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This paper is a data basis which includes tables of integral, differential, and momentum transfer
cross sections for elastic electron scattering from CF4, CCly, SiCly, SiBry, Sils, CHsF CH»F», CHF 3,
CHgCl, CHQC]Q, CHC]3, CF3Cl, CFQC]Q, CFC]3, CH3BI‘, CH3I, SngCl, SiH3BI‘, SIH3I, Gechl,
GeH3BI‘, SanBr, CzHa, SiQHe, GezHa, B2He, GaQHe, HzO, st, ste, HsTe, trimethylarsine
(TMAs), N2O, and Os. These tables show our new results, along with some of our previously
published cross sections, and can easily be compared to future experimental data and other new
theoretical results. Our scattering amplitudes were calculated using the Schwinger multichannel
method with norm-conserving pseudopotentials. Our results are in good agreement with other
theoretical data and experimental results when available.

All tables are available in the electronic version of the paper only [on the world wide web at

http://www.sbf.if.usp.br/bjp/Vol31/Num1/.]

I Introduction

In this paper we show applications of the Schwinger
multichannel method with norm-conserving pseudopo-
tentials [1] to electron scattering from CF4, CCly, SiCly,
SiBI‘4, SiI4, CH3F CHQFQ, CHF3, CH3CI, CH2012,
CHCI3, CF3CI, CFQCI2, CFCI?,, CH3BI‘, CH3I, SIH?,CI,
SiH3BI‘, SIH3I, GeH?,Cl, GeHgBI‘, SHH3BI‘, C2H6,
SiQHﬁ, GegHﬁ, B2H6, Ga2H6, HQO, Hgs, ste, H2Te,
trimethylarsine (TMAs), N»O, and Oz. Many of these
molecules are plasma processing gases [2, 3] and some
are also of environmental interest for being greenhouse
gases or stratospheric ozone depleting gases [3]. De-
spite their industrial and environmental importance,
studies on electron interactions with these molecules

are very scarce. To our knowledge, this is the first col-
lection of electron scattering cross sections for many
of the molecules cited above. We intend to present in
this paper a complete data base of our results, which
can easily be compared to future experimental data and
other new theoretical results.

In section II we present a brief review of the theory
and describe the main approximations used in our cal-
culations. In Section IIT we present our results and
discussion. This section is divided as follows: Sub-
section III-1 shows our elastic differential cross sec-
tions (DCS) for CF,, CCly, SiCly, SiBry and Sily from
Ref. [4], in addition to results for other impact ener-
gies. We also show here our elastic integral cross sec-
tions (ICS) and unpublished momentum transfer cross
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sections (MTCS) for these molecules. Subsection ITI-
2 includes tables with elastic DCS from Ref. [5] for
CH3F CH,F., CHF3, CH3Cl, CH,Cl,, CHCl3, CF3Cl,
CF>Cl,, and CFCl3 along with our results for other
electron impact energies. Subsection III-3 shows our
new results on elastic differential and momentum trans-
fer cross sections for the molecules XH3Y, with X = C,
Si, Ge, Sn; Y = F, Cl, Br, I. Results of our previous
studies [6] on XoHg (X=C, Si, Ge) are presented in Sub-
section ITI-4. In Subsection III-5 we present our new
elastic electron scattering results for GaxHg and tables
with our DCS and our ICS for BoHg from Ref. [6]. Our
MTCS for BoHg, which were not included in Ref. [6] are
also shown. Subsection ITI-6 presents our DCS for Ho X
(X=0,8, Se, Te) from Ref. [7]. In Subsection III-7 we
show our results for trimethylarsine (TMAs) [8]. Elas-
tic cross sections for N,O [9] and O3 [10] are presented
in Subsection III-8.

IT Theory

The implementation of pseudopotentials in the
Schwinger multichannel method allows calculations of
low-energy electron scattering by molecules containing
atoms with many electrons with reduced computational
effort [1]. The basic idea is to replace the core elec-
trons and the nucleus of each atom in the molecule by
the corresponding soft norm-conserving pseudopoten-
tial and to describe the valence electrons in a quantum
chemistry framework (Hartree-Fock approximation in
the present implementation). The cross sections for
electron scattering by molecules with different atoms
but with the same number of valence electrons can then
be calculated with about the same computational effort.
To illustrate this idea, Table I shows the total num-
ber of electrons for each studied molecule compared
to the number of valence electrons. The method can
provide substantial computational saving, especially for
molecules containing many heavier than H centers, such
as CFCl3 for example.

