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Abstract

We report experimental and theoretical studies of the total electron impact ionization cross-sections for the radicals SF3 and SF5. It is
shown that for radicals with strongly polar fluoride bonds, the shielding of the attractive dipole interaction potential in the bonding region
is important in a proper description of the collision process. The siBED model, which has incorporated the shielding factor, was found to
provide cross-sections in agreement with recently re-analyzed experimental data for the species CFx and NFx (x = 1–3), whereas the DM
model and the BEB model, on the other hand, showed large discrepancies with experiment. These findings also hold for the two free radicals
SF3 and SF5 studied here, providing further evidence on the importance of a proper shielding of the dipole potential.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Electron impact ionization plays an important role in a va-
riety of plasma-based applications. To develop a fundamen-
tal understanding of the collision process, and to establish a
reliable database for modeling the plasma, active experimen-
tal studies of electron impact ionization cross-sections are
being carried out in several laboratories around the world.
Reliable experimental determinations of cross-sections for
ionization and dissociative ionization of molecular targets
have benefited greatly from the pioneering work of Märk
and co-workers[1], who were the first to recognize that the
excess kinetic energy of fragment ions can cause serious er-
rors in cross-section measurement because of discrimination
effects in extracting the energetic fragment ions from the
ion source and in their transport to the detector with 100%
efficiency. Märk and co-workers also proposed detailed ex-
perimental checks to quantify discrimination effects, which
are by now routinely performed by experimentalists who
measure molecular dissociative ionization cross-sections.

Of the atoms and molecules studied experimentally, rad-
icals pose the most challenging problems, both because
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of their short lifetime and their corrosive effects on the
instrument. On the other hand, radicals play important
roles in many plasma processes because of their reactiv-
ity and it is important to model their behavior correctly
in plasma simulations. Essentially, all measurements of
ionization cross-sections for free radicals were done using
the fast-neutral-beam technique pioneered by Freund and
co-workers[2] and subsequently used extensively by Becker
and co-workers[3]. The emphasis in these measurements is
on radicals important in the modeling of plasma processing
in the microelectronics industry, including CHx (x = 1–3)
[4,5], CFx (x = 1–3) [6–8], NFx (x = 1–2) [8–10], and
SiFx (x = 1–3) [11–13]. Two additional radicals, SF3 and
SF5, produced by the dissociation of SF6 have also been
studied using this method[14].

On the theoretical side, ab initio (e,2e) calculations for
molecules are not yet feasible at present. Current theoretical
studies of electron impact ionization of molecules all employ
approximations derived from physically based models. The
two most popular models are the binary-encounter Bethe
(BEB) model of Kim and Rudd[15] and the Deutsch–Märk
(DM) model of Deutsch and Märk[16]. The BEB model
employs a modified form of the Mott cross-section to repre-
sent ionization by short-range interactions, and a one-term
representation of the Bethe dipole cross-section with a mod-
ified energy expression to describe ionization by long-range
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dipole interactions. In the DM model, the Bohr radius in
the semiclassical binary-encounter approximation[17] is re-
placed by the radius of the atomic orbital, and in the case of
molecules Mulliken population analysis is used to determine
the population densities of atomic orbitals in a molecule.
The cross-sections determined using both models are in gen-
erally good agreement with experiment and with each other.
In addition to the above two, Khare et al.[18] introduced a
version of binary-encounter dipole model that also uses the
Bethe cross-section to represent the long-range dipole in-
teraction. In the CSP-ic model of Joshipura et al.[19], the
total inelastic cross-section is determined using a spherical,
energy-dependent complex optical potential obtained using
a single-center expansion of the atomic/molecular charge
densities. The total, single ionization cross-section is then
deduced based on an empirical partitioning of the total in-
elastic cross-section into excitations to the bound and con-
tinuum states.

