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ABSTRACT
It is known that sulfurhexafluoride (SF;), used as an insulating
gas in HV apparatus, will oxidize in electrical discharges in the
presence of oxygen or water vapor to form various reactive and
stable by-products. In order to meaningfully interpret experi-
mental data on rates of oxidation and by-product formation in
discharges, it is necessary to apply theoretical chemical kinetics
models that utilize rates for numerous gas-phase processes as
functions of gas temperature and/or electric field-to-gas den-
sity ratio (E/N). Our current knowledge about the fundamen-
tal collision processes involving electrons, ions, free radicals,
and molecules needed to understand the gas-phase discharge
chemistry in SF; is reviewed. Implications of the fundamental
rate data reviewed here to recently proposed chemical-kineties
models of corona and glow-type discharges in SF; are discussed.
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1. INTRODUCTION

OVER the past twenty five years the use of compressed
gaseous sulfurhexafluoride (SFg) as an insulating medi-
um in HV power systems has increased significantly. This
gas has a number of favorable properties that make its use
acceptable and desirable in such systems. These include
its high dielectric strength, chemical inertness, and ex-
tremely low toxicity. The fact that SFg has, for example,
a dielectric strength nearly three times greater than that
of air at atmospheric pressure is due to its relatively large.
cross section for attaching low-energy electrons. Removal
of electrons from a gas under electrical stress by forma-
tion of negative ions is an important process in inhibiting
initiation and growth of electrical discharges.

The high degrees of chemical inertness and thermal
stability of SFg are due in part to its energetically fa-
vorable symmetric, octahedral structure, i.e., the six flu-
orine atoms are at the corners of a regular octahedron
with the sulfur atom at the center. In the gas phase, SF¢
is thermally stable up to about 500°C and will not burn.
At temperatures above 150°C it can, however, undergo
catalytic decomposition on some types of surfaces. Even
when SF; is dissociated in an electrical discharge, the
products of dissociation tend preferentially to recombine
at a rapid rate to reform SFg. It is this characteristic of
SFg that also helps to make it a good arc-interrupting

medium.

Despite its high level of chemical stability, SFg will
undergo some degree of decomposition and oxidation in
an electrical discharge, particularly when molecular oxy-
gen and water vapor are present. The by-products of
SFs decomposition are fluorinated gases that can often
be quite toxic or corrosive, and there has been increas-
ing concern about the influence that these by-products
can have on system reliability and safety. Considerable
work has been done in the past fifteen vears to identify
the preducts of SFg decomposition and measure rates
of by-product formation under different conditions. The
state of our knowledge about 5F; decomposition in gas-
insulated equipment has been reviewed in several rela-
tively recent publications [1-6] and will therefore, not be
covered here.

The purpose of this work is to review progress that
has been made in achieving a better understanding of
the fundamental gas-phase chemical processes that are
responsible for SFg oxidation in electrical gas discharges.
These are processes that must be considered in any at-
tempt to model the plasma chemistry of discharges or to
interpret the results of measurements on the rates of SFg
decomposition under different conditions. It is known,
for example, that the products of SF; decomposition in
electrical discharges include such species as SF4, S2F 0,
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SOF;, SOF,, 502F;, SOz, and HF. A theoretical model
of the discharge which can account for the observed prod-
uct distributions and production rates must necessarily
include reaction rates for numerous gas-phase collision
processes involving electrons, ions, and molecules as func-
tions of temperature and/or electric field-to-gas density
ratio E/N.

The focus of the present review is on processes that
occur in relatively low-temperature corona, partial dis-
charges or glow-type discharges. Nevertheless, some of
the data discussed here may also have relevance to high-
temperature discharges such as arcs and sparks [7]. Coro-
na and partial discharges can occur in HV, gas-insulated
power equipment; thus decomposition of 5Fg resulting
from such discharges is of practical concern [8,9]. The
data on rates of fundamental chemical processes consid-
ered in this paper also have application to modeling of
glow discharges in SFg or 5Fg/0; gas mixtures used for
etching of silicon or other semi-conductor materials [10-
15].

The emphasis in this review is on work that has been
published during the past ten years.

2. KINETICS MODELS OF
GLOW AND CORONA
DISCHARGES

IN this Section, we shall discuss recent attempts to con-
struct theoretical chemical kinetics models of processes
in corona and glow-type discharges for SFg and its mix-
tures with Oz and H3O. The emphasis of this discussion
is on the high-pressure corona discharge because it is this
type that is most relevant to gas-insulated systems. The
subsequent sections concerned with rates for fundamental
processes are organized in the context of the zonal model
for SFg corona chemistry considered here.

GLOW REGION
SFg #D —= SOF,+F
SFy +0 —= 50F,
SFg+0H == B0F, +HF

ION DRIFT REGION
§Fg +50; —= Products
SF7+ SOF, — SOF; +SF,
0F +5 —= Oy +5°

2 Electrodes

MAIN GAS VOLUME
5Fy *HO —= S0F; +2HF
SF340p —= S05F3 _,..-o-"""ﬁ
SOF, *H30 == S04F; + 2HF

Figure 1.

Regions of differing chemical activity associated
with the three-zone model for SF; decomposition
in negative, point-plane corona.
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Recently there have been extensive [3, 16-25] experi-
mental investigations into the decomposition and oxida-
tion of SFg; in mixtures with various gases like N3, O3, Ne,
and Hz;O using highly localized, point-to-plane, negative
glow-type corona discharges. This type of discharge has
been desecribed in the literature [26, 27], and is known to
have the characteristic that the effective electron temper-
ature (mean electron kinetic energy) in the confined glow
region greatly exceeds the gas temperature so that the
rate of gas decomposition is controlled primarily by the
rates of electron-impact induced meolecular dissociation
processes such as:

e+ SFg — SFs_x +2F + € z<6 (1)

The glow-type corona has other significant properties,
namely: (1) it can be operated with a high level of sta-
bility for long periods of time at constant discharge cur-
rent for a given electrode gap voltage, and (2) it exhibits
a well defined region of approximate uniform luminos-
ity near the point electrode. These characteristics make
it amenable to theoretical modeling. Chemical decom-
position of SFg containing trace amounts of oxygen and
water vapor in negative glow-type coronas has recently
been successfully described using a three-zone chemical-
kinetics model of the discharge [28, 29].

