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Reactivity of soft amorphous hydrogenated carbon films
in ambient atmosphere
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Abstract

Thermally induced decomposition of soft amorphous hydrocarbon films was investigated by thermal effusion spectro-
scopy. Released species were detected by a sensitive mass spectrometer. Soft films exhibit a desorption maximum at
T � 760 K while hard films have their maximum at T � 875 K. We found a significant reactivity of soft layers towards
air and in particular towards humidity in the air. After three month exposure to ambient atmosphere, thermal effusion
spectra are significantly different. Water and carbon dioxide peaks increase with exposure time whereas the contributions
from hydrocarbons decrease.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the present design for the fusion experi-
ment ITER, it is envisaged to build parts of the
divertor – the strike zone – from CFC (carbon fiber
components) material. This will lead to strong
plasma–surface interaction of the boundary plasma
with carbon surfaces. The result of this interaction is
the erosion of the divertor and the emission of
carbon and hydrocarbon compounds into the gas
phase. Most of these released species will redeposit
in relative close proximity to their place of origin
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and will form diamond-like amorphous hydro-
genated carbon (hard a-C:H) with an atomic ratio
of hydrogen isotopes to carbon of about 0.4. How-
ever, a small fraction of carbon and hydrocarbon
species is not redeposited in the divertor and causes
deposition of hydrocarbon layers on surfaces not in
direct contact with plasma. Many investigations
have been devoted to a study of these redeposited
layers [1–8], and it seems clear that they are soft
hydrocarbon layers with high H content. A large
fraction of high sticking species contributes to their
deposition [9]. Significant amounts of tritium will be
retained in the redeposited layers on the wall surface
during D-T operation, resulting in a potential envi-
ronmental risk during accidental vacuum loss
because the redeposited films are not stable in air.
.
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Table 1
Optical properties and thickness of the investigated samples as
determined by ex situ ellipsometry

n

(632 nm)
k Thickness

(nm)
Exposure
time

Temperature
ramp
(K/min)

A1 1.56 0.001 400 3 days:air 15
A2 34 days:air 15
A3 95 days:air 15
B 1.58 0.001 220 10 min:air +

68 days: dry
air

30

C 1.57 0.001 400 10 min (air) 30

Also given are the exposure conditions and the temperature
ramps for the thermal effusion investigations.
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Causey et al. [10] observed that tritium could be
completely released from a redeposited carbon layer
(very soft film) due to air exposure at 573 K. Fer-
nandez et al. [11] have shown that after air expo-
sure, the amount of preimplanted deuterium that
could be desorbed decreases by a factor of two
and that water plays an important role in the forma-
tion of deuterated compounds. Wang et al. [12] have
shown that hard a-C:H films are eroded during air
annealing (700 K) due to oxidation in contrast to
vacuum annealing which results in thermal desorp-
tion of hydrogen and hydrocarbons at higher
temperature (875 K). Maruyama et al. [13] have
shown by infrared spectroscopy that soft a-C:D
layers oxidize due to exposure to ambient atmo-
sphere. During annealing in air they erode more
easily than hard layers (550 K). In the present work,
the oxidation of soft a-C:H films due to air or
humid air exposure are studied by thermal effusion
spectroscopy.

2. Experimental

Details about the experiment and sample prepa-
ration will be published elsewhere [14]. In short:
The investigated soft a-C:H films with H/C ratios
of about 0.8 are deposited on silicon substrates by
plasma chemical vapor deposition (PCVD) in a
capacitively coupled rf glow-discharge using CH4

as feed gas. Prior to deposition the silicon samples
are cleaned using oxygen and then hydrogen plas-
mas. Details of this pre-treatment are given in Ref.
[15]. Pressure during plasma deposition is 2 Pa. To
produce soft a-C:H layers, samples are mounted
to the grounded electrode which has a distance of
10 cm opposite to the driven-electrode. The ion
energy during deposition on the grounded electrode
is estimated to be well below 30 eV so that soft,
polymer-like a-C:H films grow [16].

Five samples are presented here; their thickness
and optical properties as measured by ex situ ellip-
sometry at 632 nm are given in Table 1. Ellips-
ometry measurements were made directly after
deposition using an ex situ ellipsometer. The mea-
sured optical properties are typical of soft a-C:H
layers. Each sample used for thermal effusion mea-
surements was at least for a short time exposed to
ambient atmosphere because the samples had to
be transported from the plasma deposition chamber
to the thermal effusion experiment. The three sam-
ples A1, A2, and A3 are from the same deposition
run. They were stored in ambient atmosphere. Some
samples were stored after deposition in dry air in a
desiccator partially filled with silica gel to remove
humidity from the atmosphere (sample B). The
shortest time of contact to air was about 10 min
(sample C).