For a large class of atoms and molecules, the theoretical
models cited above generally provide total, single ioniza-
tion cross-sections that agree well with experiment. How-
ever, for a group of fluoride radicals, such as CFx and NFx
(x = 1–3), the discrepancies between experiment and the-
ory are as large as 50–100%. This rather surprising result
was explained in our recent combined theoretical and exper-
imental study[8]. It was pointed out that for this group of
radicals, the strongly polar fluorine bonds pull the nonbond-
ing electrons of the radical into the bonding region, result-
ing in a building up of charges there. A theoretical treatment
of electron collisions with fluoride radicals must account
for these bonding characteristics because the strong repul-
sive field in the bonding region plays an important role in
electron–radical collisions when the colliding electron ap-
proaches the bonding region. The lack of an adequate de-
scription of this bonding characteristics in the theoretical
models mentioned in the preceding paragraph is the source
of the large discrepancy between theory and experiment. The
improved binary-encounter dipole model (iBED) developed
by one of us[20], and the simplified version of this model
(siBED), accounts for the shielding of the long-range dipole
potential by the repulsive field in the bonding region. The
shielding parameter is deduced using ab initio calculations of
the electric field that the molecular charge distribution exerts
on the incoming electron. For CFx and NFx, cross-sections
calculated using the siBED model are in agreement with ex-
periment to within experimental error.

The SFx (x = 1–5) radicals are produced from the parent
SF6 molecule by collisional dissociation and photodissocia-
tion. SF6 is used widely in the electric power industry. It is
also used in pulsed power generation, gas lasers, and plasma
processing. Positive ion formation by electron impact of SF6
under controlled single collision conditions have been stud-
ied by Rapp and Englander-Golden[21], who measured to-
tal ionization cross-sections, and by Stanski and Adamczyk
[22] and Märk and co-workers[23], who determined par-
tial SF6 ionization cross-sections using two different mass

spectrometric techniques. Kim and co-workers reported cal-
culations of the total SF6 ionization cross-section by elec-
tron impact using the BEB model[24] and Deutsch et al.
[25] calculated the same quantity using the DM method.
Good agreements between theory and experiment, and also
between the two theoretical calculations, were obtained.
Tarnovsky et al.[14] reported the first experimental mea-
surements of the electron impact ionization cross-sections
of SF3 and SF5. While only SF3+ is produced in the elec-
tron impact ionization of SF3, they reported both the parent
ion SF5

+ as well as the fragmented product SF3
+ in their

measurements. Tarnovsky et al. also presented calculated
total single ionization cross-sections for SFx (x = 1–6) us-
ing an empirical modified additivity rule, MAR[26]. Good
agreement between experiment and the MAR cross-sections
was obtained for SF3 and SF5, but it should be noted that
the MAR contains empirically determined fitting parameters
and is thus not comparable in principle to the more rigorous
DM and BEB methods. More recent calculations using the
DM method led to SF3 cross-sections up to 70% larger than
experiment (H. Deutsch, M. Probst, K. Becker, T.D. Märk,
personal communication, 2002). Note that both SF3 and SF5
are radicals with one central atom and strongly polar fluo-
ride bonds, just like the fluorides CFx and NFx (x = 1–3)
in our previous study. However, there are also differences.
SF3 and SF5 have extravalent bonds by promotion to the 3d
shell of S. Also, S is a second row atom. It is of interest to
see if our model also applies to the present case.

The theoretical treatment is presented inSection 2to-
gether with the determination of the molecular parameters.
The re-analysis of the experimental data is presented in
Section 3. The experimental and theoretical cross-sections
are compared inSection 4.

2. Theoretical calculations

In the iBED model[20], the electron impact cross-section
σ iBED

po of ionizing an electron initially in orbital o of the
target and resulting in an ion state p is given by

σ iBED
po = σdB

po + σBE
po . (1)

Here, σdB
po is the dipole Born cross-section that describes

the dipole interaction between the scattering electron and
the target.σBE

po is a modified Mott cross-section with the
incident electron energy replaced by the average energy from
the binary-encounter model. It accounts for both direct and
exchange contributions from close collisions and is given by

