to the H0-only case increases
monotonically with increasing ion energy. It seems that the
curves for the different ion energies do not intersect, but are
higher than for the H0-only case by a constant factor. As a first
explanation for this ion-induced enhancement we could as-
sume that the behavior at high temperatures can be explained
by two contributions. The first being the energy-dependent
but temperature-independent chemical sputtering observed at
low temperature (i.e. below 340 K). The second contribution
is the temperature-dependent yield due to H0 only. This at-
tempt of an explanation is illustrated in Fig. 3b. Shown is–on
a linear scale–the erosion rate at 100 and 800 eV. The hatched
areas represent the measured erosion rates at 340 K at the cor-
responding energy and the rate atTmax for H0 only, respec-
tively. Fig. 3b shows that the measured rates for Ar+ plus H0

(black bars) are in both cases higher than the sum of these two
processes, so that this simple assumption fails to explain the
data. Obviously, at higher temperatures the synergistic effect

is stronger than at low temperature. We interpret this as an in-
dication that the damage produced by the ion bombardment
causes an enhanced reactivity of the surface towards reac-
tion with atomic hydrogen without influencing the activation
energy. This means that the temperature dependence shows
the identical analytical behaviour, but with an enhanced effi-
ciency compared to the H0-only case. As a result, the curves
for different ion energies are shifted with respect to the H0-
only case by an energy-dependent factor. The experimen-
tal observations and the given interpretation are in excellent
agreement with the Roth model [29, 30]. This model gives
an analytical description of chemical sputtering for bombard-
ment of graphite with hydrogen ions. Although this model
can not be applied for our case it comprises the main physical
and chemical interactions which are important for the inter-
pretation of our experiments, namely damage production by
energetic species and chemical reactions of atomic hydrogen
with this damage. Roth and Garcı́a-Rosales model the en-
hancement of the efficiency of the chemical erosion step by
an energy-dependent factor.

IV. SUMMARY

The temperature dependence of chemical erosion and
chemical sputtering of a–C:H films due to exposure to hy-
drogen atoms (H0) alone and combined exposure to argon
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ions and H0 was measured. The chemical erosion yield for
H0 alone is below3× 10−4 for temperatures below about
340 K. It increases strongly with increasing temperature, goes
through a maximum around 650 to 700 K and decreases again
for higher temperatures. This behaviour is in general agree-
ment with published data on the temperature dependence for
this system. The quantitative agreement with the results of
Horn et al. [27] is fair. Published results of Vietzkeet al.
[17, 18] are roughly a factor of 5 to 8 higher. This might be
due to a different structure of the deposited film which was
shown to have a strong influence on the measured erosion
yields.

Combined exposure to Ar+ and H0 results in measurable
chemical sputtering yields in the temperature range below
340 K. In this range the yield does not depend on tempera-
ture, but it increases with energy from about 1 (per impinging
Ar+ ion) to about 4 if the ion energy is increased from 50 to

800 eV. The energy dependence at T< 340 K is in excellent
agreement with recently published data [7–10].

For temperatures above 340 K the yield shows the same
temperature dependence as for the H0-only case, but the yields
are higher than for H0-only. The erosion yield at these high
temperatures can not be explained by the sum of the energy-
dependent yield at room temperature and the temperature-
dependent yield for the H0-only case. The measured yields are
in fact systematically higher than this sum. The difference in-
creases monotonically with increasing ion energy. This can be
interpreted as an energy-dependent enhancement of the chem-
ical erosion yield as has been postulated by Roth and Garcı́a-
Rosales [29, 30] to model the chemical sputtering of graphite
at elevated temperatures.
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