Thermal effusion spectra are measured in the
experimental device TESS (thermal effusion spec-
troscopy set-up) specifically designed to allow
sensitive thermal effusion studies of thin films
and surface layers. TESS is an ultrahigh vacuum
(UHV) experiment equipped with a Cryopump to
provide high pumping speed and a sensitive quadru-
pole mass spectrometer (QMS). The base pressure
of TESS is in the 10�9 Pa range. The QMS is a Pfeif-
fer/Inficon DMM 422 equipped with a cross-beam
electron source. The electron energy in the ion
source of the QMS was set to 40 eV for all experi-
ments and the emission current was set to 0.6 mA.
The temperature of the sample holder is measured
by a Chromel/Alumel (Ni/NiCr) thermocouple. It
allows generating a linear temperature ramp
controlled by a PID controller (Eurotherm 902 P).
The temperature ramps used in the five experiments
presented here are 15 K/min or 30 K/min. We have
checked that the two temperature ramps yield iden-
tical thermal effusion spectra of samples presented
here so that we can compare the normalized shapes.
3. Results and discussion

Thermal effusion spectra (TE spectra) for the five
investigated samples are presented in Fig. 1. The
normalized mass spectrometry signal for 15 amu is
shown. The 16 amu signal yields similar spectra,
but in some cases water contributes to it. We assign
the 15 amu signal to the CH3 ion which is produced



Fig. 1. Normalized QMS signal for the mass 15 amu for the five
different samples described in Table 1. The spectra are normalized
to yield the same peak integral.

Fig. 2. Photo of a soft a-C:H sample stored for three months in
humid air (from the same deposition run as samples A).
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by dissociative ionization from methane and higher
hydrocarbons in the ionizer of the QMS. The spec-
trum of sample C shows two distinct maxima at 760
and 820 K. Sample B shows a similar shape as C,
but the intensity ratio of peaks 1 and 2 changes sig-
nificantly. A1 shows a very similar spectrum as B
while for A2 and A3 the first peak has almost com-
pletely disappeared. Sample C had the shortest con-
tact to air (about 10 min). Sample B was exposed to
air for about 15 min and stored for 68 days in a des-
iccator in dry air. It shows a very similar spectrum
as sample A1 which was exposed to air for about
3 days. Samples A2 and A3 were stored in air for
34 and 95 days, respectively. In our TE spectra we
are usually recording 29 mass channels in the range
from 1 to 95 amu. Most other measured mass chan-
nels exhibit only one desorption peak with a peak
temperature around 760 K. We note that all mass
channels other than 15 and 16 amu show no corre-
sponding change of peak shape but a change of
intensity.

From the comparison of samples A1, A2, and
A3, which were deposited in the identical deposition
run, we can clearly recognize the influence of
storage in air. It seems that the reaction of this layer
is almost complete after 34 days. In any case, the
difference between the spectra of samples A2 and
A3 (34 days vs. 95 days) are rather small. Sample
B which was stored for 68 days in dry air shows a
spectrum very similar to A1. We, therefore, con-
clude that the reaction was either completely sup-
pressed or proceeded much slower in that case.
The sample with the shortest contact to air, sample
C, shows a very strong first peak and only a weak
second peak. From this sequence of TE spectra we
speculate that the peak at 820 K occurs only if the
sample was exposed to air. Unfortunately, the pres-
ent experimental set-up does not allow to measure
TE spectra without any intermediate contact to air.

