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Abstract. We measured absolute partial cross sections for the formation of all singly charged positive ions
produced by electron impact on SiCl2 and SiCl from threshold to 200 eV using the fast-neutral-beam
technique. Some of the cross section curves exhibit an unusual energy dependence with a pronounced low-
energy maximum at an energy around 30 eV, which may be indicative of the presence of indirect ionization
channels. Dissociative ionization channels are dominant for both species. The experimentally determined
total single ionization cross sections for both species agree very well with calculated cross sections using
the Deutsch-Märk (DM) formalism. A brief summary of the ionization cross sections determined for all
four SiClx (x = 1–4) species is given highlighting similarities and differences.

PACS. 34.80.Gs Molecular excitation and ionization by electron impact – 52.20.Fs Electron collisions

1 Introduction

The electron impact ionization and dissociative ionization
of molecules and free radicals are among the important
fundamental collisional interactions and they also play a
key role in many applications such as gas discharges and
gas lasers, fusion edge plasmas, radiation and environmen-
tal chemistry and plasma processing of materials [1–3]. We
have recently reported absolute partial and total electron
impact ionization cross sections for the SiCl4 molecule [4]
and the SiCl3 free radical [5]. The work on the interac-
tions of SiClx (x = 1–4) with electrons is largely mo-
tivated by the importance of SiCl4 as the main volatile
etch product in chlorine-based etching of silicon [6–8].
Furthermore, SiCl4 is used as an admixture in process-
ing plasma feed gas mixtures that are used for selec-
tive reactive ion etching of GaAs on AlGaAs [9] and for
other plasma-enhanced processes, including the formation
of self-assembled nanocrystalline silicon dots by SiCl4/H2

plasma-enhanced chemical vapor deposition [10] and the
characterization of polyester fabrics treated in SiCl4 plas-
mas [11,12]. In all those applications, the electron-impact
ionization and dissociative ionization cross sections of the
SiCl4 molecule, as well as of the SiClx (x = 1–3) reactive
species resulting from the collisional break-up of SiCl4, are
very important quantities for the understanding and mod-
eling of the interaction of silicon-chlorine plasmas with
materials.

In this paper we report the results of the ex-
perimental determination of absolute partial and total
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electron-impact ionization cross sections for SiCl2 and
SiCl for electron energies from threshold to 200 eV us-
ing the fast-neutral-beam technique. These measurements
complement our earlier cross section determinations for
SiCl4 and SiCl3 [4,5]. For both species, the total ionization
cross section was derived as the sum of the partial cross
sections. The total single ionization cross section shows
very good agreement with calculated cross sections using
the Deutsch-Märk (DM) formalism.

2 Experimental apparatus

We recently upgraded the fast-beam apparatus described
in earlier papers [13–15] by replacing the electron gun and
the ion detector. These modifications and their impact
on the performance of the apparatus have been described
in detail earlier [5,16] and only a brief summary will be
given here. All other features of the apparatus and the
experimental technique remain unchanged from what was
described earlier [13–15].

The primary ion source is a commercially available
Colutron ion source, in which a dc discharge between a
heated filament and an anode through a suitably chosen
feed gas, in this case SiCl4, serves as the source of the
positively charged primary ions (SiCl+2 and SiCl+ in the
present case). These primary ions are accelerated to about
3 keV, mass selected in a Wien filter, and sent through a
charge-transfer cell filled with a suitably chosen charge-
transfer gas for resonant or near-resonant charge transfer
of a fraction of the primary ions. In the present case, Xe
was the charge transfer gas of choice. We note that exten-
sive earlier studies (see e.g. [17]) have shown that the exact



290 The European Physical Journal D

choice of the charge transfer gas is not crucial as long as
the ionization energy of the charge transfer gas is within
about ±2 eV of the ionization energy of the target species
under study. The residual ions in the beam are removed
from the neutral target gas beam by electrostatic deflec-
tion and most species in Rydberg states are quenched in a
region of high electric field. We note that the effect of the
presence of residual species in Rydberg states was studied
extensively before in the case of atomic targets [13,14,18],
but was found to be much less of an issue for most poly-
atomic molecules, which tend to have few stable (highly)
excited states [17,18].

The fast neutral target beam is subsequently crossed
at right angle by a well-characterized electron beam
(5−200 eV beam energy, 0.25 eV FWHM energy spread,
0.1–3.0 mA beam current). The product ions are focused
in the entrance plane of an electrostatic hemispherical
energy analyzer which separates ions of different charge-
to-mass ratios (i.e. parent ions from fragment ions). The
ions leaving the analyzer travel a distance of 3.8 cm be-
fore hitting the 47-mm-diameter active area of a position-
sensitive triple microchannel plate (MCP) detector. A
high-transparency mesh, located about 1 cm in front of
the MCP, serves to focus the product ion beam onto the
MCP. Typical voltages applied to the mesh and MCP are
−1 kV and −3 kV, respectively.