Figure 1 shows the three zones of differing chemical
activity considered in the negative glow corona model.
These zones include: (1) the highly active glow region
where E/N is at or slightly above the critical value nec-
essary to sustain ionization thus allowing formation of
highly reactive free radials and ions by electron colli-
sions that subsequently react within a relatively short
time among themselves or with neutral gas species, (2)
the ion-drift region that covers most of the distance be-
tween the electrodes, in which charge transport is pre-
dominantly by negative jons that may undergo transfor-
mations due to ion-molecule reactions, and (3) the main
gas volume region surrounding the discharge where slow
chemical processes such as gas-phase hydrolysis predom-
inate. It is assumed in this model that the transport of
species between zones is controlled by diffusion, which in
the case of negative ions, is influenced by the presence
of the electric field. A further assumption of the model
is that the reaction times of highly reactive free radials
such as F and 5F; are short compared to the times for
diffusion out of the glow so that reactions invelving these
species go to completion in the glow thereby imposing a
steady state condition, i.e., the densities of species like F
and SFg within the glow should be constant in time.

Although the three-zone concept is still considered to
be preliminary, it shows promise in accounting for ob-
served yields of oxidation products from corena in 5Fg/
Hz0 and SFg/03/H20 mixtures as illustrated by results
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Table 1.

Reaction Scheme for active corona glow region
(I =40u4) [29].

Reaction Rate Coaf,
1 e+ SFy —+5F; +F+e 240 1/s
2 e+ 5Fy = 5Fs + 2F + & 1.7 1/s
3 e+ SFs +5F: +4F + e 141/s
4 e+ HO-H+OH+e 500 1/s
5 e+ 0, —=04+0+e 14 1/s
*6 SF, — SOF; 377 1fs
*7 S5F; — 50;F, 465 1/s
8 SFs + F — 5F, 2.2 % 1070 em?/fs
9 S5F; 4+ 5Fy — 5;Fp 6.0 x 10— Gm’fi

10 SF; + 5F; — SF‘ S SF;
11 S5F; + OH — SOF, + HF

5.0 = 107" em?/fs
16 = 1071 em?/fs

12 SF; + OH — S0F, + F 2.0 = 10°" em?/s
13 5F, + OH — 50F; 4 HF 3.6 % 107 em®/fs
14 SF; + O — SOF +F 1.1 = 10-'" cm?/s
15 S0OF + 0 — S0,F 1.0 = 1071 em?/fs
16 SO4F 4+ F — 50:F; 1.0 = 1071 /s
17 SOF + F — 50F, 2.0 x 10°' cm?/s
18 SOF; + OH — SO;F; + HF 1.0 = 107" em?¥/s
19 F 4+ H;0 — OH + HF 1.1 = 107" cm?/s

20 F+ 00 — FOH

21 H + OH — H:0

22 ¥+ H - HF

2 F+F—=T,

24 OH+ OH = H;0 40
25 H+ H — H,;

26 F + SOF; — SOF,

2T O+ S50F; — 50;F; + F

5.0 = 107" cn?/s
50 x 107" cm?/s
1.0 = 10712 em?fs
2.0 = 107 cm?®/s
20 % 107" em?fs
1.0 x 1071% em? /s
1.0 = 107" cm?/s
5.0 x 107" em?/s

* - dilfusion coutrolled reactions with H:O or O3 in main
gas volume.

shown in Figure 2 comparing measured (points) and cal-
culated (lines) yields for the oxyflucrides SOF,4, S0F;,
and S0;F; versus net charge transported (discharge cur-
rent x time) from a 40 uA negative dc corona in SFg con-
taining the various indicated relative amounts of molec-
ular oxygen and water vapor. The set of reactions with
corresponding rate coefficients used to obtain the calcu-
lated production rates in Figure 2 are listed in Table 1.
Admittedly, to achieve the level of agreement with mea-
sured data indicated in Figure 2, it was necessary to make
some “reasonable” adjustments and guesses of the rate co-
efficients for several key processes. The rate coefficients
given in Table 1 are consistent with expected uncertain-
ties but may not be in complete agreement with our best
estimates for these coefficients determined from analysis
of fundamental reaction or collision data given later in
this work.

It is the general practice when constructing theoreti-
cal models of plasma chemistry to begin with the recom-
mended ‘best’ values for rate coefficients and then adjust
these rates within reason to achieve the best agreement
with experimental data. The adjustments should gener-

Vol. 25 No. 1, February 1880 ('

120 T T
— e,a,v[02]=0.01%

- e m [Qg]=1.0%

100 - ]
[H20] = 0.02%
| = 40pA 2
P = 200 kPa
E{] -

=

©

£

o]

S B0

=

0

|

w

}_

0 ! ! ! I !
0 1.0 20 30 4.0 5.0
MET CHARGE TRANSPORTED (C)
Figure 2.

Calculated (lines) and measured (points) yields
of oxyfluorides as a function of net charge trans-
ported in the discharge (measured in coulombs)
for 40 uA discharge and the indicated oxygen and
water vapor concentrations in 200 kPa 5F,.

ally not significantly exceed the expected or estimated
ranges of uncertainties in the rate-ccefficient data used.
If there are no reasons to seriously question the reliability
of the experimental data on chemical processes in a dis-
charge with which the model results are to be compared,
then any failure to achieve agreement with experimental
data may be due to a failure to include all of the impor-
tant processes. One must allow for the possibility that
there may exist processes of significance that are over-
looked simply because there is a lack of knowledge about
such processes. In any case, it must be kept in mind
that the rate coefficients such as given in Table 1 are, in
general, model specific. The fact that the rates used in
a model give results in satisfactory agreement with the
experiment does not prove that the model is unique or
complete in the sense that the processes considered are
necessarily the only or even the most important processes
that can occur in the discharge.

Caution must be exercised in attempting to extract
information about rate coefficients for fundamental pro-
cesses by making adjustments in these coefficients in fit-
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Adjustments

Collision
Cross Sections

{SFE, N21 -::02, elc.)

Solution of
Transport Equation
{(Two Term Approximation)

LS

Electron Energy
Distribution Function

]

Calculation of
Swarm and Transport
Parameters -
tc:lJ'N, an'N, W, DLﬂl}

Bad

Comparison
with Experimental
Results

{SFE, SFEINEI

Good

Calculation of Dielectric
Strength and/or other
Unmeasured Parameters
{Dissociation Coefl's - o /N)

Figure 3.

Procedure used to determine electron-impact cross-

section set consistent with best available swarm
and transport data from numerical solutions of

the Boltzmann transport equation. For definition
of symbols used for swarm parameters, [32, 35].

Table 2.

A reaction scheme used in [15] for chemical kinet-
ics model of low-pressure of discharge in 5F.

