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The formation of boron containing fragment ions
from the ionization of BCl3
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Abstract

Relative partial and relative precursor specific partial cross-sections for the electron-impact ionization of BCl3 have been determined using
time-of-flight mass spectrometry and ion–ion coincidence techniques. Data for the formation of B+, BCl22+, BCl+ and BCl2+ relative to
BCl3+, are reported for ionizing electron energies from 30 to 200 eV.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Boron trichloride (BCl3) is widely used in the plasma
etching of semiconductors and metals[1–5] and also to dope
or deposit boron[6]. A recent report from the National Re-
search Council addressing the “Database Needs for Model-
ing and Simulation of Plasma Processing”[7] highlighted
the lack of reliable partial ionization cross-sections (PICSs)
for industrially important molecules such as BCl3. Accurate
values of relevant electron-impact ionization cross-sections
are essential for the precise modeling and optimization of
plasmas used in industry[8].

Investigations of the electron-impact ionization and
photoionization of BCl3 are limited [9–12]. A recent re-
view of electron interactions with BCl3 by Christophorou
and Olthoff [13] remarks on the lack of data concern-
ing the electron-collision cross-sections with BCl3 and
suggests that further experimental measurements of the
total electron-impact ionization cross-section for BCl3 are
needed. An early electron-impact study of the ionization
of BCl3 by Marriot and Craggs, using a Nier 60◦ mass
spectrometer, showed BCl2

+ to be the most abundant ion
formed [9]. More recently, Jiao et al.[10] determined the
PICSs of BCl3 using electron-impact ionization and Fourier
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transform mass spectrometry, producing absolute PICSs
from threshold to 60 eV. To the best of our knowledge,
there are no other determinations of the electron-impact
ionization cross-sections of BCl3 in the literature. This lack
of data is primarily due to the corrosive and reactive nature
of BCl3, which makes it experimentally challenging to use
without severe degradation of the experimental apparatus.
The motivation for the current study of BCl3 is to further
investigate the ionization of this highly reactive molecule,
over a wider energy range then previous experiments, and to
determine the relevant relative PICSs and relative precursor
specific PICSs. Relative precursor specific PICSs quantify
the contribution from various levels of ionization to the in-
dividual product ion yields following an electron–molecule
collision. In the current work we are able to distinguish
ions formed via single and double ionization.

In the present study a two-dimensional (2D) ion coinci-
dence technique is used to investigate the electron-impact
ionization of BCl3 from 30 to 200 eV. This experimental
technique enables the arrival of single product ions, pairs of
product ions and, in principle, three product ions at the de-
tector to be identified and quantified. Recent studies using
this technique of the ionization of Cl2 and HCl show the ex-
periment yields accurate relative PICSs over the current ion-
izing energy range[14,15]. The experiment also allows the
contribution to the ion yields from various levels of ioniza-
tion to be differentiated. In addition, the 2D-ion coincidence
technique also provides information on the dissociation
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energetics of any multiply charged ions that are formed in
the electron–molecule collisions.

2. Experimental

2.1. Experimental apparatus

The apparatus employed in the current investigation is il-
lustrated inFig. 1 and has been discussed previously in the
literature[14,16], so only a brief synopsis is given here. The
experiment couples pulsed electron-impact ionization with
a time-of-flight mass spectrometer (TOFMS). The arrival
times of single ions, pairs of ions and three ions (triples)
at the TOFMS’s detector, a microchannel plate (MCP),
are recorded by the data collection electronics following
the repeller plate pulse. This data is used to determine the
cross-sections of interest as shown below. The TOFMS
used for these experiments is of a standard Wiley–McLaren
design[17]. A pulse generator run at 50 kHz controls the
pulsing of the electron gun, the pulsing of the repeller plate
of the TOFMS and starts the data collection electronics.
Following the passage of the pulse of electrons across the
source region of the TOFMS, the repeller plate of the mass
spectrometer is pulsed from 0 to+400 V. The high electric
field this pulse generates in the source region of the TOFMS
is sufficient to extract and collect all of the ions in the source
region formed with less than 11 eV of translational energy
perpendicular to the axis of mass spectrometer. From the

