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Abstract

Deuterium (D) retention in carbon (C) and tungsten—carbon (W-C) mixed films deposited by reactive magnetron
sputtering in D, atmosphere has been investigated by means of secondary ion mass spectrometry and residual gas
analysis measurements. In the C and W-C films, D is distributed homogeneously throughout the film thickness. With
the deposition temperature increase, the D concentration in the C films is varied from ~0.4 D/C (in units of atomic
ratio) at 400 K to ~0.02 D/C at 973 K. In its turn, the D concentration in the W—C films falls from ~ 0.02 D/(W + C)
at 400 K to values below 1074 D/(W + C) at 973 K. In spite of the presence of carbon atoms in the W—C mixed films
(up to 30%), the concentration of deuterium in these films is much lower than is expected from the assumption that the
W-C mixed film consists of tungsten and graphite inclusions. The deuterium concentration in the W—C mixed films is
close in value to that in pure tungsten or tungsten carbides. The co-deposition of carbon and tungsten atoms is

speculated to lead to the formation of tungsten carbides even at temperatures as low as 400 K.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

According to requirements and selection criteria in
the ITER design, the plasma-facing material of divertor
will be chosen from carbon fibre composite and tung-
sten. Physical and chemical sputtering causes erosion of
the plasma-facing materials and impurity release into the
plasma. As the sputtered carbon atoms arrive at their
new location, they are co-deposited with energetic hy-
drogen isotope ions and neutrals. The characteristics of
the co-deposited carbon layers and other similar coat-

*Corresponding author. Tel.: +7-095 330 2192; fax: +7-095
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ings are reviewed by Jacob [1]. Summarizing the results
on chemical composition of the co-deposited carbon—
hydrogen layers [2-5], it can be said that they are pri-
mary amorphous, contain a large amount of hydrogen,
have hydrogen formed hydride with sp®, sp?, and sp'
hybridized carbon atoms in decreasing probability, and
have hydrogen that is chemisorbed on the carbon as
well. The retention of hydrogen isotopes in tungsten has
been reviewed recently by Causey and Venhaus [6]. Data
on the deuterium trapping in tungsten carbides were
compiled by Alimov et al. [7].

The purpose of this work consists in studying deu-
terium profiles in carbon and tungsten—carbon films
deposited by magnetron sputtering in deuterium atmo-
sphere. In addition, deuterium profiles in chemically
vapour deposited (CVD) tungsten carbide WC coatings
exposed to deuterium plasma were measured to compare
the results obtained for the W—C mixed films and WC
coatings.
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2. Experimental

Carbon (C) and tungsten—carbon (W—C) mixed films
were deposited in a magnetron system by dc sputtering
of graphite and tungsten cathodes, respectively, in D,
atmosphere at a pressure of 0.3-0.5 Pa. The discharge
current was 1.5 A, the discharge voltage was —360 V for
graphite cathode or —500 V for tungsten cathode. All
films were deposited on silicon substrates which were
located over the cathode at a distance of 6 cm. The C
films were deposited first, and in doing so a considerable
amount of carbon was deposited on the walls of the
vacuum chamber. In the subsequent experiments with
tungsten cathode sputtering, the carbon atoms deposited
on the substrate surface simultaneously with W atoms
and O atoms originated from the residual gas. The
substrate temperature was fixed in the range 393-973 K.

The chemical composition of the deposited films was
determined by electron probe microanalysis (EPMA).
The structure of the W—C mixed films was characterized
by reflected high-energy electron diffraction (RHEED).
The W-C mixed films deposited at temperatures <563
K demonstrate amorphous structure with inclusions
of graphite-like and tungsten crystallites about 1 nm in
size. As the deposition temperature increases, the
graphite-like and tungsten crystallites increase in size (up
to 10 nm for graphite inclusions and ~100 nm for
tungsten crystallites). In the mixed films deposited at
temperatures above 733 K, W,C carbide phase is also
observed in the RHEED pattern. The C films have
amorphous structure with graphite-like inclusions.

CVD coatings of tungsten carbide WC were chemi-
cally deposited on nickel substrates from a vapor mix-
ture of tungsten fluoride, carbon-containing gases and
hydrogen at temperature of 750-900 K [7]. The coatings
were exposed to a deuterium plasma at temperatures
in the range 450-650 K. A plasma source with heated
cathode was used to produce low energy deuterium
particles. During D plasma exposure the samples were
under ground potential and the energy of impinging D
ions (mainly D) was estimated to be about 60 eV (30
eV/D™). The flux density of low-energy D particles (ions
and neutrals, in the flux ratio ~1:1) was estimated to be
~2 x 10%° D/(m?s).

The deposited and plasma-exposed samples were
transferred into an analytical UHV chamber for SIMS
measurements of D~ secondary ion species and RGA
measurements of the partial pressure of D, molecules in
the course of sputtering of the surface with 4 keV Ar*.