HReaction Rate Coel. {cm?/s)
1 e+ 5Fs — SF; 6.2 x 10-12
2 e4+ SFs—+SF; 4+ F 23 x 1070
3 e+ SFg — F~ + 5Fs 1.5 x 10710
4 e+ S5Fs — S5F, + F; 1.5 x 101
5 e+ 5Fs = SFf + F+2 85x10°*
6 e+ 5Fg =5Fs+F +¢ 31 = 10°¢
T e+58F, =8F, 1 +F+e 31 x107%5>x>2)
*8B F — F(s) 8.4 x 107'%
*3 SF; — SF.(s) 3.6x 10714
*10 SF, — F(s) + SF, 8.0x 10~"%(x = 5,3)
*11 SF} — SFi(s) 1.3 x 1012
12 SF} + SF; — 2 5F; 1.0 x 10-7
13 SF} + 8F; — SFs + 5Fs 1.0 x 1077
14 SF} + F~ — 5F, 1.0 x 1o=7
15 SF} + SF; — SF; + 5F;, 1.0 x 1077

* . surface reaclions

ting the results of theoretical model caleulations to ex-
perimental data. For complex plasma-chemical processes
involving many reactions, the problem of assessing the
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Electron-5F; collision cross sections versus elec-
tron energy. Cross section symbols are: Qm=ff.
effective momentum transfer; Q.(SF7 ), Q.(5F; ),
and Q.(F~, F;, SF; )-electron attachment;

v re-vibrational excitation; Qi,—t.nt.nl ionization;
Q= (j = 1,2,3)-electronic excitation (see Ref.
32

).

accuracy and reliability of rates derived in this way may
be nearly impossible, or extremely difficult at best. The
primary purpose of kinetics models of a discharge should
be to test our understanding of the observed phenomena
so as to make better assessments of the relative impor-
tance of various factors such as gaseous contaminants,
surface conditions, and discharge current on the rate of
gas decomposition. Theoretical models should be flexible
enough that they can be modified or upgraded as more
and better fundamental rate data become available.

In addition to the attempt described above to model
SFg plasma chemistry in high-pressure corona discharges,
there have been several attempts to model the chemistry
of 5Fg and SF5/0; mixtures in low-pressure diffuse glow
discharges such as used for silicon etching [14, 15, 30, 31].
As in the case of corona, this is a low-temperature dis-
charge so that the initial step in the decomposition of
5F; is electron-impact dissociation (reaction (1)). Be-
cause the glow region in such low-pressure discharges en-
compasses most of the interelectrode gap, a zonal model
such as considered for corona is inappropriate. A set of
reactions used in the model by Kline [15] for a diffuse rf
discharge in pure SFg is given in Table 2. It is evident
that reactions involving ions and surfaces are assumed to
play a more important role in these discharges than in a
corona, whereas neutral-neutral recombination processes
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are much less important.

In the following sections, we shall examine the state
of our knowledge about some of the fundamental colli-
sion processes that can occur in the different regions of a
glow-type corona discharge. Attention is restricted here
to gas-phase reactions, although, as noted above, sur-
face reactions can play an important, and perhaps even
a dominant role under some conditions in affecting the
observed plasma chemistry. At present, little is known
about details of the relevant surface processes that, for
example, lead to etching of silicon-containing materials.
In gas-insulated systems, the most damaging effect of
discharge-induced decomposition of 5Fg is likely to be
that associated with the attack on insulating surfaces by
reactive species like free fluorine and HF.

3. PROCESSES IN THE GLOW

REGION
3.1 ELECTRON-IMPACT
DISSOCIATION

Aj noted in the previous section, electron-impact in-
uced dissociation of 5F is the initial rate-controlling
step in the decomposition of this gas when subjected to a
low-temperature,'glow-type discharge. Therefore, in or-
der to make any reasonable estimate of the decomposition
rate for SF;, it 1s necessary to know the rate coefficient
kq for reaction (1). In general, ks will depend on E/N
and can be calculated if there exists information about
the electron-energy dependence of the collision cross sec-
tions for dissociative excitation processes and about the
E/N dependence of the electron kinetic-energy (e) dis-
tribution in the gas. Assuming that there are j different
collisional-excitation processes that result in dissociation,
kg iz given by [32]

] o
k(i) = @/ma)} Y [ QL) (e B/W)ede (2

1=1 o
where m, is the electron mass, {QL};, i = 1,2,3,..,,
7 is the relevant set of dissociative excitation cross sec-
tions for SFg, €; is the threshold for the ith process, and
fle, E/N) is the electron kinetic-energy distribution func-
tion as computed, for example, from numerical solutions
of the Boltzmann transport equation.

Unfortunately, to date there have been no direct mea-
surements or ab-initio calculations of the dissociative-
excitation cross sections for SFg which can be used to
compute k3. The primary reason that these cross sec-
tions have not been measured is because detection of
neutral dissociation fragments in their ground state is ex-
tremely difficult. Although cross sections for dissociative-
excitation processes leading to excited fragments have
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been measured [33, 34, those processes have high thresh-

olds {2« 30 V) and are therefore expected to be relatively
unimportant in glow-type discharges where mean electron
energies are below about 5 eV.

The lack of data on the Qi(e) from direct determi-
nations has prompted attempts at indirect determina-
tions using numerical solutions of the Boltzmann trans-
port equation as discussed by Phelps and Van Brunt [32].
In this approach a ‘complete’ set of electron-collision cross
sections is determined which, when used to compute the
fle, E/N) from the transport equation, gives satisfactory
agreement with the best available data on electron swarm
and transport parameters such as the ionization and at-
tachment coefficients, drift velocity, and longitudinal and
transverse diffusion coefficients (see discussion by L. G.
Christophorou and L. A. Pinnaduwage in the present is-
sue [35]). The basic procedure used in this method is il-
lustrated by the block diagram in Figure 3. The initially
assumed cross-section set for all electron-impact processes
is parameterized in such a way that reasonable adjust-
ments can be made for both shapes and magnitudes of
cross sections to achieve best fits to reliable swarm and
transport data. In some cases severe constraints must be
placed on the range of cross-section adjustments that are
made in order to be consistent with reliable information
about measured threshold energies, or observed structure
in such data as electron-energy loss spectra, optical oscil-
lator strengths, or shapes (energy dependencies) of rela-
tive cross sections.
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e Total siectronic |
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Figure 5.