Fig. 1. Schematic diagram of the TOFMS used to study the ionization of BCl3.

source region, the ions are accelerated into a second electric
field and then into the field free drift tube. At the end of
the drift tube, the ions impinge on the MCP detector. The
signals from the MCP are then amplified, discriminated and
passed, as “stop” pulses, into a time to digital converter
(TDC) which has previously been started by the pulse gen-
erator. The resulting ion flight times from the TDC are
then transferred to a memory module which, when full, is
rapidly dumped to a PC. As discussed in previous publi-
cations[14,18], it has been confirmed experimentally that
there are no mass discrimination effects occurring in this
apparatus, ensuring that quantitative data can be extracted
from the mass spectra[19,20].

The apparatus is designed to detect any ions with a
translational energy component of less than 11 eV perpen-
dicular to the axis of the mass spectrometer[14]. Curtis
and Eland[21] determined the total kinetic energy release
(KER) from a dicationic dissociation to commonly be less
than 9 eV, so even the most energetic fragment ions formed
via dissociative double ionization should reach the detector
in our current configuration. The ionic collection efficiency
for energetic ions from multiple ionization can in fact be
determined from the coincidence data. Hence, even for very
highly energetic ions from high levels of ionization, we can
in fact assess and allow for any ion losses[14–16,18]. Recent
data recorded on our apparatus for the ionization of N2O
[22] is in excellent agreement with the latest reported PICSs
[23] for formation of all the fragment ions that are formed.
This latest work again indicates that considerable losses of
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energetic fragment ions occurred in earlier studies of PICSs
[24,25].

2.2. Experimental conditions

As discussed in recent publications, the operating con-
ditions we employ involve low electron fluxes and target
gas pressures, producing a low ion count rate[14,15,18].
These conditions ensure that there is very much less than
one ionization event detected per electron gun pulse. This
methodology markedly decreases the likelihood of any
accidental coincidences[19,26,27]. Hence, no accidental
coincidence subtraction was performed for the spectra re-
ported in this paper, as such contributions to the spectra are
minimal.

By operating under these conditions of low pressure and
low count rate ions from the background gas in the mass
spectrometer can contribute to the mass spectrum. In prin-
ciple, by recording mass spectra of the empty spectrometer,
the contribution of the background gas can be determined
and subtracted from each mass spectrum. However, for these
experiments using BCl3, no subtraction is necessary, as the
gas signals from the background gas do not overlap with
any ion signals from BCl3.

The corrosive nature of BCl3 had several detrimental ef-
fects on our experiments and on the data they yield. Firstly,
exposure to BCl3 degraded the pulse height distribution from
the MCP during each experimental run. To ensure that the
ion detection efficiency was constant for each experiment,
the MCP was “regenerated” before the next experiment until
the mean pulse height from the MCP returned to its origi-
nal value. This regeneration was achieved by exposing the
MCP to air at a pressure of 1× 10−6 Torr for a period of
several hours. The degradation of the MCP also forced us
to limit the experimental run times, and reduce to two the
number of mass spectra recorded at each electron energy, so
that irreversible MCP degradation did not occur. This cur-
tailment of the data acquisition times increases the statisti-
cal uncertainty in the cross-sections we report in this paper.
Secondly, despite repeated attempts to dry the gas inlet sys-
tem a white deposit was always observed on the glass. This
deposit was also reported by Tokunaga et al.[28] and is
attributed to B(OH)3 formation via hydrolysis. Due to this
hydrolysis of BCl3, H35Cl+ and H37Cl+ ion peaks are ob-
served in the mass spectrum. The proximity of these impu-
rity peaks in the mass spectrum to the Cl+ signals we also
observe, and the potential contribution of dissociative ion-
ization of HCl to these Cl+ signals makes the extraction
of reliable data for Cl+ formation from BCl3 in our exper-
iments extremely difficult. As a result of these problems,
we do not present cross-sections for the formation of Cl+
from ionization of BCl3. Tokunaga et al.[28] also report that
BCl3 effectively scavenges O2 and H2O, which is confirmed
by the observation of trace quantities of BClOH+ in the
present experiment and also in the experiments of Jiao et al.
[10].