σBE
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with No the occupation number of orbital o,α2
o twice its

binding energy, andκo andko the momentum of the bound
electron and the incoming electron, respectively.
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While the binary-encounter cross-section used in the
iBED model is identical with the BED/BEB model[15]
of Kim and Rudd, different dipole terms are used in the
two models. In the BED/BEB model the Bethe dipole
cross-section is used, representing the high-energy limit
of the dipole interaction where only the long range dipole
potential is important. The iBED model, on the other hand,
employs a three-term polynomial derived from a series rep-
resentation of the generalized oscillator strength of electron
impact ionization. This representation not only describes
the long-range electron-target dipole interaction, but also
the shielding of the dipole field as the scattering electron
comes inside the bonding region. The three-term dipole
Born cross-section is given by

σdB
po =

∫ (k2
o−α2

o)/2

0
dEp

8π(k2
p + α2

o)
5

k2
o

df
(o)
po

dEp

×
∫ Kmax

Kmin

dK
(1 + d1t + d2t

2)dK

K[(K + kp)2 + α2
o]3[(K − kp)2 + α2

o]3
.

(3)

Here, the energy and momentum of the ejected electron is
given by Ep and kp. Also, K is the momentum transfer of

the scattering electron, and df
(0)
po (Ep)/dEp the optical oscil-

lator strength (OOS) for the corresponding photoionization
process. The variablet is given by

t = K4

[(K + kp)2 + α2
o][(K − kp)2 + α2

o]
. (4)

The parametersd1 andd2 describe the shielding of the dipole
potential.

The total single ionization cross-section of a molecule is
given by

σiBED =
∑

o

∑
p

σ iBED
po . (5)

The data needed for the calculation ofσ iBED are ionization
potentials, kinetic energies of the bound electrons, the OOS
and the shielding parametersd1 andd2. In the iBED model,
the OOS are either deduced from experiment or determined
from ab initio calculations. In the simplified version of the
iBED model (siBED), the following approximate expression
is used based on thef-sum rule and the proper representation
of the OOS in the complexkp plane[20],

df
(o)
po (Ep)

dEp
= 8α2

oNokp

π(k2
p + α2

o)
6
. (6)

The determination of the parameters used in our siBED cal-
culations is given separately below.

2.1. Equilibrium geometries of SF3 and SF5

The equilibrium geometries of the ground states of SF3
and SF5 were optimized using the complete active-space

self-consistent field (CASSCF) method[27] and the
cc-pVDZ basis of Gaussian functions[28,29]. The opti-
mized equilibrium geometry for the ground state of SF3 is
umbrella shape with S at the top and the three F atoms at
the bottom. The bond lengths of two of the S–F bonds are
3.21 bohr and the bond length of the slightly shorter S–F
bond is 3.08 bohr. The bond angle between the two longer
S–F bonds is 154.75◦ and the two other F–S–F bond angles
are 87.90◦. This geometry is different from the geome-
try tabulated in JANAF tables[30] with three equal S–F
bonds at 2.95 bohr and all F–S–F bond angle at 109.47◦.
The ground state energy calculated using the couple-cluster
singles and doubles with perturbation treatment of triples
(RCCSD(T)) method[31,32] at the optimized geometry is
0.07793 hartree lower than the energy at JANAF geometry.
Also, the first ionization potential (IP) determined using the
optimized geometry is 11.26 eV, in close agreement with
the 11.36 eV determined from the experiment of Tarnovsky
et al. [14]. In comparison, the first IP determined using
JANAF geometry is 6.97 eV. Based on this comparison,
the optimized geometry is used in our siBED cross-section
calculations for SF3.

The optimized geometry of SF5 is the same as listed in
JANAF tables. SF5 is pyramidal, with S in the center of the
square formed by four F atoms and the fifth F at the top
of the pyramid. The bond length of an in-plane S–F bond
is 2.986 bohr, and the bond length of the out-of-plane S–F
bond is 2.853 bohr.