Calculated electron-impact dissociation rate co-
efficients for 5F¢ in 5F¢/10% HzO (solid lines)
and in pure SF; (points) as functions of E/N.
The following symbols apply for pure SFe: to-
tal dissociation-closed circles, total dissociative
ionization-closed squares, total dissociative attach-
nent-closed inverted triangles, calculation of Masek
and co-workers at E/N = 100 Td-open symbols.
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There have been several attempts to determine cross-
section sets for SFg by this method [36-41]. The 5Fg
cross-section set recently proposed by Phelps and Van
Brunt [32] is shown in Figure 4 where the notation used is
defined in the caption. This cross-section set is optimally
consistent with the use of a two-term spherical-harmenic
approximation [42] for computing f(e, E/N) from nu-
merical solutions of the Boltzmann transport equation.
Analysis of recent data on electron attachment by Hunter
and coworkers [35, 43] suggests that the shape of the SFg
dissociative-attachment cross section, @.{5F; ) could be
somewhat different from that shown in Figure 4 (see Fig-
ure 12b in [35]). However, because this is a relatively
weak process, it is not expected to have a significant in-
fluence on the computed ky discussed below. The bases
for the @ shown in Figure 4 are discussed in [32].

In the calculation of kg using Equation (2) it was as-
sumed, consistent with results [44] for CFy and other
large fluorinated molecules, that electronic excitation of
SFg always leads to dissociation, i.e., the cross sections
Qi(i = 1, 2, 3) in Figure 4 all correspond to dissocia-
tive excitation processes. This assumption is supported
by data [33, 45] on ultraviolet and optical emissions from
SFg excited by electron impact that show either broad,
unstructured emission or a predominance of atomic flu-
orine emission at energies sufficient for electronic excita-
tion. It is known [46, 47] that ionization of SFg is always
accompanied by dissociation, i.e., SF] is the largest ob-
served ion fragment even at energies close to the ioniza-
tion threshold.

Figure 5 shows the computed E/N dependencies of ky
for SFg, both in the pure gas state and in a mixture con-
taining 10% Hz;0. The method of computation is the same
as that previously discussed [32] and utilizes the cross-
section set shown in Figure 4 and an HyO cross-section
set compiled by Phelps [48]. Indicated in Figure 5 are
the individual rate coefficients for total dissociative at-
tachment, total dissociative lonization, total dissociative
excitation (neutral fragment production only), and the
total for all dissociative processes. Because of inherent
limitations of the two-term approximation code used for
solving the transport equation [32] at low E/N in gases
like SFg that have high electron-attachment cross sections
as ¢ — (), it was not possible to perform reliable calcu-
lations of kg for E/N values below about 150 Td (1 Td
= 10-#! Vm?) in pure 5F¢. The results for pure SF; are
nevertheless seen to be consistent with an extrapolation
to kg values computed by Masek and co-workers [49] at
100 Td. The results in Figure 5 also agree to within a
factor of 2 with results of a similar calculation made by
Kline [15] using a somewhat different SFg cross-section
set. Uncertainties of about a factor of 2 are presently
considered to be reasonable in such calculations.

The E/N region of greatest importance for glow or
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Calculated dissociation coefficients for 5F; (solid
curve) and O3 (dashed curve), electron drift ve-
locity {dotted curve) at the critical fields { E/N),,
and (E/N). (dot-dashed curve) versus the frac-
tional 5Fg concentration, F, in 5F¢ /03 mixtures
(see Rel. 32).

corona discharges is expected to be that close to the crit-
ical value, (E/N). = 357 Td, where the ionization rate
in the gas equals the electron attachment rate. In the
proposed kinetic models [28,29] of corona chemistry in
SFg and mixtures of SFg with Oz and/or HzO, the active
glow region is assumed, consistent with recent observa-
tions [50], to be a region where E/N = (E/N).. The
space charge in the steady glow associated with ions and
free electrons builds up to a level sufficient to stabilize the
discharge and consequently moderate the electric field to
the lowest level, (E/N)., required to sustain ionization.
Large deviations of the field from the critical value are
expected to result in development of instabilities [51].

As seen in Figure 5, the SF; dissociation rate in the
region of (E/N). = 357 Td is dominated by electronic
excitation leading to neutral fragments. To obtain results
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as shown in Figure 2 from the zonal model of 5Fg decom-
position in corona, it was assumed that at (E/N). the
predominant dissociation channel leads to 5Fy + F frag-
ment formation; however, to properly account for both
the SOF; and 50;F; yields, it was necessary to assume
that approximately 0.7 and 0.6% of the dissociation yields
the smaller neutral fragments 5F4 and SF; respectively
(see Table 1). At the present time there are no direct
determinations of the relative degrees of 5F; dissocia-
tion as functions of electron-impact energy or E/N. The
only evidence that SFg may dissociate directly into rel-
atively small fragments such as 5F; in a single electron
encounter comes from analysis of discharge results as dis-
cussed here and in the recent work of Plumb and Ryan
[30,52]. It is evident that acceptable models for SFg de-
composition in discharges must necessarily consider the
relative contributions from all the different energetically
available dissociation channels.

Table 3. Enthalpies of Formation at 298 K",

Species  AfH, k] mal™! Species _.él;ﬂ, kJ mol™!

F 78.914+1.67 O 249.1740.10
g 276.9840.21 S0 50+1.3
Sq 128.494-0.29 FO 109442
SF 13.016.3 Fiy 126421
5F; =206.6+16.T Fi0 24.5241.59
SF; —488.3+25 504 =296.84-0.21
SF, —T63.2421 0OSF (—207+33)
EF; =012.54+13.4 O5F3 (—494+33)
SF. —-1220.540.8 05F; (-633+£21)
S:F {—104£20) 0OSF, {—954£16)
S5F: —207+10 O5Fs {—996£15)
FSSF —286+10 045F (—428415)
SF5F; —G60£24 0;5F; ~T758.6+8.4
8.F, (—11304+50) 045Fs —969+15
5,Fy (—15670+£50) (SF:0); (-2148425)
5.Fq (—1704£25) SF3035Fs (—2069+21)
1 -20124+21

a Reference {59]. All values in parentheses are estimated,

It is seen from Figure 5 that the addition of small quan-
tities of water vapor to SFg ([Hz0]/[SFg]<0.1%) has a
negligible effect on the calculated dissociation rate coef-
ficients. This is expected since small quantities of any
gaseous contaminant in 5Fg should have only a small in-
fluence on the electron kinetic-energy distribution at a
particular field strength [63-55]. This is also consistent
with the observation [66] that low-levels of water contam-
ination in SFg have little influence on the uniform-field
dielectric strength of the gas. Another quantity related
to kg which is often useful in modeling of discharge pro-
cesses is the dissociation coefficient, ay, which essentially
represents the number of collisions per electron per unit
distance in the gas in the direction of the electric field
which result in dissociative excitation of a molecule. It
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can also be thought of as the inverse of the mean dis-
tance in the field direction traversed by an electron be-
tween collisions resulting in molecular dissociation. The
relationship between ay and kg is given by the expression

aa/N = kq/ W (3)

where W is the electron drift velocity in the direction of
the field. Like kg and W, a4 also depends on E/N. Fig-
ure f shows examples of caleulated [32] dissociation coef-
ficients at the critical field (E/N ). for both 5F; and O3 in
8Fg/03 gas mixtures as functions of mixture ratio [SFg]/
([Oz2] + [SFg]). Also shown in this Figure are predicted
values of the critical field (E/N). and the drift velocity
at (E/N)., both again as functions of mixture ratio. The
values given in Figure 6 for dissociation coefficients have
been normalized to the corresponding fractional gas com-
ponent for each species, i.e., divided by [SFg] for 5F¢ and
by [0;] for Oz. The calculations of oy were made using
values of kg and W obtained from numerical solutions of
the Boltzmann transport equation. The SFg cross-section
set shown in Figure 4 and a slightly modified version of
the Oz cross-section set proposed by Lawton and Phelps
[57] were used with the two-term approximation to obtain

fle, E/N).
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Figure 7.
Reaction grid for the 5F; /0y system.