The fast-beam apparatus affords the capability to
measure directly all quantities that determine the abso-
lute cross section. However, we frequently use the well-
established Kr or Ar absolute ionization cross sections
to calibrate a pyroelectric crystal (for details, see [13,
14,17]). The calibrated crystal, in turn, is then used to
determine the flux of the neutral target beam in abso-
lute terms. In the present case, the reference gas was Ar,
whose ionization cross section is known to better than
about 5% [19]. As discussed in detail in our earlier publi-
cations [13,14,18,20,21], the typical uncertainty of abso-
lute cross sections determined in the fast-beam apparatus
is ±15–18%.

3 Results and discussions

The molecular properties of the SiCl2 and SiCl species are
well known. We refer the reader to the standard references
for information such as molecular structure and spectra,
electronic structure and binding energies, molecular con-
stants, bond dissociation energies, ionization potentials,
heats of formation and other thermochemical data [22–29].
We limit the data presented here to cross sections for the
formation of singly charged ions. Similar to what was
found in the case of SiCl4 [4] and SiCl3 [5], the max-
imum values of the cross sections for the formation of
doubly charged ions from SiCl2 and SiCl are less than
0.1 × 10−20 m2. All measured cross sections are summa-
rized in Tables 1 and 2.

Figure 1 shows the measured partial cross sections for
the formation of all singly charged ions produced by elec-
tron impact on SiCl2 from threshold to 200 eV. The dom-
inant process is the dissociative ionization leading to the

Table 1. Absolute partial and total single electron impact ion-
ization cross sections for SiCl2 as a function of electron energy
from threshold to 200 eV.

Ionization cross section
(10−20 m2)

Electron
energy (eV)

SiCl+2 SiCl+ Si+ Cl+ Total (single)

12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70
80
90
100
110
120
130
140
160
180
200

0.04
0.38
0.62
0.79
1.07
1.34
1.58
1.75
1.99
2.16
2.24
2.34
2.40
2.46
2.49
2.49
2.51
2.52
2.52
2.52
2.54
2.55
2.56
2.57
2.58
2.59
2.61
2.62
2.63
2.62
2.61
2.56
2.50
2.45
2.40
2.35
2.30
2.21
2.12
2.00

0.15
0.33
0.43
0.49
0.58
0.68
0.83
0.92
1.10
1.19
1.26
1.39
1.44
1.53
1.64
1.67
1.72
1.81
1.93
1.99
2.08
2.18
2.21
2.27
2.33
2.40
2.42
2.47
2.51
2.53
2.60
2.64
2.63
2.53
2.43
2.36
2.27
2.11
1.94
1.76

–
–
–
–

0.002
0.57
1.23
1.55
2.05
2.48
2.75
3.04
3.33
3.59
3.75
3.85
4.00
4.04
4.07
4.17
4.27
4.30
4.36
4.42
4.48
4.58
4.67
4.73
4.80
4.79
4.79
4.61
4.48
4.41
4.22
4.06
3.91
3.61
3.32
3.02

–
–
–

0.75
1.19
1.41
1.52
1.72
1.85
1.91
2.00
2.05
2.14
2.26
2.29
2.31
2.38
2.41
2.44
2.47
2.49
2.52
2.57
2.64
2.67
2.69
2.71
2.73
2.73
2.77
2.84
2.92
2.91
2.90
2.79
2.71
2.62
2.41
2.22
1.99

0.19
0.71
1.05
2.03
2.84
4.00
5.16
5.94
7.00
7.74
8.25
8.82
9.31
9.84
10.17
10.32
10.61
10.77
10.96
11.15
11.37
11.55
11.70
11.90
12.07
12.26
12.41
12.55
12.67
12.71
12.84
12.73
12.51
12.28
11.85
11.49
11.10
10.34
9.60
8.77

formation of the Si+ ion with a maximum cross section
value of close to 5×10−20 m2 at an impact energy around
75 eV. The other three cross sections curves (SiCl+2 , SiCl+,
Cl+) have maxima of about 2.5× 10−20 m2. We note that
two partial cross sections curves (SiCl+2 , Cl+) exhibit a
pronounced structure in the cross section shape around
30 eV. This is similar to the structures that were reported
earlier in selected partial ionization cross section curves
for SiCl4 [4], SiCl3 [5], TiCl4 [18], and Cl2 [30] and that
were attributed to the presence of indirect ionization chan-
nels contributing to these cross sections. While it cannot
be ruled out in, principle, that the observed structures in
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Table 2. Absolute partial and total single electron impact ion-
ization cross sections for SiCl as a function of electron energy
from threshold to 200 eV.