The Schwinger multichannel method has been de-
scribed previously and we only review here some key
features for completeness. In this method, the working
expression for the scattering amplitude is

1 _
[fEi,Ef] = “on Z(Sﬁf|V|Xm>(d 1)mn<Xn|V|SEi>’
(1)
where
dypn = <Xm|A(+)|Xn> (2)
and

Alexandra P.P. Natalense et al.

H (HP+PH) (VP+PV)

(+) — —
A N+1 2 2

—vahv.
(3)

In the above equations |Sj ) is the product of a tar-
get state and a plane wave, V is the interaction po-
tential between the incident electron and the target,
|xm) is a (N+41)-electron Slater determinant used in
the expansion of the trial scattering wave function, H is
the total energy of the collision minus the full Hamilto-
nian of the system, P is a projection operator onto the
open channel space defined by target eigenfunctions,
and G P+ is the free-particle Green’s function projected
on the P-space.

In our formulation all the matrix elements needed
to evaluate the scattering amplitude are computed an-
alytically, exceg)t those involving the Green’s function,
i.e. Xm|VG Vxn), which are calculated by numer-
ical quadrature [11].

We use the morm-conserving pseudopotentials of
Bachelet Hamann and Schliiter [12] to describe the nu-
clear potential and the core electrons of each atom.
These pseudopotentials were implemented in the SMC
method as described in Ref. [1]. The Cartesian Gaus-
sian functions used to describe the molecular and scat-
tering orbitals were especially designed to be used in
our pseudopotential calculations [13].

Our cross sections were obtained in the fixed-nuclei
static-exchange approximation. We do not include the
description of polarization effects, since they are known
to be of little importance for the impact energy range
we study here (5-30 eV). For water molecule, we also
present static-exchange DCS in the (2-5)-eV energy
range because, in this case, polarization effects are not
so important, since the existing long-range permanent
dipole moment potential is known to dominate low-
energy scattering for this system [14]. We also do not
include in this calculation any correction to account for
the dipole potential of the polar molecules, except for
the HoX (X = O, S, Se, Te) molecules and TMAs, for
which we have combined the Schwinger multichannel
method with a Born closure procedure [7, 8]. The main
contribution of this long range potential to the differ-
ential cross sections is at very low scattering angles,
where the contribution of high partial waves is more
important.

IIT Results and Discussion

II1.1 CF,, CCl,, SiCl,, SiBry, and Sil,

Our elastic differential cross sections (DCS) for elec-
tron scattering from CF4, CCly, SiCly, SiBry, and Sily
from Ref. [4] are presented in Tables II to VI, along with
our results for other impact energies. Our DCS for CF4
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are in very good agreement with available experimental
data [15] (see Ref. [4]). To our knowledge, except for
CFy, there are no other DCS for these molecules in the
literature for comparison.

In Tables VII and VIII we show our integral elastic
cross sections and our unpublished momentum transfer
cross sections for CF,, CCly, SiCly, SiBry, and Sily.

II1.2 Fluoromethanes, Chloromethanes
and Chlorofluoromethanes

In this subsection we present tables with our differ-
ential cross sections of Ref. [5] for CH3F CH,F,, CHF3,
CH3CI, CHQCIQ, CHClg, CFgcl, CF2CI2, and CFC13
and new results for many other electron impact ener-
gies. As an illustration, Fig. 1 compares our differential
cross sections for CF5Cly, CF3Cl, CH3Cl, and CH>F»
at selected impact energies with the experimental re-
sults of Ref. [16, 17, 18, 19] respectively and the agree-
ment is very good even for impact energies as low as
5 eV. Although not shown here, our results for CH3Cl
are also in good agreement with the results obtained

with the complex Kohn variational method [20] (see
Ref. [5]).
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Figure 1. Our differential cross sections for selected

molecules and energies compared to experimental data. Full
lines: our theoretical results; triangles: CF3Cly experimen-
tal data [16]; diamonds: CF3Cl experimental data [17]; cir-
cles: CH3Cl experimental data [18]; squares: CHaF» exper-
imental data [19].