2.3. Data reduction

Events involving a single arrival at the detector following
the repeller plate pulse are termed “singles” and the flight
times associated with these events are added to a histogram
of ion counts against flight time that makes up the mass
(“singles”) spectrum. The intensities of the peaks in these
mass spectraI[X+] are determined by simply summing the
counts in the peak and applying a suitable background cor-
rection for the non-zero baseline.

Events involving two ion arrivals at the detector are re-
ferred to as “pairs.” These events are stored individually and
processed off-line. The majority of coincidence signals will
consist of two ion arrivals as, over the electron energy range
under investigation, the probability of dissociative triple ion-
ization occurring is significantly lower than that of dissocia-
tive double ionization. In fact in this study, due to the short
run times, no real triple coincidences were detected. Hence,
we ignore the contribution of triple ionization to the ion
yield in this energy range, as this yield is insignificant at the
level of accuracy of our data. As described in other publica-
tions[14,15,29,30], the pairs are displayed as a coincidence
spectrum: a two-dimensional histogram oft1 (first ion ar-
rival time) againstt2 (second ion arrival time) for each ion
pair. The relative intensities of the peaks in the pairs spec-
trum can be determined by summing the number of counts
within the characteristic ‘lozenge’ shaped peak[20,30–33].
From the counts in each dissociative channel detected in the
coincidence spectrum, appreciating of course that a given
product ion can be formed by several channels, we can de-
termineP[X+], the number of counts in the pairs spectrum
for each ion of interest.

The ion intensities recorded in the singles and pairs spec-
tra are processed to yield the relative PICS,σr[X+/BCl3

+],
and the relative precursor specific PICSs,σn[X+]/σ1[BCl3+].
The term precursor specific is used asσn[X+] denotes the
PICS for forming the X+ ion from the nth level of ion-
ization, for examplen = 1 for single ionization. Our data
processing algorithm has been described in detail in previ-
ous publications[14,15,18], and only a brief description is
given here.

The intensity of each singly charged product ion signal in
the singles spectrum can be described byEq. (1), neglecting
any contribution from dissociative triple ionization:

I[X+] = fiN1[X+] + fi(1 − fi)N2[X+] (1)

The experimental ion detection efficiency is denoted byfi
andNn[X+] represents the number of ionizing events form-
ing X+, via the loss ofn electrons. Hence, the term involving
N2[X+] in Eq. (1)represents the contribution to the singles
spectrum from dissociative double ionization events form-
ing X+ where the second ion from the dissociation event is
not detected. Such ion losses occur, that isfi < 1, because
of the 90% transmission of the grids that define the elec-
tric fields in the apparatus and the less than unit efficiency
of the electronics and detector. So, the intensity of the B+,
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BCl22+, BCl+, BCl2+ and BCl3+ ions observed in the sin-
gles spectra are defined byEqs. (2)–(6).

I[B+] = fiN1[B+] + fi(1 − fi)N2[B+] (2)

I[BCl2
2+] = fiN2[BCl2

2+] (3)

I[BCl+] = fiN1[BCl+] + fi(1 − fi)N2[BCl+] (4)

I[BCl2
+] = fiN1[BCl2

+] + fi(1 − fi)N2[BCl2
+] (5)

I[BCl3
+] = fiN1[BCl3

+] (6)

To determine relativeσr values, we note thatσr[X+/BCl3
+],

the relative PIC for formation of a fragment ion X+ with
respect to the parent ion BCl3

+, is equal to the sum of the
cross-sections for forming X+ via single ionization (n = 1)
and double ionization (n = 2). Specifically whereσ[X+] is
the PICS for forming X+ irrespective of the initial level of
ionization:

σr

[
X+

BCl3+

]
= σ[X+]

σ[BCl3+]
= σ1[X+] + σ2[X+]

σ1[BCl3+]
(7)

Now, under our experimental conditions of low electron flux
and ionization rate,Nn[X+] is proportional toσn[X+]:

σn[X+] = kNn[X+] (8)

wherek is a constant for each experiment which is dependent
on experimental variables such as the target gas pressure,
electron flux across the source region, the duration of the
experiment and electron path within the ionization volume
[14]. To determine the relative PICSs, the data from the pairs
spectra must also be utilized. Our experimentalP[X+] can
be written:

P [X+] = f 2
i N2[X+] (9)

Hence, we can now express the relative PICSs as:

σr

[
B+

BCl3+

]
= N1[B+] + N2[B+]

N1[BCl3+]
= I[B+] + P [B+]

I[BCl3+]
(10)

σr

[
BCl22+

BCl3+

]
= N2[BCl22+]

N1[BCl3+]
= I[BCl22+]

I[BCl3+]
(11)

σr

[
BCl+

BCl3+

]
= N1[BCl+] + N2[BCl+]

N1[BCl3+]

= I[BCl+] + P [BCl+]

I[BCl3+]
(12)

σr

[
BCl2+

BCl3+

]
= N1[BCl2+] + N2[BCl2+]

N1[BCl3+]

= I[BCl2+] + P [BCl2+]

I[BCl3+]
(13)

Note that theσr values we determine do not depend onfi.
However, if a value offi is available then the data analy-
sis can be extended as shown inEqs. (14)–(20)to deter-
mine σn[X+] values, quantifying the contributions to each

ion yield from single and double ionization. As described
in the literature, the ion detection efficiency of our appara-
tus is determined by recording the singles and pairs spectra
following ionization of CF4 for which accurate relative pre-
cursor specific PICSs are available[19,34].

I[B+] − (1 − fi)P [B+]

I[BCl3+]
= N1[B+]

N1[BCl3+]
= σ1[B+]

σ1[BCl3+]
(14)

I[BCl22+]

I[BCl3+]
= N2[BCl22+]

N1[BCl3+]
= σ2[BCl22+]

σ1[BCl3+]
(15)

I[BCl+] − (1 − fi)P [BCl+]

I[BCl3+]
= N1[BCl+]

N1[BCl3+]
= σ1[BCl+]

σ1[BCl3+]
(16)

I[BCl2+] − (1 − fi)P [BCl2+]

I[BCl3+]
= N1[BCl2+]

N1[BCl3+]

= σ1[BCl2+]

σ1[BCl3+]
(17)

P [B+]

I[BCl3+]fi

= N2[B+]

N1[BCl3+]
= σ2[B+]

σ1[BCl3+]
(18)

P [BCl+]

I[BCl3+]fi

= N2[BCl+]

N1[BCl3+]
= σ2[BCl+]

σ1[BCl3+]
(19)

P [BCl2+]

I[BCl3+]fi

= N2[BCl2+]

N1[BCl3+]
= σ2[BCl2+]

σ1[BCl3+]
(20)

Having explained above the details of the data reduc-
tion, in the discussion of the data below we abbreviate
the relative PICS and relative precursor PICSs toσr[X+],
σ1[X+] and σ2[X+], where σr[X+/BCl3+] = σr[X+],
σ1[X+]/σ1[BCl3+] = σ1[X+] and σ2[X+]/σ1[BCl3+] =
σ2[X+].

3. Results

Mass and coincidence spectra were recorded at ioniz-
ing electron energies between 30 and 200 eV. These data
were analyzed as described above to derive the relative
PICSs and precursor specific relative PICSs. These derived
cross-sections are shown inFigs. 2–5, and are listed in
Table 1, as a function of electron energy. The points shown
in Figs. 2–5represent the average of the two data values and
the bars extend between the two values. This representation
provides a clear view of the data scatter. The data scatter is
significantly larger than in our previous work because only
two determinations are averaged to give the final value, as
opposed to 5 or more in work with less corrosive gases
[14,15,18]. Note thatσr[BCl22+] = σ2[BCl22+] and that
the BCl2+ ion is the most abundant ion formed following
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Fig. 2. The relative PICS and precursor specific PICSs determined for forming BCl2+ following electron-impact ionization of BCl3. The σr[BCl2+]
values are marked with �, σ1[BCl2+] with � and σ2[BCl2+] with ×. The markers show the average of two experimental determinations and the bar
shown represents how far each data point lies from the average value. Data are expressed relative to the formation of BCl3+. Comparison is made with
relative partial cross-sections derived from the absolute PICSs of Jiao et al. [10] (�).

electron-impact ionization of BCl3 at all the electron ener-
gies we investigated. Data are presented for the formation of
B+, BCl22+, BCl+, BCl2+ and BCl3+. As described above,
we do not report cross-sections for the formation of Cl+.

