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The decomposition efficiencies of B2H6 and H3NBH3 activated on hot wire surfaces were measured mass
spectrometrically. The decomposition efficiency of B2H6 increased with the residence time of gases in the cham-
ber, and decreased with total pressure when He was added. Decomposition efficiency was still high even under
collision-free conditions. These results suggest that the decomposition is not thermal but catalytic, at least at low
pressures, although the wire-material dependence of the decomposition efficiency was minor. The decomposi-
tion efficiency of H3NBH3 vapor was higher than that of B2H6 and increased with the addition of H2. H2, NH3,
and N2 as well as H2NBH2 were identified as stable decomposition products. These results indicate H3NBH3 is a
viable candidate as a safe dopant precursor for B-atom doping.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

B2H6 is one of the most widely used dopant materials of B atoms
in the semiconductor industry. Recently, Matsumura et al. have
shown that B atoms can be doped into crystalline silicon surfaces by
decomposing B2H6 on heated tungsten wire surfaces [1]. In parallel
with their study, one of the present authors has studied the decomposi-
tion mechanism of B2H6 on heated metal surfaces, showing that B and
BH are not produced directly onwire surfaces but are produced through
H-atom shifting reactions, BHx+H→ BHx− 1+H2, in the gas phase [2].
This is in contrast to the decomposition processes of PH3, where P atoms
are produced directly on the hot wire surfaces [3]. The primary step of
B2H6 decomposition should be the production of two BH3 molecules,
which is just 133 kJ mol−1 endothermic according to our Gaussian cal-
culations at the QCISD/6− 31 + G(d,p) level of theory [2,4]. The ques-
tion is how BH3 is produced. It has been shown that B2H6 can be
decomposed thermally in the gas phase [5–12]. Of course, catalytic de-
composition on hot wire surfaces can also be expected [12]. Comerford
et al. considered that the former is more important under their rather
high-pressure conditions, such as 2.7 kPa, although the contribution of
the latter process has also been referenced [13,14]. One technique to
distinguish these processes is to examine thewirematerial dependence
of the decomposition efficiencies. It has been demonstrated that the de-
composition processes of SiH4, PH3, and P4 are catalytic since wire ma-
terial dependences have been observed [15–17]. Another technique is

to examine the total pressure dependence of the decomposition effi-
ciencies. The decomposition efficiency must increase with the pressure
if the decomposition takes place thermally in the gas phase [18].

In the present study, the decomposition efficiencies of B2H6 activat-
ed on heated W wires were measured under various pressure condi-
tions. Ta and Mo also were used as wire materials. In addition, the
decomposition efficiency of H3NBH3 was measured as a function of
wire temperature. H3NBH3 is a non-explosive solid material and can
be decomposed easily. TheH3N–BH3 bondenergy is 98 kJmol−1 accord-
ing to our Gaussian calculations [4]. The vapor pressure of H3NBH3 is
~0.01 Pa at room temperature. This vapor pressure may be too low for
film deposition, but it is high enough for doping. H3NBH3 is expected
to be one of the safe dopant precursors of B atoms.

2. Experimental details

The experimental procedure and apparatuswere similar to those de-
scribed elsewhere [2,3,16,17,19]. B2H6 dilutedwith He andH2(D2) were
introduced into a cylindrical chamber evacuated by a turbomolecular
pump (Osaka Vacuum, TG220FCAB) through mass flow controllers
(Horiba STEC, SEC-40M or SEC-7320M). H3NBH3 could be effused into
the chamber from its reservoir. A butterfly valve was set between the
reservoir and the chamber so that the H3NBH3 flow could be shut off.
The material gases were decomposed by a coiled wire (30 cm in length
and 0.39 mm in diameter), which could be resistively heated with a DC
power supply (Takasago, EX-1125H2). The wire temperature wasmea-
sured with a two-wavelength thermometer (LumaSense Technologies,
ISR 12-LO). The H3NBH3 reservoir was set at a sidearm of the chamber
where the thermal radiation from the hot wire could be shaded. The
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reservoir was kept at room temperature. All the wires were heated in
the presence of B2H6/He at least for an hour for boronization before use.

A quadrupole mass-spectrometer (Anelva, M-QA200TS) was at-
tached to the chamber with or without a sampling hole. The mass-
spectrometer was differentially pumped with another turbo molecular
pump (Osaka Vacuum, TG350FCWB). When a sampling hole was not
installed, as was the case for H3NBH3, a butterfly valve was used to
create a pressure gradient. The electron impact energy was 70 eV.

H2 (Japan Air Gases, 99.999%), D2 (Sumitomo Seika, isotopic purity
99.5%), B2H6 (Takachiho Kako, diluted with He to 2.0%), and He (Japan
Air Gases, 99.999%) were used from cylinders without further purifica-
tion. H3NBH3 was obtained from Aldrich and the purity was 98.3%. W
(99.95%), Mo (99.95%), and Ta (99.95%) wires were products of Nilaco.

