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Cross sections for dissociative recombination and electron-impact vibrational excitation of the
BFJ molecular ion are computed using a theoretical approach that combines the normal modes
approximation for the vibrational states of the target ion and the UK R-matrix code employed to
evaluate electron-ion scattering matrices for fixed geometries of the ion. Thermally-averaged rate
coefficients are obtained from the cross sections for temperatures 10 — 3000 K.

PACS numbers: 33.80. -b, 42.50. Hz

Non-equilibrium plasmas produced with electrical dis-
charges in BF3 containing feed gas present a continuously
increasing interest for a large number of applications. In
particular, BF3 is very often the boron carrier when plas-
mas are used for material processing [IH3]. Basically, BF3
plasmas are used either for (i) the synthesis of ultra-hard
boron compounds, e.g. boron carbides [I], (ii) the de-
position of boron nitride, an advanced material with a
large number of functionalities [2], and (iii) p-type doping
by boron in the semi-conductor and photovoltaic indus-
tries [3, [4]. As far as doping applications are concerned,
plasma immersion ion implantation (PIII) processes are
probably one of the most promising in terms of cost and
technical performance [4, [5]. These processes make use
of very low pressure, very high density magnetized plas-
mas generated in a BF3 containing feed gas. Depending
on the level of the power coupled to the plasma, several
cations - BFJ, BFJ, BF*, B* - and anions - e.g. F~
- may be produced [0, [7]. The positive ions are then
extracted from the source to an implantation chamber
where the processed silicon substrate is submitted to very
high negative voltage pulses. These pulses result in a
large acceleration of the positive ions that are implanted
in the substrate, which results in the doping of this later.
The implantation depth depends on the nature and the
energy distribution of the ions impinging the substrate,
while the doping level depends on the ion flux and, conse-
quently, on the plasma density. The plasma density and
the relative predominance of the different ions are de-
termined by the ionization kinetics in the source region.
The plasma sources used in PIII processes are usually
magnetized [8]. The ambipolar diffusion in the radial
direction that is perpendicular to the magnetic field is
strongly reduced with respect to the parallel diffusion.
Under typical plasmas conditions used in PIII processes,
i.e., B &~ 100 — 500 Gauss and p ~ 1 Pa, the electron
cyclotron frequency is the GHz range, while the electron-
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neutral momentum transfer collision frequency is in the
MHz range, according to Eq. (5.4.5) of [9] the diffusion
coefficient in the radial direction is reduced by approxi-
mately 6 orders of magnitude with respect to the parallel
diffusion coefficient. The characteristic time estimated
for perpendicular diffusion for typical PIII reactor ge-
ometries is at the order of a hundred second, while the
dissociative recombination characteristic time is around
0.1 s. Following a similar procedure, one can easily show
that mutual neutralization is also likely to dominate dif-
fusion losses provided the negative ion density is of the
same order of magnitude as electron density, i.e. moder-
ately electronegative plasmas. It appears therefore that
under PIII discharge conditions, positive ions losses at
the reactor wall are dominated by their dissociative re-
combination with electrons and by their neutralization
by collisions with negative ions. The investigation of dis-
sociative recombination of molecular ions is therefore of
major interest for these processes. This is especially the
case of BF;‘, which is often the major ion in BF3 con-
taining plasma in discharge conditions corresponding to
PIIT process [B]. This study is a continuation of a previ-
ous work performed in the theoretical framework of the
multichannel quantum defect theory on the dissociative
recombination and competitive processes of BT [10].
The article is organized as follows. After the Introduc-
tion, Section II describes the theoretical approach used
in the present calculation. In Section [[I} the obtained
cross sections and the corresponding rate coefficients are
displayed and discussed. Section [[II] concludes the study.

I. THEORETICAL APPROACH

A. Dissociative recombination and vibrational
excitation cross section formulas

Since the basic formalism used in our model is pre-
sented in detail in Refs. [II] [I2], we restrict ourselves
here to underline its major ideas. The studied molecular
cation, BFJ, is linear in its equilibrium geometry.
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TABLE I: Vibrational frequencies (in cm™

1) obtained in this study and compared with previous data available in literature.