The SFg/0; gas mixture is of particular importance
because of its use for plasma etching of silicon and other
semiconductor materials in rf glow discharges [10, 14]. We
are unaware of any experimental data on either the drift
velocity, dissociation coefficients, or (E/N), for this mix-
ture. It should be cautioned that in computing f(e, E/N),
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used to obtain the results shown in Figures 5 and 6, it was
assumed that changes in the gas composition due to dis-
sociation processes can be neglected. This is equivalent to
imposing the requirement of weak decomposition so that
the products of decomposition are always at sufficiently
low levels that they do not influence the electron kinetic-
energy distribution. When applying the results for ky
and o4 shown here to simulations of chemical processes
in discharges, one must determine if this assumption of
constant gas composition is valid. It may not be walid,
for example, in some types of low-pressure microwave dis-
charges in which a significant fraction of the gas in known
to be dissociated [58].

It is also important to note that application of ag or
kg to discharge modeling requires that local equilibrium
conditions are satisfied in electron-velocity space so that
fle, E/N) is properly defined at all times and at all lo-
cations in the discharge [35]. Although this may be a
problem under special conditions of fast electrical break-
down, in some types of transient discharges, or in regions
of highly nonuniform electric fields, it should generally
not be a problem in glow-type discharges considered here.

3.2 KINETICS OF UNCHARGED
ATOMS, RADICALS AND
MOLECULES

Following the rate-controlling electron-impact induced
dissociation of SFg, the radieal and molecular products
of the dissociation react further to yield the observed re-
action products. Some of the primary products of disso-
clation, SF; and F, will undoubtedly recombine to form
SFg, i.e., only a fraction of the SF, fragments will lead to
formation of oxidation by-products. There is experimen-
tal evidence [20] that less than 3% of the dissociated SFg
will lead to oxidation by-product formation in negative
glow-type corona for relatively pure SFg at high pressures
(= 100 kPa). These results suggest that processes leading
to reformation of SFg molecules are very fast at high gas
pressures. Only relatively fast neutral-neutral reactions
are likely to be important within the glow region of the
corona.

In the discussion that follows we distinguish between
overall reactions which are no more than stoichiometric
representations of what has happened, and elementary
chemical reactions which describe the actual single step
processes that take place. The elementary reactions and
their associated kinetic parameters are the fully trans-
ferable basic data input required to model chemical pro-
cesses in the glow region of the discharge. In considering
these reactions, it is necessary first to devise a strategy
to ensure that all important processes are included in
the model, and then to eompile and evaluate the existing
literature data and, in the absence of published experi-
mental or theoretical data, to make reasonable estimates.
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Figure 8.
Example data sheet for the self-reaction of 5F; radicals.

To identify all possible reactions, we use a reaction grid.
This lists along each axis every possible reactant species,
which at the intersections defines every possible reaction
pair. Furthermore, for every reactant pair we consider ev-
ery possible set of reaction products. The number of SF;
species to be considered depends on the branching ratios
for the primary (and secondary) product yields resulting
from the initial electron-impact dissociation event. We
allow for all possible kinds of primary products.

Figure 7 shows the reaction grid for the 5Fg/0; re-
action system, which is a subset of the more complete
SFg/03/Ha20 systemn. This grid is made up of 22 species
which define 242 possible reaction pairs. Many of these
reaction pairs can be eliminated by inspection; e.g., O
+ O is obviously not important. Of the remainder, we
have made an initial determination of the reactions of
greatest importance and indicated them by shaded boxes
in Figure 7.

Each reaction pair is treated in terms of a self-contained
data sheet. This contains all of the data available for
the reaction, and our recommendation for a rate constant
to be used in model calculations. Note that all possible
products are considered and on the basis of reaction ther-
mochemistry, the probable reaction paths are identified.

The approach is illustrated in Figure 8. The heading
of each sheet gives the reactants and the known or postu-
lated products and the reaction enthalpy at 298 K. The
reaction enthalpy is calculated from data given in Table 3.
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Table 4.

Summary of measured and estimated rate constants for selected atom and radical reactions. These
values were either obtained from the indicated references or represent our best estimates (in paren-
theses). All rate constants apply at 298 K and are in units of cm®/s. The high-pressure limits are
designated with an asterisk.

Radical or Molecule

83

Atom SF SF; SF3 SF4 SFs
Radical
H 4x10-1°[75]  2x10-17[75]

0 1.7x10-19[58] 1x10-19[65] (1x10-10)[58] < 2x 10~14[58] 2x10-11[65]

F (1x10-11)
OH  (1x10-17)

{Exm—m*}
(1x10~17)

(1x10-11)
(1x10-17)

5x10~12*[66]
(4x10-1)

910~ 12*[66]
(1x10~1%)

The data sheet heading is followed by a table giving data
from the literature and recommended values. Column
1 contains the reference code and notes relevant to the
experimental procedure. The reference code consists of
the last two digits of the year of publication, followed by
the first three letters of the names of the first and sec-
ond authors separated by a slash. Column 2 contains a
two-character data type code: EX - experimentally mea-
sured absolute value; RL - experimentally measured rel-
ative value; RN - experimentally measured relative value
normalized to an absolute value; TH - theoretical value;
DE - derived from modeling study; SE - a recommended
value from the literature. Column 3 gives the applicable
temperature. If a single temperature is given, e.g., 208
K, the value in Column 4 is k at that temperature; if
a temperature range is given, e.g., 200-500 K, the value
in Column 4 is the Arrhenius 4 parameter. The units
of k and A are cm®/s and their values are given in ex-
ponential form. Column 5 and Column 6, respectively,
contain, when applicable, the n and B parameters in the
extended Arrhenius equation, k = AT" exp(—B/T). The
final entry is the recommended value. Column 7 gives
the overall uncertainty factors assigned to k. Following
the listing of data there is a section ‘Comments and Rec-
ommendations’, in which the basis for the recommended
value is discussed, and the reaction mechanism is treated.
Finally, we list the references cited in the data sheet. The
complete set of data sheets for all reactions that we have
considered will appear elsewhere [60].