2.2. Binding energies and kinetic energies

The binding energies,−α2
o/2, and kinetic energies,κ2

o/2,
of molecular electrons were determined using quantum
chemistry calculations. It has been shown previously that for
molecules containing atoms from the second row or higher,
the use of a quasi-relativistic effective core potential to
represent the core electrons eliminates the problem of large
bound-electron kinetic energies resulting from the strong
attractive potential from the high-Z nucleus [33]. Thus,
our calculations employed the 10-electron quasi-relativistic
effective core potential derived by the Stuttgart group for
sulfur [34]. The kinetic energies of the molecular elec-
trons were calculated using Hartree–Fock functions because
one-electron properties calculated using Hartree–Fock cal-
culations were variationally stable to the first order. The
binding energies for valence electrons were calculated as
the difference between the energies of the ion and the neu-
tral molecule. For the lowest ion state of each geometry,
the RCCSD(T) method was used for the calculation. For
the higher lying ion states the CASSCF method was em-
ployed and the result was scaled by the difference between
the CASSCF and RCCSD(T) result for the lowest state.
For the inner electrons SCF values based on Koopmans
theorem were used. Also, for inner electrons with less than
1 hartee binding energy, the Koopmans values are scaled by
the CASSCF corrections determined for valence electrons.
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Table 1
Binding energies (−α2

o/2) and kinetic energies (κ2
o/2) used in the siBED

calculations of SF3 and SF5

SF3 (X2A′)a SF5 (X2A1)b

Orbital −α2
o/2 κ2

o/2 Orbital −α2
o/2 κ2

o/2

7a′ 45.908c 93.702 7a1 49.228c 79.166
8a′ 43.454c 104.508 8a1 45.685c 104.622
9a′ 25.448d 47.423 9a1 44.439c 109.839

10a′ 18.389d 66.038 10a1 27.040d 68.581
11a′ 18.079d 75.041 11a1 21.511d 71.349
12a′ 15.846e 83.162 12a1 17.369d 87.239
13a′ 14.422e 86.968 13a1 17.337e 86.710
14a′ 13.300f 64.239 14a1 16.394f 89.007
15a′ 11.263f 43.063 15a1 11.573f 55.055
3a′′ 43.560c 102.150 3b1 45.786c 99.410
4a′′ 19.255d 70.756 4b1 21.685d 71.218
5a′′ 17.207e 79.441 5b1 18.711d 78.909
6a′′ 15.175e 82.896 6b1 16.390e 89.297
7a′′ 15.006f 91.449 7b1 16.040f 94.628

3b2 45.786c 99.410
4b2 21.685d 71.218
5b2 18.711d 78.909
6b2 16.390e 89.297
7b2 16.040f 94.628
1a2 18.915e 75.514
2a2 15.267f 97.210

Core electrons are not listed. Both quantities are in eV.
a SF3 calculations were done using Cs symmetry.
b SF5 calculations were done using C2v symmetry.
c Hartree–Fock calculation based on Koopman’s theorem.
d Scaled Hartree–Fock calculation.
e CASSCF calculation corrected by RCCSD(T) results.
f RCCSD(T) calculation.

The aug-cc-pVTZ basis of Gaussian functions was used in
the SF3 calculations whereas for SF5 the cc-pVTZ basis
was used. All calculations employed the MOLPRO electron
structure code[35]. Table 1presents the binding energies
and kinetic energies for SF3 and SF5. Since our calcula-
tions used a 10-electron effective core potential, sulfur 1s,
2s, and 2p electrons are not included in the tabulation. The
data on fluoride 1s electrons are also skipped because their
energies are too high to play a role in the range of electron
energies studied here.

2.3. Shielding parameters d1 and d2

The parametersd1 andd2 in Eq. (3)represent the shield-
ing the attractive long-range dipole potential as the scatter-
ing electron approaches the bonding region. In our study of
CFx and NFx, the parameterd1 was determined by com-
parison of the molecular propertyF of the radical with the
corresponding value for a non-fluoride molecule at the same
geometry. The propertyF is given by

F =
∑

i

∑
µ

(f i
eµ)2, (7)

with f i
eµ the electric field exerted by the molecular charge

distribution of orbitali on an electron. At the equilibrium

geometry of SF3, the value ofF for SF3 is 0.5079 versus
a value of 0.4448 for CF3 at the same geometry. Based on
the ratio of the twoF values and the previously determined
d1 = −4.8 for CF3, we setd1 = −5.5 for SF3.