To derive the σn[X+] values we determined a value of
fi, as described in previous publications [14,15], by si-
multaneously recording singles and pairs spectra following
ionization of CF4, as the relevant ionization cross-sections
are well determined for this molecule [19,34]. This pro-
cedure resulted in an average value of fi of 0.12 ± 0.01.
This value of fi is lower than our previous determinations
[14,18]. We believe this low value of fi is principally due
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Fig. 3. The relative PICS for forming BCl22+ (σr[BCl22+]) by electron-impact ionization. See Fig. 2 for details.

to MCP degradation during preliminary experiments with
BCl3. As described above, to ensure that fi remains constant
for each experiment the pulse height distribution was mon-
itored after every experiment and the MCP regenerated if
necessary.

The pairs spectra we record following ionization of BCl3
exhibit four primary dissociation channels: B++Cl+, Cl++
Cl+, BCl+ + Cl+, BCl2+ + Cl+. At 200 eV the relative in-
tensities of these channels are 1:0.70:0.60:0.71. However, in
the one long data collection run we performed, for 8000 s at
200 eV electron energy, where the counting statistics are su-
perior to the “short” duration spectra we normally recorded
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Fig. 4. The relative PICS and precursor specific PICSs determined for forming BCl+ following electron-impact ionization of BCl3. The σr[BCl+] values
are marked with � σ1[BCl+] with � and σ2[BCl+] with ×. Comparison is made with relative partial cross-sections derived from the absolute PICSs
of Jiao et al. [10] (�). See caption for Fig. 2 for details.

Table 1
Relative precursor specific PICSs and relative PICSs for the formation of the indicated product ion from BCl3 as a function of incident electron energy.

Energy (eV) σ1[B+]/σ1[BCl3+] σ2[B+]/σ1[BCl3+] σr[B+]/σ1[BCl3+] σ2[BCl22+]/σ1[BCl3+] σ1[BCl+]/σ1[BCl3+]

200 0.72(2) 0.45(1) 1.17(1) 0.08(1) 0.46(2)
150 0.80(3) 0.50(1) 1.30(3) 0.09(1) 0.50(1)
100 0.99(10) 0.50(2) 1.48(12) 0.10(2) 0.59(4)

75 1.18(5) 0.47(6) 1.65(1) 0.10(1) 0.68(1)
70 0.92(14) 0.46(2) 1.38(16) 0.08(2) 0.62(4)
65 0.90(14) 0.39(1) 1.29(15) 0.08(1) 0.64(5)
50 0.95(7) 0.25(21) 1.20(28) 0.06(3) 0.68(3)
40 1.01(21) 0.04(1) 1.05(22) 0.03(1) 0.77(8)
35 0.79(15) 0.03(1) 0.82(14) 0.00(1) 0.76(9)
30 0.60(30) 0.01(1) 0.61(29) 0.00(1) 0.75(10)

σ2[BCl+]/σ1[BCl3+] σr[BCl+]/σ1[BCl3+] σ1[BCl2+]/σ1[BCl3+] σ2[BCl2+]/σ1[BCl3+] σr[BCl2+]/σ1[BCl3+]

200 0.29(1) 0.75(2) 3.50(3) 0.34(1) 3.84(2)
150 0.31(1) 0.81(1) 3.49(1) 0.39(2) 3.88(2)
100 0.30(1) 0.90(4) 3.57(5) 0.35(1) 3.92(5)