3. Results and discussion

3.1. Mass spectrometric measurements on B2H6

Fig. 1 shows typical mass spectra of B2H6 obtained under collision-
free conditions. In this figure, the background signals such as those for
H2O ejected from chamber walls are subtracted. The mass signals de-
creasedwith thewire temperature corresponding to the decomposition
of B2H6, but the pattern was independent of the temperature. Similar
spectra could be obtained under other conditions. Although the mass
signal of 11B2H6

+ at a mass-to-charge ratio (m/z) of 28 was hard to ob-
serve, the decomposition efficiency of B2H6 can be determined bymea-
suring the mass signal of one of the fragment ions, 11B2H2

+ atm/z=24,
which was free from background signals. The decomposition efficien-
cies thus determined were more than 50% when the wire temperature
was over 1500 K under any pressure conditions and the efficiency satu-
rated over 2000 K. Table 1 summarizes the decomposition efficiencies of
B2H6 at ~2100 K. In these measurements, a sampling hole was used
except for the last one under collision-free conditions. The residence
time was estimated from the flow rate, chamber volume, and the total
pressure. The results can be summarized as follows:

(1) Decomposition efficiency increases with an increase in the resi-
dence time. When the residence time was changed from 0.59 s
to 1.18 s with keeping the total pressure at 1.9 Pa, the decompo-
sition efficiency increased from 0.72 to 0.88.

(2) Decomposition efficiency decreases with the total pressure.
When the total pressure was changed from 1.9 Pa to 11.4 Pa
with keeping the residence time at 0.59 s, the decomposition
efficiency decreased from 0.72 to 0.62.

(3) Decomposition efficiency is still high under collision-free
conditions; 0.78.

(4) The effect of the addition of a small amount of H2 (D2) is not
remarkable. The decrease in efficiency when H2 (D2) was in-
troduced can be explained by the change in residence time.

(5) The wire material dependence is minor.

The decrease in the decomposition efficiency of B2H6 when He was
added as well as the high efficiency under collision-free conditions sug-
gest that the decomposition takes place catalytically on the wire sur-
faces under low-pressure conditions, such as those in the present
cases. In general, according to the Lindemann–Hinshelwood mecha-
nism, the rate of a unimolecular decomposition reaction in the gas
phase increases with total pressure and then saturates [18]. At low
pressures, the collisional energization should be rate-determining and
the pseudo-first-order rate constant is expected to increase linearly
against total pressure. The decrease in decomposition efficiency with
the addition of He can be explained by the presence of termolecular re-
combination processes to reproduce B2H6, if the rate constant for the re-
combination is as large as that for 2CH3→ C2H6 [20]. Another possibility
is the reduced diffusional transfer of B2H6 to wire surfaces at high pres-
sures. The minor effect of the addition of H2 (D2) on the decomposition
efficiency suggests that the B2H6 + H(D)→ B2H5 + H2(HD) reaction is
not important. This reaction is endothermic by 1 kJ mol−1 and has a
rather high activation barrier, 61 kJ mol−1. The rate constant at moder-
ate temperatures must be small [2]. The reproduction of B2H6 from H
atoms and deposited B-compounds on chamberwalls cannot be expect-
ed, either [2]. The decomposition efficiencies showed minor depen-
dence on the wire materials, in contrast to the decomposition of SiH4

and PH3 [15,16]. Thismay be related to the rapid formation of boronized
compounds on the wire surfaces.

H2 could be identified as a stable decomposition product [2], but it
was impossible to confirm the production of BH3 even under collision-
free conditions in which a sampling hole was not used. Mass peaks cor-
responding to BHx

+ could be identified, but these peaks were ascribed
to the fragment ions produced from the parent B2H6. The BH3 produced
may deposit rapidly on chamber walls. In addition, the ionization effi-
ciency of BH3 may be smaller than that of B2H6 in the production of
BHx

+.

3.2. Mass spectrometric measurements on H3NBH3

The decomposition of H3NBH3was confirmedmass spectrometrically.
Fig. 2 shows the mass spectra at three W wire temperatures. The back-
ground signals are subtracted as for Fig. 1. The parent H3NBH3

+ ion signal
was weak, but it was easy to observe fragment ions, such as H3NBH2

+,
H3NBH+(H2NBH2

+), and H2NBH+. According to our ab initio calculations
at the QCISD/6 − 31 + G(d,p) level of theory [4], these ions are stable,
while some ions such as H2NBH3

+ are unstable. The decomposition effi-
ciency of H3NBH3 at 2230 K, derived from the mass signal of H3N11BH2

+

at m/z = 30, was 86%. Since the total pressure is fairly low under the
present conditions, ~0.01 Pa, H3NBH3 must be decomposed on wire sur-
faces only.

As shown in Fig. 2, themass pattern changes with wire temperature.
When the wire was not heated, the mass signal at m/z = 30 was
larger than that at m/z = 29. On the other hand, over 1700 K, the
peak at m/z = 29 was stronger. When the wire is heated, the peak at
m/z = 29 cannot be ascribed only to the fragment ions produced from
H3NBH3, but should contain the contribution of H2NBH2

+ ions produced
from one of the stable products, H2NBH2 (boranamine). The production
of H2NBH2 and H2 fromH3NBH3 is 38 kJmol−1 exothermic according to
our calculations. H3NBH and H3NBH2 are chemically unstable and their
densities should be too small to contribute to the production ofH3NBH+

or H2NBH2
+.

It is possible to evaluate the wire temperature dependence of the
relative density of H2NBH2. When the wire is not heated, the signal at
m/z = 29 is solely ascribed to the fragment ions of H3NBH3. We can
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Fig. 1. Mass spectra of B2H6 under collision free conditions. W wire temperatures were
2100, 1390, and 300 K from up to bottom.
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