In Figs. 2 and 3 we compare differential cross sec-
tions for fluoromethanes and chloromethanes respec-
tively, both at 10 eV impact energy. We also include our
results for CF4, CCly and CH4 [1]. We have shown pre-
viously [5] that the molecules with larger outer atoms
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present more oscillations in the differential cross sec-
tions than the other ones especially for high impact
energies. This behavior indicates that the presence of
larger outer atoms increases the range of the potential,
and favors the coupling of higher partial waves. Figs. 2
and 3 show that this behavior is also present for lower
impact energies, although less evident.
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Figure 2. Differential cross sections for CH,F4_, at 10 eV.
Full line: CF4 [4]; long dashed line: CF3H; dot—dashed line:
CFyHy; short dashed line: CFHs; dotted line: CHy [1].

10 pr—r——T——T7T— 7T

CH,Cly.p,- 10eV

o
o
1

abid a%aass

Cross Section (10° 16 cm2/sr)

s,"" el

1 3 ':":,:':n.----' & r
01 M ] M 1 A 1 M 1 M 1

0 30 60 90 120 150 180

Scattering Angle (deg)

Figure 3. Differential cross sections for CH,, Cls_, at 10 eV.
Full line: CCly [4]; long dashed line: CCl3H; dot—dashed
line: CCl>H»; short dashed line: CClHs; dotted line:
CHs [1].

Tables IX to XVII show our differential cross sec-
tions for CH3F CH2F2, CHF?,, Cchl, CHQCIQ, CHCI3,
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CF;3Cl, CF,Cly, and CFCl3 respectively, for several im-
pact energies.

I11.3 XH,Y (X = C, Si, Ge, Sn; Y = F,
Cl, Br, I)

In this subsection we present a comparative study
of differential and momentum transfer cross sections for
CH3F, CH3CI, CH3BI‘, CH3I, SIH?,CI, SiH3BI‘, SIH3I,
GeH3Cl, GeH3Br, and SnH3Br. To our knowledge,
there are no theoretical nor experimental results for
these molecules in the literature for comparison, ex-
cept for CHsF [19] and CH3Cl [18, 20], as discussed in
Subsection III-2 above.

Fig. 4 compares our differential cross sections at
20 eV for CH3Br and CH3I to our previous results for
CH3F, and CH3Cl [5]. The differential cross section
for CH3F is significantly different from the results for
the other molecules. CH3Cl, CH3Br, and CH3I present
very similar differential cross sections, with small dif-
ferences only in the forward and backward directions.
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Figure 4. Differential cross sections for CH3Y (Y = F, Cl,
Br, I) at 20 eV. Full line: CH3F [5]; dotted line: CH3Cl [5];
dashed line: CH3Br; dot—dashed line: CH3lI.

In Fig. 5 we compare our differential cross sections
at 20 eV for SiH3Cl, SiH3Br, and SiH3I (top graph)
and GeH3Cl, and GeH3Br (bottom graph). For these
two sets of molecules the peripheral atoms have little
influence on the differential cross sections, except for
high scattering angles.

Fig. 6 shows the influence of the central atom on the
differential cross sections at 20 eV. The three pictures
show that different central atoms produce little differ-
ences in the cross sections, except for CH3I and SiH3l
(bottom graph). In this case, the presence of silicon in
the molecule instead of carbon introduces undulations
in the cross sections, which are characteristic of higher
angular momentum coupling [5].
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Figure 5. Differential cross sections at 20 eV. Top: results
for SiH3Y (Y = Cl, Br, I). Full line: SiH3Cl; dotted line:
SiH3Br; dashed line: SiHsI. Bottom: results for GeHsY (Y
= Cl, Br). Full line: GeH3Cl; dot—dashed line: GeH3Br.
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Figure 6. Differential cross sections at 20 eV. Top left: re-
sults for XH3Cl (X = C, Si, Ge). Full line: CH3Cl; dashed
line: SiH3Cl; dot—dashed line: GeH3Cl. Top right: results
for XH3Br (X = C, Si, Ge, Sn). Full line: CH3Br; dot-
ted line: SiH3Br; dashed line: GeHsBr; dot-dashed line:
SnH;Br. Bottom: results for XH3Cl (X = C, Si). Full line:
CH3Cl; dashed line: SiH3CIl.