75 0.32(5) 1.00(5) 3.67(2) 0.38(9) 4.05(7)
70 0.34(3) 0.96(1) 3.55(14) 0.44(9) 3.99(5)
65 0.36(4) 1.00(1) 3.54(9) 0.47(7) 4.01(2)
50 0.29(4) 0.97(1) 3.52(2) 0.47(9) 3.99(7)
40 0.08(2) 0.85(6) 3.58(11) 0.34(8) 3.92(3)
35 0.03(1) 0.79(8) 3.42(12) 0.21(9) 3.63(3)
30 0.02(2) 0.77(8) 3.38(16) 0.13(7) 3.51(9)

The values represent the average of two determinations. The numbers in parentheses indicate the difference between the average value and actual data
points in the last figure of each cross-section.

to avoid MCP degradation, we also see traces of a BCl+ +
Cl2+ dissociation channel.

The presence of boron (10B, 11B) and chlorine (35Cl,
37Cl) isotopes means that at least four ion pair peaks are
detected for each dissociation channel except Cl+ + Cl+.
However, these isotopic peaks are not fully resolved in the
pairs spectrum making any extraction of isotopic specific
cross-sections impossible. Hence, we sum all the iso-
topic data to give cross-sections for the individual product
ions.

4. Discussion

In this section, we will discuss the data we derive con-
cerning the formation of B+, BCl22+, BCl+, BCl2+ and
BCl3+ (Figs. 2–5, Table 1).

4.1. BCl2+ and BCl22+ formation

The values of σr[BCl2+] we determine are in good
agreement with the values derived from the absolute PICS
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Fig. 5. The relative PICS and precursor specific PICSs determined for forming B+ following electron-impact ionization of BCl3. The σr[B+] values are
marked with �, σ1[B+] with � and σ2[B+] with ×. See Fig. 2 for details.

recently presented by Jiao et al. [10] (Fig. 2). This agree-
ment clearly indicates that, in our experiments, no BCl2 is
produced by the reaction of BCl3 on the surfaces of the
spectrometer or the filament. If significant surface formation
of BCl2 were occurring, the BCl2 would then be ionized,
causing the σr[BCl2+] values to be larger than the data
of Jiao et al. [10] which is not the case. This conclusion,
that no neutral BCl2 is generated from reactions of BCl3
in the spectrometer, is important in the data interpretation
below.

We observe BCl22+ in the mass spectrum in low abun-
dance. As shown above, since we know there is no disso-
ciation of BCl3 to form BCl2 in our apparatus, then these
BCl22+ ions must come from dissociative double ionization
of BCl3. At 100 eV, the relative PICS for BCl22+ is 3% of the
BCl2+ relative PICS. The appearance potential for BCl22+ is
determined to be 31.5±2.0 eV (Fig. 3). This value is derived
by applying a weighted least squares fit to the relative PICS
at electron energies from 30 to 50 eV, using a suitable back-
ground correction to allow for the proximity of the BCl22+
ion peak to adjacent signals in the mass spectrum. This sim-
ple technique, which is appropriate for our electron energy
resolution and sampling interval, has been shown to yield
estimates of appearance potentials in good agreement with
more accurate methods of threshold determination [14,15].
In 1957, Marriot and Craggs [9] determined the threshold for
BCl22+ to be 33.77±0.07 eV and our appearance energy es-
timate for BCl22+ is in good agreement with this value. The
BCl22+ dication was not detected by Jiao et al. [10]. How-
ever, σr[BCl22+] is 0.063 at 50 eV, which places the PICS
for the formation of BCl22+ close to lowest values reported
by Jiao et al. [10]. Hence, it is possible that BCl22+ is not de-
tectable at an electron energy of 50 eV in their experiments or
decays over the significant time needed to record a FT mass
spectrum.