As noted above, a serious problem encountered in at-
tempting to set up a truly comprehensive database for
modeling plasma chemical processes is the general lack
of laboratory data on the reactions of interest. However,
that is changing as the interest in explaining and predict-
ing plasma processes on a more fundamental level grows.
For example, in the case of the SFg/0; system, Ryan
and Plumb (see citations below) are carrying out system-
atic studies of the mechanisms and kinetics of reactions
under low-pressure conditions. Their data are the basis
for many of the recommendations given here, and pro-
vide the best basis for estimating rate constants for other

analogous reactions.

In addition, there are several review articles which pro-
vide evaluations of data relevant to plasma chemistry [61-
63]. A general source of data is the NIST Chemical Ki-
netics Database [64]. This is available for use on personal
computers using the MS-DOS system (IBM compatible)
and includes information on about 2500 reactions con-
tained in over 10000 records. These are mostly reactions
of species containing C, H, O, N, and 5. Data on reactions
of halogens, silicon compounds, and other plasma related
species are currently being entered into the system.

Another difficult problem encountered in modeling plas-
ma chemistry is that of estimating rate constants for re-
actions for which there are no data and for which in many
cases there are no reactions that can serve as models. Al-
though it is always preferable to use experimental data as
a basis for making a recommendation, failure to provide
an estimate is tantamount to setting the rate constant to
gzero, which is unacceptable. When we make an estimate,
we give the basis for it and the kinetic justification. To
illustrate the problem, consider the reactions of atoms
and radicals with the various SF, species. Most of these
reactions can be described in terms of a general mech-
anism involving formation of a ‘hot’ adduct followed by
decomposition of the adduct back to reactants, decom-
position of the adduct to other products, or formation of
a thermalized adduct by collisional stabilization as given
by the expressions:

A4 SF, = [SF. A" - B+C
[SF,A]" + M — SF, A+ M

where M is any gas molecule in the system.

Such data as are available suggest that the radical-
radical type reactions are characterized by small or zero
activation energies and ‘normal’ pre-exponential factors.
The radical-molecule reactions may be thought of in terms
of simple addition reactions, such as the addition of atoms
or radicals to multiple bonds of hydrocarbons. These
reactions typically have somewhat lower pre-exponential
factors and a small but finite activation energy [65].
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For purposes of this review, we can treat the reactions
in terms of the following categories: (1) atom-radical re-
actions, (2) radical-radical reactions, (3) radical-self re-
actions, {4} atom- and radical-molecule reactions,
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Figure 9.

Measured cross sections for prompt collisional elec-
tron detachment for interactions of the negative

ions F~, 5F, , and SF; with 3Fs molecules in the
ground state [84].

3.2.1 ATOM-RADICAL REACTIONS.

The atom-radical reactions of interest in the 5Fg/ 03
system are the reactions of F and O atoms with SFg, 5F;,
and SF. We expect these reactions to be well behaved and
thus, by analogy to other reactions of this type, to have
rate constants close to the collision rate. This is borne
out by the measurements of Plumb and Ryan [66] on the
reactions of O atoms with SF2, SF5, and SOF. Where
there are no direct measurements, we suggest using a
rate constant in the range 10-1” to 10~!! ecm?s~'. Some
care must be exercised in using these data, since some of
these reactions, e.g. 5F5 + F — SFg, are reversible as-
sociation reactions and are pressure dependent [67]. For
atmospheric-pressure applications, we assume that the re-
actions are at or very close to the high-pressure limit.
However, since most of the measurements were taken at
low pressure and the high-pressure rate constant obtained
by fitting the data to some form of theoretically based
pressure-dependence equation, the limiting high-pressure
value is subject to considerable uncertainty. This prob-
lern does not generally exist for reactions such as SF;+ O
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— 30F4 + F which, because they are energetically self-
contained, need not require third body stabilization and
therefore, need not be pressure dependent.

3.2.2 RADICAL-RADICAL REACTIONS.

These are similar to the corresponding atom-radical re-
actions. Again, on the basis of our knowledge of other
radical-radical reactions, we expect the reactions to be
very fast, with rate constants in the range 10~ to 10~!!
cm?s~! close to the collision limit. Of particular inter-
est are reactions involving OH, for which there are no
experimental data. These reactions probably all involve
the initial formation of an adduct which then decomposes
via a four-center cyclic transition state to yield HF and
a sulfuroxyfluoride. This iz consistent with what little
is known about the properties of the probable adducts.
Thus, SF;0H is known, but the compound is unstable
[68]. When formed in a highly exothermic reaction, the
adduct has sufficient internal energy to decompose very
rapidly. Although no comparable data exist for other
OH-containing compounds of this class, we expect them
to behave in a similar manner.

3.2.3 RADICAL-5ELF REACTIONS.

This is a special class of radical-radical reactions. There
is the possibility of combination and of disproportiona-
tion, e.g., SFs+ SF; — 5;Fyp, the association reaction,
and SFz+ SF; — SFg + SFy, the disproportionation re-
action. The SFg reaction is the most important in this
class since it leads to the formation of the undesirable
toxic by-product, S;Fy0 [6]. Although there are experi-
mental data on some aspects of the SFy self-reaction [69-
71] and the subject has been reviewed [63], the data are
subject to serious interpretive problems, pointing to the
need for direct measurements on SFy; reactions.

For other possible radical-radical reactions, there are
few data. If SF and SF3 are formed in the plasma pro-
cess, then we should expect to see their association prod-
ucts (and cross products, including cross products with
SF3). The species S; [72] and S3Fz [73] have been re-
ported as being formed in the plasma dissociation of 5Fg.
The reactions leading to dimer and cross-product forma-
tion should be fast, although it should be noted that the
products may also be readily hydrolyzed in the region
outside the discharge.

