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Retention behavior and chemical states of energetic deuterium (D) implanted into a carbon-contained
boron film were investigated by XPS and TDS. It was found from the TDS results that D desorption pro-
cesses were consisted of following four stages. Two of them were the desorptions of D bound to B as
forming B–D–B and B–D bonds, and the others were thought to be that bound to C with different config-
urations. These results were consistent with the XPS results, showing the C–B (sp2), C–B (sp3) and C–C
bonds were formed in the carbon contained boron film. These desorption peaks were attributed to
B–C–D and C–C–D bonds, and most of D was mainly trapped by C and desorption temperature was higher
than trapped by B, indicating that the D trapped by C would be critical issue for the hydrogen isotope
retention control in fusion devices. It was concluded that D trapped by C, especially as C–C–D bond,
was chemically stable even though at high temperature.

� 2009 Published by Elsevier B.V.
1. Introduction

Boronization is one of wall conditioning techniques for fusion
reactors and has been applied to many devices like JT-60U at Japan
Atomic Energy Agency (JAEA), Large Helical Device (LHD) at Na-
tional Institute for Fusion Science (NIFS), and so on [1–3]. It is well
known that boron can easily trap impurities, like oxygen, carbon,
and so on, and keep stable plasma discharge [4–7]. Thus, it is pre-
dicted that large amount of impurities would be scavenged by the
boron film. During fusion operation, it is expected that hydrogen
isotopes including tritium, are implanted energetically into the
boron film, and various chemical states of tritium are thought to
be formed.

In our previous studies, the chemical behavior of deuterium (D)
implanted into the pure boron films and the oxygen-contained
boron films have been studied. It has been reported that B–D–B
and B–D bonds were formed for the pure boron films, and B–D–
B, B–D and O–D bonds for the oxygen-contained boron films with
the oxygen concentration above 37% [8]. It was also found that the
D retention in the oxygen-contained boron film decreased as the
oxygen concentration increased. On the other hands, when car-
bon-based materials are applied as Plasma Facing Materials
(PFMs), it is expected that carbon is also dissolved into the boron
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film and stable solid carbon-contained boron films, like boron
carbide will be formed and hydrogen isotope would be trapped
not only by boron but also by carbon because of high affinity with
hydrogen isotopes, and remained in the films. Therefore, it is
required to reveal the retention behavior and chemical states of
D in the carbon-contained boron films. In this study, to elucidate
the D trapping and retention behaviors, implantation temperature
was changed for the carbon-contained boron films with the carbon
concentration of 39%.

2. Experimental

To prepare the carbon-contained boron films, Plasma Chemical
Vapor Deposition (PCVD) device was designed and fabricated at
Shizuoka University, which was described in our previous paper
in detail [9]. The PCVD chamber was evacuated by a turbomolecu-
lar pump less than 10�6 Pa. Before preparation, only helium gas
was purged at the flow rate of 3.8 sccm and plasma discharge
was performed to clean up the chamber. After cleaning, dacabora-
ne (B10H14) gas, helium gas and methane (CH4) gas were, respec-
tively, introduced at the rates of 2.5 sccm, 3.8 sccm and 0.5 sccm
and the plasma discharge was performed to prepare the carbon-
contained boron films on the silicon substrate. During the prepara-
tion, temperature of substrate was kept at 673 K. The thickness of
boron film was estimated to be 150 nm by a quartz oscillator. The
atomic composition ratio of boron and carbon in this film were 57%
and 39%, respectively.
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Fig. 2. The D retentions trapped as Peaks 1–4 as a function of implantation
temperature.
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After preparation, the sample was heated at 1200 K for 10 min.
Thereafter, the deuterium ion (Dþ2 ) was implanted at the sample
temperature between 323 K and 823 K with an ion energy of
1.0 keV, an ion flux of 1.0 � 1018 D+ m�2 s�1 and an ion fluence of
7.3 � 1021 D+ m�2. Before and after Dþ2 implantation, XPS (ESCA
1600 Series, ULVAC-PHI INC.) measurement was performed using
Al Ka X-ray source. The TDS measurement was also performed
from room temperature to 1200 K with a heating rate 0.5 K s�1.

3. Results and discussion

Fig. 1 compares (a) D2 TDS spectrum after Dþ2 implantation at
323 K and (b) D2 TDS spectra after Dþ2 implantation at various
implantation temperatures. In Fig. 1(a), the spectrum could be di-
vided into four desorption stages at the peak temperature of 520 K,
720 K, 830 K and 930 K, named Peak 1, Peak 2, Peak 3 and Peak 4,
respectively, by Gaussian distribution function. In the previous
study [10], it was reported that Peaks 1 and 2 corresponded to
the desorption of D bound to B as forming B–D–B and B–D bonds,
respectively. Comparing to the TDS spectra for the carbon con-
tained boron film as shown in Fig. 1(a) and that for the pure boron
film [10], it was found that the D retention for the carbon-con-
tained boron film was about 35% smaller than that for the pure
boron film. It was also found for the carbon-contained boron film
that the additional desorption stages, namely Peaks 3 and 4, were
observed, indicating that both desorption stages were thought to
be corresponded to those trapped by C. These results indicated that
the retention of D trapped by B was remarkably decreased for the
carbon-contained boron film, showing the high trapping efficiency
D by C compared to that by B.
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Fig. 1. (a) D2 TDS spectrum at the imptantation temperature of 323 K. (b)
Comparison of D2 TDS spectra at various implantation temperatures.
Fig. 2 summarizes the changes of D retention trapped as Peaks
1–4 as a function of implantation temperature. It was found that
D retention decreased as the implantation temperature increased.
The retention of D as Peak 4 was almost constant, while those as
Peaks 1–3 decreased as implantation temperature increased. It
was indicated that D trapped as Peak 4 was chemically stable at
high implantation temperature.