Ionization cross section
(10−20 m2)

Electron
energy (eV)

SiCl+ Si+ Cl+ Total (single)

12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70
80
90
100
110
120
130
140
160
180
200

0.002
0.28
0.64
0.99
1.26
1.55
1.85
2.07
2.31
2.48
2.57
2.62
2.62
2.61
2.60
2.55
2.52
2.49
2.47
2.48
2.49
2.51
2.54
2.58
2.60
2.63
2.64
2.65
2.67
2.67
2.62
2.54
2.46
2.37
2.28
2.20
2.12
1.94
1.77
1.60

–
–
–
–

0.03
0.11
0.31
0.39
0.70
0.92
1.14
1.31
1.51
1.65
1.81
2.06
2.22
2.38
2.57
2.68
2.80
2.93
3.00
3.07
3.14
3.18
3.21
3.24
3.25
3.25
3.20
3.09
2.99
2.93
2.95
2.97
2.99
2.93
2.72
2.50

–
–

0.04
0.31
0.58
0.82
0.98
1.16
1.28
1.41
1.54
1.63
1.71
1.80
1.85
1.91
1.96
2.01
2.04
2.07
2.09
2.10
2.11
2.12
2.12
2.12
2.12
2.11
2.11
2.10
2.05
1.99
1.93
1.87
1.82
1.77
1.72
1.61
1.50
1.39

0.002
0.28
0.68
1.30
1.87
2.48
3.15
3.62
4.29
4.81
5.25
5.56
5.85
6.05
6.25
6.52
6.70
6.88
7.09
7.23
7.39
7.54
7.65
7.77
7.87
7.93
7.97
8.01
8.02
8.02
7.87
7.63
7.38
7.17
7.06
6.94
6.83
6.49
5.99
5.49

the cross section curves are the result of the presence of a
second direct ionization channel with a higher threshold,
we do not favor this interpretation because of the energy
dependence of the observed structures, which do not show
the typical energy shape attributed to direct ionization
processes. It is difficult to identify the exact indirect ion-
ization channel in the present case without further stud-
ies aimed at identifying the underlying process(es). In the
case of the parent SiCl4 molecule [4], it was suggested [31]
that the indirect ionization process proceeds via the exci-
tation of an electron in a more tightly bound lower orbital
to an unstable state above the first ionization threshold

Fig. 1. Absolute partial cross sections for the formation of
the singly charged ions SiCl+2 (circles), SiCl+ (squares), Cl+

(inverted triangles) and Si+ (triangles) as a function of electron
energy from threshold to 200 eV. The absolute cross sections
have margins of uncertainty of ±15% (see text), which are not
shown.

Fig. 2. Absolute partial cross sections for the formation of
the singly charged ions SiCl+ (circles), Cl+ (inverted trian-
gles) and Si+ (triangles) as a function of electron energy from
threshold to 200 eV. The absolute cross sections have margins
of uncertainty of ±15% (see text), which are not shown.

followed by the ionization of that state. The measured ap-
pearance energies for the various ions formed by electron
impact on SiCl2 (between 11 and 12 eV for SiCl+2 and
SiCl+ and slightly less than 20 eV for Cl+ and Si+) are
all close to the thermochemical minimum energy required
for the formation of the particular ion. This indicates that
all ions including the Si+ and Cl+ atomic fragment ions
are formed with little excess kinetic energy.

Figure 2 shows the measured partial cross sections
from threshold to 200 eV for the formation of the SiCl+,
Cl+, and Si+ resulting from electron the impact ionization
of SiCl. Here all three partial ionization cross sections have
comparable maximum values, but exhibit markedly differ-
ent energy dependences. The parent SiCl+ and the Si+
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Fig. 3. Absolute partial cross sections for the forma-
tion of the singly charged parent ions SiCl+4 /SiCl4 (trian-
gles), SiCl+3 /SiCl3 (inverted triangles), SiCl+2 /SiCl2 (circles),
SiCl+/SiCl (squares) as a function of electron energy from
threshold to 200 eV. The absolute cross sections have margins
of uncertainty of ±15% (see text), which are not shown.

fragment cross section curves show the same pronounced
structure around 30 eV mentioned above and attributed
to the presence of indirect ionization channels. The mea-
sured appearance energies for the three singly charged ions
formed by electron impact on SiCl (about 12 eV for SiCl+
and 16 eV and 19 eV for Cl+ and Si+, respectively) are all
close to the thermochemical minimum energy required for
the formation of each ion. This indicates that all ions in-
cluding the Si+ and Cl+ atomic fragment ions are formed
with little excess kinetic energy.