4.2. BCl+ formation

Fig. 4 illustrates that below 65 eV the σr[BCl+] values we
derive from our data are 50% larger than those derived from
the cross-section determinations of Jiao et al. [10]. However,
the general form of the energy dependence, decreasing with
increasing electron energy, is similar for the two sets of re-
sults. One possible reason for the discrepancy is a difference
in efficiency of energetic ion collection between our exper-
iment and the FTMS apparatus used by Jiao et al. [10]. If
BCl+ ions are formed with a significant kinetic energy they
may not be efficiently retained and detected in the FTMS
employed by Jiao et al. [10] which requires significant ion
residence times. Unfortunately, Jiao et al. [10] do not de-
tail the detection efficiency of their apparatus for transla-
tionally “hot” ions. It is well established [21,23,31,35–37]
that dissociative multiple ionization is a common source of
energetic monocations and double ionization may well ac-
count for some of the difference between the relative PICSs
derived from the data of Jiao et al. [10] and the data pre-
sented here. However, Fig. 4 clearly shows the contribution
of dissociative double ionization to the BCl+ yield is low
between 30 and 40 eV, and thus it seems that in this en-
ergy region single ionization must contribute significantly to
the yield of energetic BCl+ ions missed by Jiao et al. [10].
At 50 and 60 eV where the contribution of double ioniza-
tion (∼40%, Fig. 4) to the yield of BCl+ is now significant
(Fig. 4) the data of Jiao et al. [10] still lie close to our values
of σ1[BCl+] implicating single ionization in the production
of energetic BCl+ ions. The formation of highly translation-
ally energetic ions from single and double ionization is well
established [38,39] and we feel that the loss of such ions in
the FTMS experiments of Jiao et al. [10] is the most proba-
ble explanation of the differences between their results and
ours. Indeed, to support that conclusion, as discussed below,
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we have definitive evidence for the formation of energetic
B+ ions from the dissociative double ionization of BCl3, yet
Jiao et al. [10] report no B+ ions are formed.

Of course, an alternative explanation for the disagreement
between the σr[BCl+] values we derive from our data and
those derived from the data of Jiao et al. [10] is that the
BCl3 neutral is reacting within our spectrometer to produce
neutral BCl which is subsequently ionized. Such a possi-
bility is hard to eliminate completely. However, as noted
above, we see no evidence for the dissociation of BCl3 to
BCl2 in our experiments or have ever had evidence for the
dissociation of other reactive molecules in previous experi-
ments [14,15,18]. In addition, the BCl+ we detect from dou-
ble ionization is formed together with a Cl+ ion and hence,
given the definitive absence of degradation of BCl3 to BCl2
in the apparatus, must arise from double ionization of BCl3.
Clearly, further investigations are needed to definitively re-
solve the source of the discrepancy between our data and
that of Jiao et al. [10] for the formation of BCl+.

4.3. B+ formation

The observation of significant quantities of the B+ ion in
our singles and pairs spectra again does not correspond with
the data of Jiao et al. [10], where no B+ ions were detected
(Fig. 5). Again, as discussed above, the origin of this dis-
crepancy could be inefficient collection of energetic B+ ions
in the experiments of Jiao et al. [10], or breakdown of BCl3
to boron atoms, which are subsequently ionized in our ap-
paratus. However, as shown below, we have clear evidence
that energetic B+ ions from double ionization, which we see
clearly in our pairs spectra, certainly arise from the disso-
ciation of doubly ionized BCl3. Indeed our data show that
σ2[B+] constitutes more than 30% of σr[B+] above 100 eV.
Our data also show that these energetic B+ ions are present
at electron energies as low as 50 eV (Fig. 5), where no B+
ions are reported by Jiao et al. [10]. Hence, we feel again the
loss of energetic ions in the experiment of Jiao et al. [10] is
again the most likely source of the difference between their
results and ours. Of course, some contribution to our val-
ues of σ1[B+] from decomposition of BCl3 to boron atoms,
which are then ionized, cannot be ruled out. However, the
definitive detection of B+ ions from the double ionization
of BCl3 provided by our pairs spectra certainly means that
energetic ions are not efficiently detected in the experiments
of Jiao et al. [10] and it is thus possible energetic B+ ions
from the dissociation of BCl3+, which may contribute sig-
nificantly to our σ1[B+] values, are also not detected.