Fig. 3 shows XPS spectra of (a) B-1s and (b) C-1s as a function of
implantation temperature. In B-1s spectra it has been known that
the B–B bond and B–C bond are located at the peak energies of
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Fig. 3. The XPS spectra of (a) B-1s and (b) C-1s as a function of implantation
temperature.
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Fig. 4. The changes of peak areas for (a) B-1s and C-1s and (b) C–B (sp2), C–B (sp3)
and C–C bonds decomposed of C-1s as a function of implantation temperature.
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Fig. 5. .The changes of peak energies for C–B (sp2) and C–C bonds as a function of
implantation temperature.
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187.8 eV and 189.0 eV, respectively [11], and in C-1s XPS spectra,
C–B (sp2), C–B (sp3) and C–C bonds at 281.8 eV, 283.7 eV and
284.5 eV, respectively [12,13]. The peak position of B-1s was al-
most remained in the original position after the Dþ2 implantation,
while positive peak shift of C-1s was found. The peak areas of B-
1s and C-1s spectra are summarized in Fig. 4. It was clear that peak
area of B-1s decreased by Dþ2 implantation at 323 K, and increased
as the implantation temperature increased, while that of C-1s was
lowest at the implantation temperature of 573 K, indicating that
chemical sputtering of C was the most effective at 573 K. This fact
was consistent with the previous report that the chemical sputter-
ing of CFC and B4C-CF composite was most effective at the implan-
tation temperature of 573–673 K and around 673 K, respectively
[14,15]. Above the implantation temperature of 573 K, the peak
area of C was recovered. This fact could be explained not only by
the decrease of chemical sputtering yield but also by the segrega-
tion of C on the surface. To elucidate more detail chemical behav-
ior, the C-1s spectra are divided into three peaks, namely C–B (sp2),
C–B (sp3) and C–C bonds, and these peak areas as a function of
implantation temperature are summarized in Fig. 4(b). By the Dþ2
implantation, large decrease of the peak area of C–B (sp2) was ob-
served although the peak area of C–B (sp3) bond was slightly in-
creased, indicating that the D was trapped by C with forming sp3
hybridized orbital bond from sp2 hybridized orbital bond like B–
C–D bond. It was also noted that the behavior of peak area of C–
B (sp3) bond was almost consistent with that of Peak 3 for TDS
as shown in Fig. 2. Therefore, B–C–D bond with sp3 hybridized
orbital bond would be the major chemical state of D trapped by
C. At the implantation temperature above 573 K, the peak areas
of C–B (sp2) and C–C bonds were recovered and that of C–B
(sp3) was decreased, indicating the reconstruction of carbon-con-
tained boron film by heating and/or subsequent D detrapping dur-
ing the Dþ2 implantation. It can be said that Peak 3 of TDS spectra
was attributed to B–C–D (sp3) bond. Fig. 5 summarizes the changes
of peak energies of C–B (sp2) and C–C bonds as a function of
implantation temperature by XPS measurements. It was found that
the peak energy of C–B (sp2) bond was almost constant, indicating
that B–C–D (sp2) bond could not be formed by Dþ2 implantation.
For C–C bond, negative peak shift of peak energy was confirmed
as the implantation temperature increased, indicating that carbon
vacancies were formed and D could be trapped by C with forming
C–C–D bond, which corresponded to the desorption stages of
Peak 4.

In the previous study [16], the implantation temperature
dependence for pure boron film was also studied. It was reported
that the D retention decreased as implantation temperature in-
creased and D retention for the sample with the implantation tem-
perature of 573 K and 673 K, respectively, was refrained only 15%
and 5% compared to that at 323 K. These trends were quite differ-
ent from the present carbon contained boron film, showing that
the D retention decreased largely at above 673 K, indicating that
higher temperature will be required to remove the tritium retained
in the carbon-contained boron film compared to the pure boron
film [16]. It can be concluded that contamination of C in the boron
film induce high D retention, leading the formation of B–C–D and
C–C–D bonds with the sp3 hybridized orbital bonds not sp2 bond.

4. Conclusion

Retention behavior and chemical states of D implanted into the
carbon-contained boron film with 39% carbon was investigated
using XPS and TDS. It was found from the TDS results that D
desorption processes were consisted of following four stages.
Two of them were the desorption of D bound to B as forming B–
D–B and B–D bonds, and the others were thought to be that bound
to C with different configuration. These results were consistent
with the XPS results, showing the C–B (sp2), C–B (sp3) and C–C
bonds were formed in the carbon contained boron film. These
desorption stages were attributed to those of B–C–D and C–C–D
bonds, respectively. The total D retention decreased at the implan-
tation temperature increased, that of B–D–B, B–D and B–C–D
bonds decreased as implantation temperature increased, but the
large decrease of C–C–D bond did not depend on the Dþ2 implantation
temperature. D was mainly trapped by carbon in carbon-contained
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boron film. The amount of deuterium trapped by carbon (Peak
3 + Peak 4) was almost constant until 673 K and decrease largely
above 673 K, indicating that deuterium trapped by carbon could
not be easily desorbed and higher temperature will be required
compared to pure boron film. Especially, the amount of deuterium
trapped as C–C–D bond was almost constant at higher tempera-
ture. Most of D was mainly trapped by C and desorption tempera-
ture was higher than trapped by B, indicating that the D trapping
by C would be critical issue for the hydrogen isotope retention con-
trol in fusion devices. It was concluded that D trapped by C, espe-
cially as C–C–D bond, was chemically stable even though at high
temperature.
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