Mode  symmetric stretching bending asymmetric stretching
Symmetry E;r II} and II; =
w1 wo w3 Method Reference
1062.8 469.2 2146.1 CI/ cc-pVTZ This work
1023 443 2088 MP2 Ref. [14]
1030 450 CI Ref. [15]
2026.1+ 0.2 Exp. Ref. [16]

The theoretical model starts with the following as-
sumptions (see for example [12]): (i) the rotation of the
molecule is neglected, (ii) the cross section is averaged
over the autoionizing resonances, (iii) the autoinization
lifetime is assumed to be much longer than the predis-
sociation lifetime , and (iv) the harmonic approximation
is used to describe the vibrational state of the core ion.
Using (i)-(iv) and applying the frame transformation, the
DR cross section is given by Eq.(13) of [12], in which the
scattering matrix elements were expanded to first order
in the normal coordinates. The cross section for vibra-
tional excitation (VE) of the mode i writes
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Here ¢;, hw; and g; (i = 1 — 3) are respectively the di-
mensionless coordinate, the energy and the degeneracy of
the mode 4. The degeneracy is two for the bending mode
2 and one for the symmetric and asymmetric stretching
modes. Spy/a is an element of the fixed-nuclei scat-
tering matrix for electronfBF; collisions with the ini-
tial channel (A) and the exit channel (X'1"), [ being the
electron angular momentum and A its projections on the
molecular axis. And finally, m is the reduced mass of
the electron-ion system, E; the incident energy of the
electron, # the Heaviside step function. The present the-
oretical approach can describe the (de-)excitation process
changing only one quanta in each normal mode of the tar-
get ion. (De-)excitation cross sections for the changing
two or more quanta in a mode, are much smaller (the
propensity rule) and are neglected in this study. In the
present case, the initial state of the ion is the ground vi-
brational level, so the electron can only be captured into
the first excited vibrational state of each normal mode.

The situation is similar if the electron energy is not
sufficient to excite the ion and then to leave it. In such a
situation, the present model suggests that the excitation
probability of ion by the electron is described by the same
physics, but instead of leaving the vibrationally excited
ion, the electron is captured in a Rydberg resonances
attached to that vibrational state, excited by the elec-
tron. If the electron is captured by the ion, the system
will most likely dissociate, rather then autoionize. Cor-
respondingly, the cross section for dissociative recombi-
nation (DR) is then obtained [12] as
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Here ¢ runs over all three modes: two stretching modes
vy and v (symmetric and asymmetric) with respective
frequencies wi and w3 and corresponding coordinates ¢
and g3, and a doubly degenerate transverse mode v with
a lower frequency we and coordinates (gaz, g2y )-

To calculate the derivative of the scattering matrix
OSix A /0q; with respect to the normal coordinate g;,
the scattering matrix is evaluated for two values of g;
keeping the other normal coordinates ¢;; fixed at ¢;; = 0.

The elements Sy /a(q) of the scattering matrix S(q)
at a given geometry ¢ specified by four normal coordi-
nates ¢ = {q1,42,93,91} = {q1, 42, 43, g2y } are computed
from the reactance matrix K, obtained numerically as
discussed below:

=

iJrz

S=——
1-iK

; 3)

where 1 is the identity matrix.

B. The properties of the BF;‘ ion and the
scattering calculations

The main electronic ground state configuration 12;‘
of the ion in its natural point group symmetry D, 18
(10?{)2 (10:{)2 (203)2 (203)2 (30;)2 (40;)2 (30?[)2 (177;)2
(17@*‘)2 (17rg_)2 (17T;‘)2. The normal coordinates and
the related frequencies are obtained using the cc-pVTZ
basis set centered on each atom and including s, p
and d orbitals. Performing configuration interaction
(CI) calculation in the Dsj symmetry group, using the
MOLPRO suite of codes [I3], we found equilibrium
geometry of the ion with the B-F distance of 1.2215 A.
Table [I] gives the vibrational frequencies obtained from
CI calculations using cc-pVTZ basis set, and compares
with the data available in literature.