3.2.4 ATOM AND RADICAL-MOLECULE
REACTIONS.

These present the greatest problems in terms of esti-
mating rate constants. We are particularly interested in
reactions of SF; and SF, with F, O, and OQH. It is known
that SF,; reacts in the condensed phase with a variety
of electronegative radicals, X, to generate SF4X radicals
[74]. Unfortunately, that work does not allow us to esti-
mate the relative rate constants for any of these reactions.
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There are rate data for the reactions of F atoms with S5F;
[67] and SOF; [52] and for the reactions of O atoms with
SF; [65], SF4 [58], and SOF; [52]. The F atom reactions
show some of the same characteristics as the reactions of
F atoms with SF; type radicals. Thus, the reactions of
F with SFy and SF;0 are pressure dependent, indicat-
ing that an adduct is formed which must be collisionally
stabilized to be observed. We expect the same kind of be-
havior for SF;. The reactions are somewhat slower than
radical-radical reactions of F atoms, and we suggest that
the reactions will have activation energies in the 5 to 12
k] mol-! range. For the O atom reactions there is an
additional complication in that the ground states of the
adducts, i.e., 50F; and SOF; are singlets, while the reac-
tants must come together on a triplet surface. The prod-
ucts correlate with either the ground singlet state of the
adduct or with some excited triplet or singlet (bound?)
state. This suggests that ground-state adducts will not
be observed. There is no basis for estimating these rate
constants. The rate constant for the reaction O + SF;
has been measured by Plumb and Ryan [66] and found to
be very fast. However, the same researchers found that
the rate constant for the O + SF, reaction was immeasur-
ably slow [68]. This could mean that the latter reaction
has a significant ‘energy barrier or an anomalously low
pre-exponential factor.

These observations suggest that although the ground
electronic states of SF3, SF4, and SF; are singlets (i.e.,
non-free radical in nature), the reactivity varies in the
order SF3 S5Fy 35F5. Thus, 5Fg is essentially inert to
radical attack; SF4 reacts slowly with H and even more
slowly with O; 5F; reacts very rapidly with 0. We use
these observations to predict that SF; will be highly re-
active with respect to H and OH, whereas S5F; will be
only mildly reactive with respect to OH.

Table 4 summarizes our recommendations for rate con-
stants for use in modeling reactions of atoms and radicals
with the SF. type reactants (not including dimerization
reactions). The uncertainties in many of these numbers
are large, and for modeling purposes, there is presently
considerable latitude in choosing values as inputs to mod-
els. As the guantity and quality of the data improve,
significant variations in input kinetic data will not be ac-

ceptable.
4. PROCESSES IN THE

ION-DRIFT REGION
4.1 ELECTRON DETACHMENT AND
ION CONVERSION AT HIGH E/N

IN the immediate vicinity of the glow region of a corona
discharge where E/N is at or close to the critieal value
(E/N)., one must consider the possible role of collisional
electron-detachment and ion-conversion processes for neg-
ative ions associated with SFg, such as SFg, SFy, and
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Table 5.
Ion-molecule reactions at (E/N). = 357 Td.

Heactions

Rate Cocff’s
cm?/s

Reaction Coctf’s
(cm?)

Dhszociative [on Conversion:
SFs~ + 5Fy — SF; + F 4+ SF, 1.25 = 10-17 1.89 x 107 (a)
1.5 x 10~'2 2.2 % 107" (b)
403 x 107  G.OB x 10'® (a)
245 % 10=12 2.36 % 10='7 (a)
3.29 x 10~13 3.3 x 10718 (b)

1.4 x 10-'® 1.4 x 1077 (<)

SFy + SFs — F~ + 5F; + §F,
SF; 4 5Fs = F~ 4 SF, + 5F;

Charge Transfer:

SF; + 5Fs — SFa + 5F; 1.16 x 10~ 1.75 % 107 (a)

SF; + 5Fs — SF; + SF; 201 % 10~ 202 = 10-* (a)

F- 4+ 5Fy = 5F; + F 1.40 x 1072 7.85 x 10~'8 (a)
316 = 10-1 1.8 x 10°1*® {h]
1.2 x 10-%2 6.6 x 10~'"* ()

Prompt Collisional Detachment:

F- +5Fs —=F +5F; + & 7.12 = 10— 4.05x 10~ (a)

SF; + SFy — SFy + SFs + ¢ < 10~ < 10~ (a)

SFy + SFs — SFy 4+ SFs 4+ ¢ < 107 < 107 (a)

Excitation:

SF; + SFs — (SF;)* 4+ 5Fs — -

De-excitation:

(SFz)* + 8Fs — 5F; + 5Fa — =

Auto-detachment:

(SFg )" — 5F; + & =1 > 108/

(a) From Ref. |[68)
{b) From Hef. [69]
{c) From Ref. [72]

F~, in affecting the transport of charge and overall sub-
sequent ion-molecule chemistry in regions of lower E/N.
Such reactions may also occur in the relatively high fields
of the sheath or cathode fall regions of low-pressure rf or
de glow discharges [77]. The relative magnitudes of the
various electron-attachment cross sections for SFg shown
in Figure 4 indicate that the electrons thermalized in or
near the glow by inelastic collisions will most likely at-
tach to SFg molecules to form SF; which then becomes
the prevalent initial negative-ion charge carrier in the ion-
drift region. It should be noted that the SF; formed by
low-energy electron collisions with SFg is initially ener-
getically unstable and must be stabilized by subsequent
collisions with other molecules in the gas. In the case
of 5Fg, stabilization is very efficient because the unstable
negative ion (SFg )* is known [78-82] to have lifetimes for
autodetachment ((SFy )* — SFs + €) which are usually
long compared to mean times between collisions in typ-
ical gas-discharge situations. Experimental evidence has
also been reported by Foster and Beauchamp [B3] that
SFg can be stabilised via radiative relaxation ((SFg)*
— SFg + hv).

Some of the negative-ion processes that ought to be
considered in the high-field regions of a discharge are
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given in Table 5, where the indicated rate coefficients
will necessarily have an E/N dependence which can be
determined using Equation 2, provided the corresponding
cross sections are known. In this case f(e, /N becomes
the ion kinetic-energy distribution function. Cross sec-
tions for collisional-detachment and ien-conversion pro-
cesses have recently been measured [84] for interactions
of F-, 5F;, and SFg; with 5Fs. These measurements
were performed using an ion-beam apparatus and cover
the laboratory collision energy range from about 10 to
500 eV. Measured cross sections for ‘prompt’ collisional
electron detachment of the negative ions SF;, SF, and
F~, which occurs during interaction with 5Fg, are shown
in Figure 9. The detachment is prompt in the sense that
it must occur within 10 us of the collision. For both
SF; and SF; , the prompt collisional-detachment thresh-
olds are unusually high { 90 eV), whereas the detachment
threshold (8.0 eV') for F~ on SF; is comparable to that
observed for collisions of F~ with rare gas targets [85].
One reason why SFg; and 5F; have collisional detach-
ment thresholds significantly above the known electron
affinities for these species is due to competition from dis-
sociation processes, i.e., when these ions are excited by
collisions, they prefer to dissociate rather than to eject
the extra electron.