The sputtering rates of the deposited C and W-C
mixed films were assumed to be equal to those for highly
ordered pyrolytic graphite (HOPG) and CVD WC
coating, respectively. Both for HOPG and CVD WC
coating, the sputtering rate was determined as the ratio
of the depth of the crater produced on the surfaces by
sputtering (using optical interferometer) to the sputter-

ing time with an accuracy of about 20% for HOPG and
40% for CVD WC (note that the surface roughness of
the CVD coating is ~1 pm).

We attribute the appearance of the SIMS D~ signal
to the existence of separate D atoms within the matrix
[8,9]. The cause of the RGA D, signal appearance seems
to be the recombination of D atoms as well as the direct
release of D, molecules from the sputtered layers. A
procedure for the separation of the recombination and
molecular fractions has been described in [8,9]. The scale
factor of D, concentration to RGA mass 4 intensity was
estimated taking into account the sensitivity of the RGA
QMS and the known sputtering yields [10] and pumping
speed. The total error of the RGA QMS calibration was
about 30%.

The calibration of the D~ SIMS signal was carried
out with the use of HOPG implanted with 3 keV D ions
at 300 K and W single crystal implanted with 10 keV D
ions at 100 K to fluences below 3 x 10* D/m> by com-
paring the integral SIMS signal (over the implantation
depth) with the total amount of deuterium in this sam-
ple. Taking into account the calculated concentrations
of deuterium in the implantation zone and the sputtering
yields of graphite and tungsten [10], it was revealed that
the D~ ionization coefficients for these materials are very
close in value. Therefore, we can conclude that the D~
ionization coefficients for the W—C mixed film and CVD
WC coating are also equal to those for graphite and
tungsten. With this provision the error of the calibration
was estimated to be about 30%.

The detection limit in the SIMS/RGA measure-
ments of D atom and D, molecule concentration was
~103 D/ (W+C) and ~ 107* D,/(W + C), respec-
tively.

3. Results and discussion

The deposition rate of C films was found to be
practically zero in the temperature range 500-650 K
(Fig. 1). Note that the temperature dependence of the
erosion of C films by thermal D atoms peaks at ~600 K
with the erosion yield of ~0.1 C/D [11]. Therefore, the
zero value of the C film deposition rate can be explained
by the dominating erosion caused by D atoms and ions
formed in magnetron plasma.

An assumption was advanced earlier [8] that the D~
SIMS signal is related to deuterium atoms bonded to sp?
trigonal hybrid orbitals of C atoms in configurations of
the form D—(sp*)C, whereas deuterium involved in
configurations D,—(sp*)C is detected solely by RGA as
D, molecules. SIMS/RGA depth profiling has shown
that the D-containing configurations are distributed
homogeneously throughout the whole film thickness.
The concentration of deuterium measured by SIMS
and RGA (or in other words, the concentration of the
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Fig. 1. Concentration of deuterium measured by SIMS (a) and
RGA (b) (as speculated, involved in D—~(sp?)C and D,—(sp*)C
configurations, respectively) in the bulk of C films deposited by
magnetron sputtering in D, atmosphere as a function of de-
position temperature. The chemical composition of the films is
shown for each deposition temperature. Note that the C film
deposition rate is practically zero at temperatures 500-650 K.

D—(sp?)C and D,—(sp*)C configurations) in the grown C
films are shown in Fig. 1 as a function of deposition
temperature. With the temperature increase, the value
of the D—(sp?)C concentration varies from ~0.03 [D-C)/
C (in units of atomic ratio) at 400 K to ~0.02 [D-C]/C
at 973 K (Fig. 1(a)). As this takes place, the D,—(sp*)C
concentration value reduces from ~0.20 [D,—CJ/C at
400 K to values below 10~* [D,—C]/C at 973 K (Fig.
1(b)).

In the course of SIMS/RGA profiling of deuterium in
the W-C films, D, molecules were released from the
sputtered layers. The appearance of D, molecules can be
related both to formation of the D,—(sp*)C configura-
tions in carbon inclusions and creation of D, gas filled
cavities in the growing W-C film. The variation of the
concentration of D atoms and D, molecules in the bulk
of the W-C mixed films as a function of the substrate
temperature is demonstrated in Fig. 2. As in the C films,
the D atoms and D, molecules in the W—C mixed films
distributed homogeneously throughout the film thick-
ness. At 400 K, the concentration of the D atoms and D,
molecules in the deuterated W-C mixed film is ~0.007
D/(W + C) and ~0.008 D,/(W + C), respectively. As
the deposition temperature increases up to 800 K, the
concentration of D atoms and D, molecules falls to
values below the threshold of detectability (Fig. 2).
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Fig. 2. Concentration of D atoms (a) and D, molecules (b) in
the bulk of W—C mixed films deposited by magnetron sputter-
ing in D, atmosphere as a function of deposition temperature.
The chemical composition of the films is shown for each de-
position temperature.