We further hypothesize that the water of the
ambient air is responsible for the observed changes
of the layers. Sample B which was stored for 68 days
in dry air has a spectrum comparable to that of A1,
but for sample A2, which was for 34 days in ambi-
ent air, the first peak has almost completely disap-
peared. This suggests that water is the most
important reactant. To test this hypothesis we
stored an additional sample for three months in
humid air. This sample was placed in a box with
two compartments, one containing water and the
other our sample. A picture of this sample is shown
in Fig. 2. The appearance of the sample changed
significantly. The surface is covered with stains
(large grey areas in Fig. 2) and little holes (small
dots in the black areas). Inspections with a micro-
scope revealed that the large grey stains are areas
which are riddled with a network of cracks. It
appears that in these areas the layer has disinte-
grated into little chips which still adhere to the
silicon substrate. Identical samples stored for the
same time in normal air are still intact and uniform,
even after 10 months. From this experimental
observation we draw the conclusion that a chemical
reaction took place between the soft a-C:H layer
and water from the air.
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In Fig. 3 we present a quantitative comparison of
TE spectra of a number of mass channels to demon-
strate the difference between samples A1 and A3 (3
days vs. 95 days in ambient air). Since a quantitative
comparison of mass spectrometry signals over long
time scales is not a priori guaranteed, we measured
in addition samples from the same deposition run
which were stored in vacuum. The TE spectrum
for an identical sample as A1 stored for three month
in vacuum is identical to the spectrum of sample A1.
So, we are very confident that we can make this
quantitative comparison of our mass spectrometry
signals. For the mass 2 amu (H2) signal, the shapes
of the thermal effusion spectra are similar, but the
intensity for A1 is much higher than for A3. This
phenomenon, particularly well visible for 2 amu, is
observed for all mass channels except for those
which are described in the following paragraph. In
addition, the total pressure rises during the TE
Fig. 3. Quantitative comparison of different mass channels of
thermal effusion spectra of the two samples A1 and A3. From top
to bottom: 2 amu, 15 amu, 28 amu, and 44 amu. The firsts two
show a decrease of the corresponding signal while the others two
show an increase.
experiments of A1 and A3 show similar peak shapes
as the 2 amu curves in Fig. 3. The maximum for A3
is about 30% lower than for A1 and slightly shifted
to higher temperature.

For mass 15 the peak shape is changing as
described in Fig. 1. The peak integral of A3 is
slightly lower than that of A1. Masses 18 and 44
keep their shape, but the intensities from A1 are
smaller than from A3. Mass 17, not plotted in
Fig. 3, shows the same behavior as mass 18. Only
the three masses 17, 18, and 44 exhibit a converse
behavior compared with all other mass peaks and
the total pressure rise. This indicates that the
formed reaction products contribute to 17, 18 and
44 amu. These mass peaks correspond most proba-
bly to water and carbon dioxide. This interpretation
is corroborated by published data. Maruyama et al.
[13] have shown by infrared spectroscopy that
chemically bonded OH, CO, and other COH groups
are formed in soft layers by reaction with air. They
can be considered as precursors for volatile H2O,
CO and CO2 species forming during TE experi-
ments. Of course, we also anticipate formation of
CO as decomposition product. But the integral of
mass 28 for A3 is lower than that for A1. In this
case, the interpretation of the mass spectrometric
results is complicated by the fact that other species,
in particular C2Hx (x = 4, 6) and higher hydrocar-
bons, contribute to mass 28. Obviously, the reduced
contribution from hydrocarbons to the 28 amu peak
overcompensates the increased contribution from
CO.

The influence of water was already pointed out
by Fernandez et al. [11] with an increase of the
HDO signals during thermal effusion of graphite
implanted by deuterium plasma and exposed to
atmospheric air. They conclude that this HDO
comes from incorporation of OH groups. Maru-
yama et al. [13] have shown that deuterium in soft
a-C:D layers is replaced by oxygen, hydrogen, and
most probably also OH groups if the samples are
annealed at moderate temperatures in ambient
atmosphere. They concluded that deuterium was
lost either as D2 or through the formation of deuter-
ated water, D2O or HDO. For the erosion process
(due to annealing in air) they propose as the final
step the formation of volatile oxides (CO and
CO2) which leads to the removal of carbon. We
have shown here that precursors for the formation
of water and CO2 in soft a:C-H films appear in
ambient atmosphere already at room temperature.
This reaction is initially very fast (timescale of
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minutes); we assume that it occurs as soon as the
sample is exposed to air, mainly due to reaction of
water with the sample. The initially fast reaction
slows down considerably and further changes occur
on a timescale of days to weeks.
4. Conclusions

Soft, polymer-like hydrocarbon layers, which
represent a model system to study the behavior of
redeposited layers in remote areas of fusion devices,
were investigated by thermal effusion spectroscopy.
We found that these soft layers react on a timescale
of minutes to days if exposed to ambient atmo-
sphere. This reaction causes a significant change of
the thermal effusion spectrum of the mass 15 and
16 amu peaks, a significant reduction of the H2 sig-
nal, and an increase of the signals of water and CO2.
The results indicate that mostly water in the ambi-
ent atmosphere is responsible for this reaction.

This reactivity of soft a-C:H layers towards
ambient atmosphere must always be kept in mind
if redeposited layers from fusion experiments are
to be investigated. Even short exposure to air can
change the chemistry of the layers significantly.
Important consequences of air contact are the
incorporation of oxygen and the loss and exchange
of hydrogen. Further studies investigating the oxy-
gen uptake and hydrogen isotope exchange using
a-C:D layers are underway.
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