The electron scattering calculations were performed
using the UK R-Matrix code [I7, [I8 with the
Quantemol-N interface [19]. The calculations were
performed in the abelian subgroup Ds;, and the tar-
get BF2+ ion was assumed to be in its ground elec-
tronic state. In our CI model, we freeze 10 elec-
trons in the core lag,2a4,3ay,1bay,2b,, while the
remaining 12 electrons are kept free in the active
space of 4Clg, 5ag, lbgu, 2b3u, 3b2u, 4b2u, 1b19, lblu, 2b1u,
1b3y molecular orbitals. A total of eight electronic ex-
cited target states are represented by 1844 configuration
state functions (CSFs) for the ground state. All the gen-
erated states up to 16 eV were retained in the final close-
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FIG. 1:

electron scattering energy (eV)

Eigenphase sums as a function of the electron scattering energy E¢; for ¢; = 0.01 (dimensionless) for the symmetric

stretching (left panel), bending (right upper panel), and asymmetric stretching (right bottom panel) modes. The curves of
different color correspond to different symmetries of the e”~BFJ system.

coupling calculation. We used an R-matrix sphere of ra-
dius 10 bohrs and continuum Gaussian-type orbitals with
partial waves up to [ < 4. In the following, this calcula-
tion will be referred to CAS;.

Initially, several basis sets - including DZP and cc-
pVTZ - were tested to investigate the stability of the
target properties such as polarizability and ground state
energy and, finally, we chose the cc-pVTZ basis set in
order to perform the scattering calculations. Since the
first electronically excited state X is approximately 13
eV above the dissociation limit for the ground state, this
latter state is essentially isolated and the non-adiabatic
effects are expected to be small. Therefore, for low elec-
tron energy collisions, i.e. bellow 10 eV, only the ground
electronic state is open for ionization in e-BF5 collisions,
and the dimension of the geometry-fixed scattering ma-
trix remains the same at low collision energies.

At low collision energies the fixed-nuclei scattering ma-
trix depends only weakly on energy. A sharper energy-
dependence is observed at certain relatively-high ener-
gies, corresponding to positions of Rydberg states at-
tached to the excited electronic states of the ion. A
quantity convenient for the analysis of the energy de-
pendence of the scattering matrix is the eigenphase sum.
Figure [I] displays the eigenphase sum for the three dif-
ferent geometries corresponding to a small displacement

from equilibrium along each normal mode of the BF;r
ion. Bending and asymmetric stretching mode calcula-
tions were performed in the Cs, abelian subgroup, while
for the symmetric mode the group Dy was used in the
calculations. The variation of the eigenphase sums is
smooth for energies below 6 eV. Above this value, a sharp
energy dependence at certain energies is observed due to
the presence of electronic Rydberg resonances attached
to closed ionization limits.

II. CROSS SECTIONS AND RATE
COEFFICIENTS

For convenience, we introduce the quantities

Pi:%z

AN

2

OSin (@)

0q;

which could be interpreted as the probability for exci-
tation of the vibrational mode i, are listed in table [[I}
Figure [2| shows the weakly dependence of that quantity
on energy and, therefore, could be used as a constant in
calculations of the thermally-averaged rate coefficients.
Using P;, the cross sections of Egs. and are
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FIG. 2: Vibrational excitation of BFJ: probabilities corre-
sponding to the normal vibrational modes of the target ion.

TABLE II: Parameters of Egs. and @D calculated at E =
0.1 eV collision energy.

Mode % P;
symmetric stretching 0.053
bending 0.20

asymmetric stretching 0.05

written as
VE _ mh? .
g; (Eel) 2mEel PZ H(Eel hwz) 5 (5)
wh? 3
DR _ § : ) _
o (Eel) omE., P; e(hwz Eel) (6)

Figure [3| illustrates the DR cross section oPF(E,;)
computed based on Eq. . At very low scattering ener-
gies, i.e. below 0.02 eV, the DR cross section is a smooth
function inversely proportional to the incident energy of
the electron, as predicted by the Wigner threshold law,
whereas at higher energies, it exhibits a drop at each
vibrational threshold.