Depth profiles of D atoms in CVD WC coatings
exposed to D plasma to a particle fluence of ~ 7 x 10%
D/m?* at Ty, = 450, 550 and 650 K are shown in Fig. 3.
D, molecules were not detected in our experiments and
we conclude that deuterium is accumulated solely as D
atoms. At T, =450 K, the D atom concentration
within the near-surface layer of about 40 nm in thickness
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D/(W+C) atomic ratio
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Fig. 3. Depth profiles of D atoms in CVD WC coatings ex-
posed to D plasma to a particle fluence of ~ 7 x 102 D/m? at
Ty = 450, 550 and 650 K.
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reaches a value of about 8 x 1073 D/(W + C) which is
thought to be saturated and reflect the efficiency of D
trapping by intrinsic defects. The surface concentration
peak (Fig. 3) can be related to deuterium associated with
the surface contamination. Note that a maximum value
of D atom concentration in the implantation zone of
CVD tungsten carbides WC and W, C irradiated with 10
keVD ions at 300 K is about 1.5 x 102D /(W + C) [7],
in doing so the radiation-induced defects are also re-
sponsible for the D trapping. Turning back to the CVD
WC exposed to D plasma, we see that the D concen-
tration within the near surface layer decreases as the
exposure temperature increases (Fig. 3).

The concentration of all deuterium (involved in D—
(sp*)C and D,—(sp*)C configurations) in deuterated C
films varies from ~0.4 D/C at 400 K to ~0.02 D/C at
973 K (Fig. 4). In the W-C mixed films, the concentra-
tion of all deuterium varies from ~ 0.02 D/(W + C) at
400 K to values below 107*D/(W + C) at 973 K. The
saturation concentration of deuterium in the near sur-
face layers of polycrystalline tungsten exposed to D
plasma [7] and irradiated with 500 eV D ions (that below
the threshold for displacement) [12] and CVD WC
coatings exposed to D plasma is plotted also in Fig. 4 as
a function of implantation temperature. The results
presented show that the D concentration in the W-C
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Fig. 4. Deuterium concentration in: (i) the bulk of C and W-C
mixed films deposited by magnetron sputtering in D, atmo-
sphere, (ii) the near-surface layers of CVD WC coatings exposed
to D ions plasma, (iii) the near-surface layers of polycrystalline
tungsten exposed to D plasma [7] and irradiated with 500 eV D
ions [12] as a function of implantation/deposition temperature.
For materials irradiated with low-energy D ions, the error bars
indicate the error in determination of D concentration in the
near-surface layers caused by the D concentration non-unifor-
mity with depth.

mixed films is comparable with that in tungsten and
tungsten carbide implanted with low-energy D ions. It is
pertinent to note that deuterium implanted in poly-
crystalline tungsten at energies below the energy re-
quired for defect creation diffuses far beyond the
implantation range into the bulk even at room temper-
ature and is captured by the intrinsic defects, mainly
dislocations and grain boundaries [7,13].

The D concentration in the C films is more than one
order of magnitude higher than that in the W—C mixed
films (Fig. 4). Thus, in spite of the presence of carbon
atoms in the W—C mixed films (up to 30%), the con-
centration of deuterium in these films is much lower
than it is expected from the assumption that the W-C
mixed film consists solely of the separate tungsten and
graphite inclusions. Thus, the co-deposition of carbon
and tungsten atoms is speculated to lead to the forma-
tion of tungsten carbides even at temperatures as low as
400 K. It should be mentioned that tungsten carbide
formation has been observed when separate layers of W
and C are sputter- or ion beam-deposited successively on
each other at, or slightly above room temperature [14—
16]. When the W-C mixed film is deposited, the sub-
strate surface is bombarded with tungsten, carbon,
deuterium atoms and ions and CDy particles as well. In
doing so, precipitators of tungsten carbide phases (along
with carbon and tungsten precipitators) are concluded
to be formed in the bulk of growing film. EMPA anal-
ysis has shown that oxygen atoms are present in the
films, and it is believed that the tungsten oxide precipi-
tators are also formed in the growing film. Deuterium
implanted as low energy ions and neutrals is captured by
dissimilar defects formed during the film growth—car-
bon inclusions, tungsten oxides [17], grain and precipi-
tate boundaries, microvoids, microcracks, etc.

4. Conclusions

In C and W-C films deposited by dc magnetron
sputtering in D, atmosphere, deuterium is distributed
homogeneously throughout the whole thickness. With
an increase in deposition temperature, the deuterium
concentration in the C film is varied from ~0.4 D/C at
400 K to ~0.02 D/C at 973 K.

W-C mixed films deposited by dc magnetron sput-
tering in D, atmosphere contain graphite-like, tungsten
and inclusions of tungsten carbide W,C. At 400 K, the
deuterium concentration in the W-C mixed film is
~ 0.023 D/(W + C). Thus, in spite of the presence of
carbon atoms in the W—C mixed films (up to 30%), the
deuterium concentration in these films is much lower
than it is expected from the assumption that the W-C
mixed film consists solely of tungsten and graphite pre-
cipitators.



V.Kh. Alimov, D.A. Komarov | Journal of Nuclear Materials 313-316 (2003) 599603 603

The co-deposition of carbon and tungsten atoms is
speculated to lead to the formation of chemical com-
pounds, namely tungsten carbides, even at temperatures
as low 400 K. Deuterium incorporated into this process
is accumulated in the growing film up to concentrations
which are typical for pure tungsten or tungsten carbides
but not for graphite inclusions.
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