Tables XVIII to XXV present our differential cross
sections for all the XH3Y-type of molecules we have
studied at various electron impact energies. In Ta-
ble XXVI we show our results for momentum transfer
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cross sections.
II1.4 X,H; (X=C, Si, Ge)

Elastic integral and differential cross sections for
this family are presented in Tables XXVII, XXVIII
and XXIX. These molecules were subject of previous
studies by our group using the SMCPP method [6].

I11.5 B2H6 and G&2H6

B2 Hg is used as gas precursor in processes of chemi-
cal vapor deposition [21] and was the subject of previous
studies [6]. In this subsection we present tables with our
previous results for BoHg [6] and elastic electron scat-
tering results for GasHg for the first time. Fig. 7 shows
elastic integral cross section for BoHg and GasHg from
5 eV to 30 eV. The cross section for GasHg lies above
the result for BoHg, and presents no structure in this
energy range. The integral cross section for BoHg shows
a very broad feature around 10 eV.

80 — 71 r T 1 1

=)
<

20

Cross Section (10° 16 cm2)
oA
<)

0 —_—
5 10 15 20 25 30

Impact Energy (eV)

Figure 7. Elastic integral cross sections for B:Hs and
GasHg. Solid line: GazHg; dashed line: BaHg.

Fig. 8 compares differential elastic cross sections for
these two molecules for selected energies. These DCS
are also shown in Tables XXX and XXXT along with our
results for other electron impact energies. The DCS
for these two molecules are dissimilar, the results for
GasHjg being rich in oscillations due to higher angular
momentum coupling especially at higher impact ener-
gies.
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Figure 8. Differential elastic cross sections for BaHg and
GasHg at 5 eV, 10 eV, 25 eV, and 30 eV. Solid lines: GaxHg;
dashed lines: BoHs.

I11.6 H,X (X = O, S, Se, Te)

In this subsection we present our elastic differential
cross sections (DCS) for HoX (X = O, S, Se, Te) from
Ref. [7] (Tables XXXII to XXXYV). The long-range po-
tential due to the permanent dipole moment of the tar-
gets (HoO and H»S) was described through a Born clo-
sure procedure. Our DCS for H>O and H»S are in good
agreement with available experimental data and previ-
ous calculations (see Ref. [7]). Tables with our integral
cross sections and momentum transfer cross sections for
these molecules are shown in Ref. [7].

II1.7 AS(CH3)3 -
(TMAs)

The trimethylarsine molecule can be found in innu-
merable different conformations, since the three CHjz
groups can rotate around the As—C chemical bond. In
our previous work on elastic electron scattering from
TMAs [8] we have shown that, although the difference
between the two selected conformations (reference con-
formation (RC) and lowest energy conformation (LEC))
is simply the relative positions of the hydrogen atoms,
the electron scattering cross sections are sensitive to the
conformation of the target for impact energies between
4 eV and 15 eV. In this energy range, one should per-
form an average over all possible target conformations
in order to compare calculated cross sections and ex-
perimental data. Above 15 eV, however, there seems to
be no relevant conformational effect.

Table XXXVT presents our differential elastic cross
sections and Table XXXVII shows our elastic integral
and momentum transfer cross sections for TMAs from
Ref [8] at the two selected conformations.

Trimethylarsine
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I11.8 N,O, and O;

In this subsection we present elastic cross sections
for NoO [9] and Os [10] molecules. These molecules
were subject of previous studies. For O3 we have used
the first Born approximation to correct the differen-
tial cross sections at small scattering angles due to the
influence of the molecular permanent dipole moment.
For N>O we have not used this procedure. In Ta-
bles XXXVIII and XXXIX we present our differential,
integral and momentum transfer cross sections for NoO
and Og respectively at selected energies.

Tables

All tables are available only in the electronic
version of the paper on the world wide web at
http://www.sbf.if.usp.br/bjp/Vol31/Numl/.
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