Due to the simple analytical form of the cross sections,
the corresponding rate coefficients are easily evaluated
from the general expression

8 o0 E.
(2 I T)3/2 /0 U(Eel) exp (_kb%) EeldEel 7(7)
TTRb
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VE _ . _ ¢
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DRy = [T N poly B
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where k; is the Boltzmann coefficient and T is the tem-
perature. The thermally averaged rate coefficients for
dissociative recombination and vibrational excitation are
shown in Figure
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FIG. 3: Cross section for the dissociative recombination of

BFJ. The lowest vibrational threshold of each normal mode
are indicated by arrows.

In order to access the uncertainty of the present theo-
retical model, we have performed a complete calculation
of the DR and VE rate coefficients using different basis
sets and orbital space in the electron-scattering calcu-
lations. The calculations were performed for three sets
of parameters (1) the CAS; with the cc-pVTZ basis set,
mentioned above; (2) a calculation (referred here as cc-
pVTZ CAS;) similar to (1) but with a smaller orbital
space, where 8 electrons are kept free in the active space;
and (3) a calculation (referred here as cc-pVQZ CAS;)
similar to (1) but with the larger basis cc-pVQZ. The re-
sults are in shown in Fig.[d] The difference between the
rate coefficients produced in the three calculations for the
DR process and the VE of the asymmetric stretching and
bending modes is about 4%. The uncertainty of the rate
coefficient for the VE of the symmetric stretching mode
is larger, varying in the interval 10 — 40% for different
temperatures. Notice that the overall probability for the
symmetric stretching excitation is much smaller than the
probabilities for other modes and DR.

III. CONCLUSIONS AND DISCUSSIONS

In this study, cross sections and rate coefficients for
dissociative recombination and vibrational excitation of
BFJ by electron-impact were obtained using a theoret-
ical approach that combines the normal modes approx-
imation for the vibrational states of the target ion, the
vibrational frame transformation, and the UK R-matrix
code. The thermally averaged rate coefficients have a
simple analytical form.

The obtained thermally-averaged rate coefficients are
relevant for the kinetic modeling of molecule based cold
non-equilibrium plasmas, in the context of complete lack
of other theoretical or experimental data on these pro-
cesses for this cation, and are ready to be used in the
modeling of the fluorine/boron plasma for etching or im-
plantation processes. Indeed, we are presently able to
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FIG. 4: Dissociative recombination and vibrational excita-

tion of BF3: rate coefficients - Egs. and @ To give
an idea about the uncertainty of the present results, we also
plotted results of two calculations with the cc-pVTZ CAS,
(dashed line) and the cc-pVQZ CAS; (dotted line) sets of pa-
rameters of the model. For the vibrational excitation of the
symmetric stretching mode, the cc-pVTZ CASs and cc-pVQZ
CAS; curves are indistinguishable and slightly below the cc-
pVTZ CAS; curve. For the remaining three processes, the
three calculations produce the curves almost indistinguish-
able in the figure.
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FIG. 5: Relative importance of the dissociative recombina-
tion and vibrational excitation of BFJ, with respect to those
of BFT.

make important statements on the relative importance of

BF;r with respect to BF' on the population and excita-
tion balance. In particular, as shown in Figure 5, the dis-
sociative recombination of BFy strongly dominates that
of BFT below 7000 K, and the vibrational excitation dis-
plays the same feature below 5000 K.

The rotational structure of the target ion and of the
neutral molecule was neglected in the present approach,
which implies that the obtained cross sections and rate
coeflicients should be viewed as averaged over initial ro-
tational states and summed over final rotational states of
the corresponding initial and final vibrational levels (for
vibrational excitation) or dissociative states (for disso-
ciative recombination). Purely rotational transitions, i.e.
without changing the vibrational state, might be useful
to model very cold environment, below 40 K, which is not
the case for the presently investigated BF3 plasma. BF;r
has no permanent dipole, so the rotational transitions are
likely to have very small cross sections.
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