We note that the presence of the indirect ionization
channels that was observed in the SiCl+2 and Cl+ par-
tial cross sections of SiCl2 and in the SiCl+ and Si+ par-
tial cross sections of SiCl was also apparent in selected
partial ionization cross section curves of SiCl4 and SiCl3.
As an example, Figure 3 shows the four parent ionization
cross sections for all SiClx (x = 1–4) compounds. The
low-energy structure is most prominent in the SiCl+4 and
SiCl+ parent cross sections and less pronounced for SiC+

3

and SiCl+2 .
The only comparison of the measured ionization cross

sections of SiCl2 and SiCl with calculated cross sections
is a comparison of the total single ionization cross section
(obtained as the sum of all partial cross sections for the
formation of singly charged ions) with a calculated cross
section using the Deutsch-Märk (DM) formalism [32]. The
semi-classical DM formalism (see Deutsch et al. [33,34]
and references therein to earlier publications) was orig-
inally developed for the calculation of atomic electron-
impact ionization cross sections. Subsequently, Deutsch
et al. [32] extended the formalism to the calculation of
molecular ionization cross sections. This extension in-
volves a molecular orbital population analysis which ex-
presses the molecular orbitals as linear combinations of the
atomic orbitals of the constituent atoms of the molecule.
The result of this calculation for SiCl2 and SiCl is shown

Fig. 4. Top diagram: absolute total single SiCl2 ionization
cross section as a function of electron energy from threshold to
200 eV, present experiment (diamonds) and calculated cross
sections using the DM formalism (squares); bottom diagram:
absolute total single SiCl ionization cross section as a function
of electron energy from threshold to 200 eV, present experi-
ment (diamonds) and calculated cross sections using the DM
formalism (squares).

in Figure 4 (top diagram: SiCl2; bottom diagram: SiCl).
As can be seen, the agreement between measured and cal-
culated total single ionization cross section is very good in
both cases with regard to the absolute cross section magni-
tude, but somewhat less satisfactory in terms of the cross
section shape. The calculated cross section rises faster as a
function of electron energy and reaches its maximum value
at a slightly lower electron energy. However, at any given
impact energy, the deviation between calculated and mea-
sured total single ionization cross section is well within the
uncertainty of the experimental cross section. Neverthe-
less, in view of the fact that the measured cross sections
appear to include contributions from indirect ionization
channels at low electron energies around 30 eV (which
are not described by the DM formalism), it is surprising
that the calculated DM cross sections rise faster than the
experimentally determined cross sections.
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Conclusions

We measured absolute partial cross sections for the forma-
tion of all singly charged ions following electron impact on
SiCl2 and SiCl from threshold to 200 eV using the fast-
beam technique. Maximum cross section values range from
2–5 × 10−20 m2. For both compounds, the partial cross
section for the formation of the atomic Si+ ion has the
largest maximum cross section value. Several partial cross
section curves show a prominent structure around 30 eV,
which may be indicative of the presence of indirect ioniza-
tion channels such as autoionization. When put into the
context of our previously reported SiCl4 [4] and SiCl3 [5]
ionization cross section studies, the following observations
are noteworthy:

1. the maximum value of the total single ionization cross
section increases with increasing number of Cl-atoms
from 8× 10−20 m2 for SiCl to about 20× 10−20 m2 for
SiCl4;

2. the parent ionization cross sections for all four species
are quite large (compared to those of other halogen-
containing polyatomic molecules of similar molecular
structure) with maximum values from 2×10−20 m2 for
SiCl3 to almost 4×10−20 m2 for SiCl4, with both SiCl2
and SiCl having maximum cross sections of about 2.5×
10−20 m2;

3. the partial cross sections for both atomic fragment
ions Cl+ and Si+ are comparatively large for all four
species, which underscores the importance of these
species in plasma processing applications;

4. essentially all fragment ions resulting from the disso-
ciative electron impact ionization of SiClx (x = 1–4)
are formed with little excess kinetic energy.

This work was supported by the Chemical Sciences, Geo-
sciences, and Biosciences Division, Office of Basic Energy Sci-
ences, U.S. Department of Energy.
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