4.4. Dissociative double ionization

As mentioned above, the pairs spectra we record follow-
ing ionization of BCl3 exhibit four different decay chan-
nels: B+ + Cl+, Cl+ + Cl+, BCl+ + Cl+, BCl2+ + Cl+.
We recorded one pairs spectrum for sufficient duration to
achieve good enough statistics to investigate the mechanism

of formation for the B+ + Cl+ ion pair, which accounts for
35% of the total dication dissociations detected. As has been
described before in the literature, the gradient of the coinci-
dence peak in the “pairs spectrum,” a 2D histogram of in-
tensity of the pairs signal as a function of the flight times
of the two ions, can provide an insight into the mechanism
of the charge-separating dissociation [29,30]. This insight
is possible as the gradient of the peak reflects the correla-
tion between the momenta of the two fragment ions. For
the dominant isotopes, the gradient of the B+ + Cl+ coinci-
dence peak is determined to be −0.45 ± 0.05. Immediately,
this gradient tells us that ion pair does not originate from a
simple two body dissociation of BCl2+, which would give
a peak with a gradient of −1, as the momenta of the Cl+
and B+ would have to be equal and opposite. A dissociation
pathway that would generate a coincidence peak with the
observed gradient is a sequential reaction mechanism with
initial charge separation:

BCl3
2+         → BCl+    +    Cl2

+ (21)

    ↓             ↓

        B+ + Cl   +   Cl+ + Cl (22)

This fragmentation pathway should result in a coincidence
peak with a gradient of −0.48, in excellent agreement with
the experimental value. Further support for this dissociation
pathway comes from the observation of weak signals corre-
sponding to the fragmentation of BCl32+ to BCl+ and Cl2+
in the long duration spectrum we recorded at 200 eV, the first
step in the proposed route for the formation of B+ and Cl+.

Considering the other dicationic dissociation channels we
observe, the BCl2+ + Cl+ ion pair can only originate from
direct dissociation of BCl32+. The BCl+ + Cl+ ion peak
appears to have a gradient of approximately −1, suggesting
either a three-body direct dissociation from BCl32+, or, per-
haps more probably since we detect long-lived BCl22+ ions,
the two-body dissociation of BCl22+ formed in an initial
neutral-loss step from BCl32+. The mechanism for forming
the Cl+ + Cl+ ion pair cannot be determined from our data
due to the ‘dead time’ in the pairs spectra where t1 = t2, due
to the discriminator. This dead time means we miss a signif-
icant fraction of the Cl+ + Cl+ coincidences, which we can
correct for numerically, but makes determining the peak gra-
dient with any accuracy impossible. We have considered the
possibility that the Cl+ + Cl+ signal originates from disso-
ciative double ionization of any traces of Cl2 present in the
sample. However, the Cl2+ signal in the singles spectrum is
only just above our detection limit and much of this signal
must result from the dicationic dissociation to BCl+ + Cl2+.
However, if we assume all of the Cl2+ signal in the mass
spectrum is from ionization of Cl2, then the relevant pre-
cursor specific ionization cross-sections [14] indicate that
only 4% of the detected Cl+ +Cl+ coincidences could orig-
inate from dissociative double ionization of Cl2, at 200 eV.
Hence, we conclude the Cl+ +Cl+ coincidences must come
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predominantly from ionization of BCl3, as they cannot orig-
inate from ionization of BCl and we have determined above
that there is no ionization of neutral BCl2 occurring in our
apparatus.

5. Conclusions

Using pulsed electron-impact ionization, coupled with
time-of-flight mass spectrometry, we have determined the
relative partial and relative precursor specific PICSs for
the formation of B+, BCl22+, BCl+ and BCl2+ relative to
BCl3+ from 30 to 200 eV. To the best of our knowledge,
this is the first time that relative precursor specific PICSs
have been derived for BCl3. Comparison between our data
and the only other quantitative study of the electron-impact
ionization of BCl3 has been made. Agreement with this ear-
lier work is excellent for the formation of BCl2+, however
some inconsistencies exist for the formation of BCl+ and
B+. These inconsistencies may be accounted for by the ear-
lier experiments failing to detect all the energetic fragment
ions.
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