Due to the use of the effective core potential in the cal-
culation of molecular parameters, the region near the sulfur
nucleus is described differently from all-electron calcula-
tions. The parameterd2, which describes the interaction of
the scattering electron with the inner region of the molecu-
lar charge distribution, is chosen to be 1.2 for SF3 to reflect
the less repulsive core region.

For SF5, there are no corresponding AB5 molecules to
guide the choice ofd1 andd2. Instead, we consider the bond-
ing trend in the series of SFx molecules. While all SFx (x =
3–6) has extravalent bonds, SF6 is a closed shell molecule for
which the BEB cross-sections are in good agreement with
experiment[24]. Thus, the bonding characteristics changes
from x = 3 to 6. Based on this consideration, the parameters
d1 andd2 for SF5 are chosen to be 3/5 of the values of SF3.

3. Analysis of experimental data

We carefully re-analyzed the originally reported ex-
perimental cross-section data for SF3 and SF5 [14], an
effort to ensure that systematic effects that may influence
the proper determination of the total single ionization
cross-sections are fully accounted for to the maximum ex-
tent possible. The total single ionization cross-section for
each free radical is obtained as the sum of all measured
partial ionization cross-sections. The sum of all partial ion-
ization cross-sections for a given target will only yield the
“correct” total single ionization cross-section, if all chan-
nels leading to the formation of one singly charged positive
ion are properly taken into account. This requires estimates
for contributions to the total single ionization cross-section
from partial ionization channels whose cross-sections were
not or not accurately measured because of weak signals
and/or significant excess kinetic energy that precludes a
100% collection of a specific fragment ion. Another issue is
the presence of (positive) ion–(positive) ion pair formation
processes whose contributions to the total single ionization
cross-section have to be discounted which requires that their
respective absolute cross-sections and energy dependences
have to be determined or estimated. In the course of the
present work, we re-analyzed all original data files relating
to the measurements of the SF3 and SF5 partial ionization
cross-sections in an effort to obtain the most reliable experi-
mental total single electron impact ionization cross-sections
for these two free radicals. The re-analysis of the data sets
resulted in SF3 and SF5 cross-sections that were at most
3% different (in the low-energy regime from threshold to
100 eV) from those published earlier[14]. This change is
much smaller that the overall error margins for the exper-
imentally determined total SF3 and SF5 electron impact
ionization cross-sections, which are of the order of±20%.
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Fig. 1. Total single ionization cross-section of SF3 calculated using the
siBED model and the revised experimental data. Also presented are
theoretical cross-sections calculated using the BEB model of Kim and
Rudd [15] and the DM model[16].

4. Results and discussions

Figs. 1 and 2present the total single ionization cross-
sections of SF3 and SF5, respectively, calculated using the
siBED model and the re-analyzed experimental data. Also
presented are the DM cross-sections (H. Deutsch, M. Probst,
K. Becker, T.D. Märk, personal communication, 2002) and
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Fig. 2. Total single ionization cross-section of SF5 calculated using the
siBED model and the revised experimental data. Also presented are
theoretical cross-sections calculated using the BEB model of Kim and
Rudd [15] and the DM model[16].

the BEB cross-sections calculated using the molecular data
from Table 1. For both SF3 and SF5, good agreement is ob-
tained between experiment and the siBED cross-sections,
to within experimental error. While the siBED cross-section
curve for SF5 follows the shape of the experimental curve
well, the siBED curve for SF3 at the high-energy end de-
creases with energy somewhat faster than experiment.

Comparison of experiment with the DM and BEB data
shows that, for both SF3 and SF5, these two models give
cross-sections that are larger than experiment. But the devia-
tion between DM model and experiment is generally smaller
than the BEB model. For SF5 the DM cross-sections are
within experimental error of our measurement, even though
they are somewhat higher than the siBED result. This prob-
ably is related to our observation that the bonding charac-
teristic of SF5 is closer to normal bonding than SF3.

The present study shows that the siBED model, which
accounts for the shielding of the dipole interaction, is capa-
ble to describe electron impact ionization of radicals with
extravalent bonding.
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