The measured detachment and ion-conversion cross sec-
tions reported in [B4] have been used by Olthoff and
coworkers [86] to estimate the corresponding reaction rates
and coefficients for the same processes. The results of
these estimates for E/N = (E/N). are given in Table
5 in comparison, where possible, with values extracted
from drift-tube measurements [87-90]. In making the
estimates reported here for the reaction rates, it was nec-
essary to use a parameterized form for the ion-energy
distributions f(e, E/N) in Equation (2) which were ad-
justed within reason to achieve consistency with all exper-
imental results. The calculation of reaction coefficients
from Equation (3) required use of drift velocities for the
ions given by the product of mobility and electric-field
strength. There have been many determinations of the
mobilities for negative ions in SFg [91]. The results in
Table & were obtained using mobilities for SFg and SFg
reported by Brand and Jungblut [92] and the mobility for
F~ determined by Nakamura [93].

The rate coefficients for all processes listed in Table 5
exhibit rapid increases with increasing E/N as shown in
[86]. An example of the E/N dependence of the reaction
coefficient for the collisional dissociation process SF; +
SFg; — SF; + F + 5F; is shown in Figure 10. Because of
the high threshold energies for the prompt collisional de-
tachment from SF; and SF_ , the rates for these processes
are found to be negligibly small for E/N ~ (E/N).,
i.e., it can be safely assumed that under normal dis-
charge conditions, prompt collisional detachment from
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Comparison of calculated {dashed line) and mea-
sured (points) reaction coefficient vs. E/N for
the collisional dissociation reaction SF; + 5F
— S8F, + F + SF; [86)].

either SF; or 5F; in their ground states simply does
not occur. Previously observed electron detachment dur-
ing negative-ion drift in 5Fg [B7, 94] was most likely due
to either F~ or energetically unstable (SF; )* formed by
collisional excitation of SF; or by low-energy electron
attachment to SFg. The rates for collisional exeitation
and deexcitation of SF; (Table 5) are not known at the
present time. The previously observed pressure depen-
dence for the effective electron detachment coefficient of
SF; [87,94] has been recently explained [86] using a ki-
netics model for negative-ion drift in SFg based on the
reaction scheme given in Table 3. At low gas pressures
the electron detachment occurs mainly from (SF; )* (au-
todetachment), whereas at high pressures the detachment
occurs mainly from F~ produced by ion-conversion pro-
The model predictions are consistent with the
high apparent collisional-detachment threshold energies
derived by Wiegart [95] from analysis of breakdown prob-
abilities in compressed SFg. It is the high-pressure situ-
ation that is most relevant to the corona discharge phe-
nomena considered here.

CEB5EE.

Although it has been argued that collisional electron
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detachment is, under some conditions, the dominant mech-
anism for initiation of positive discharges [35, 95, 98], the
high thresholds for the detachment of electrons from the
fluorinated negative ions that are formed in pure SFg sug-
gests that, in contaminated SFg, collisional detachment
occurs mainly from negative ions associated with the con-
taminants, e.g., negative ions associated with HzO or 0.
Direct experimental evidence for this has been provided
by the measurements of electron avalanche growth [56]
and breakdown probabilities [97-99] in SFg containing
low levels of water vapor and/or oxygen. The formation
of negative ions and ion clusters such as OH-({Hz0),
(n = 0,1,2) have been observed from SFg corona dis-
charges as reported in the recent work of Sauers [100];
and it can be expected [56] that collisional electron de-
tachment will eccur much more readily from these ions
than from F~ or other observed fluorinated negative ions
such as F-{HF), (n =0,1,2,3,4). The extent to which
gaseous contaminants could have influenced results from
some previous drift-tube measurements in SFj is not en-
tirely clear.

4.2 ION-MOLECULE REACTIONS AT
LOW E/N

In contrast to the behavior of the reactions discussed in
the previous sections (as illustrated in Figure 10}, which
exhibit rapid increase of rate with increasing E/N, there
exists a class of reactions whose rates decrease with in-
creasing E/N. The maxima in the rates for these types
of reactions may actually occur at zero field. It is there-
fore necessary to consider these reactions in the low-field
portion of the ion-drift region of a corona discharge (Fig-
ure 1}.

An example of a reaction that occurs at low E/N and
which can significantly affect the yield of SOF4 from coro-
na discharges in SFg is the ‘fast’ F~ transfer reaction

SFg + SOF, — SOF; + SF: (4)

The E/P (P = pressure) and temperature dependencies

of the rate coefficient k for this reaction have been mea-

sured [16, 18, 101]. For T < 270 K, k approaches the col-

lision limit of 2.1 x 10~? cm?/s, and for 433 > T > 270
K, k decreases with T (K) according to the expression

k=0.124exp[-3.31nT] (a)

The E/ P dependence of k for a gas temperature of 350
K can be represented by the approximate formula

ko~ 7.0 x 107" exp(—0.022E/P) (6)
where E/P lies within the range 0.5 to 1 V/cm Pa. For

E/P = 0.5 V/cm Pa, k assumes an approximate constant
value of 2.5 x 10~ e¢m? /5.
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Because of the high rate for reaction (4), it is evi-
dent [18] that onee trace levels of SOF, appear in the
gas due to discharge-induced oxidation, the most preva-
lent negative-ion charge carrier in the ion-drift region can
change from SF; to SOF;~. It has, in fact, been shown
that at low E/N, SF; undergoes rapid F~ transfer not
only in reactions with SOF; but also with other possi-
ble by-products of the discharge such as S5iF4, 503, and
SF;. Table 4 shows thermal rate coefficients for various
F~ transfer processes at two different gas temperatures
that were measured using a pulsed electron-beam in a
high-pressure mass spectrometer [16]. The rate constants
shown in this Table are consistent with the results from
previous rate measurements [101, 102] and with expecta-
tions based on F~ affinities of the various molecules [103,

104).
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Normaliged ion intensities observed as a function
of time i{rlluw:rlg pulsed ionization at 293 K of an

SF; gas sample previously subjected to a corona
discharge and known to contain trace levels of
SOF, and SiF, [18].

The consequences of these reactions on the identity of
negative ions in the ion-drift region are illustrated in Fig-
ure 11, which shows normalized intensities of negative
ions from a high-pressure drift region as a function of
time following pulsed ionization by an electron beam in
SFg containing traces of SOF; and 5iF, produced pre-
viously in a corona discharge. The SF; and SF; ions
initially produced in the beam rapidly convert to SOF;
and SiF; which then become likely terminal ions in the
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drift region. It is found [16] in this case that the ratio of
ion densities [SOF;]/[5iF;] is ultimately determined at
any point by the equilibrium

SOF; + SiF4 = SiF; + SOF, (7)

In addition to the effect of F~ transfer reactions in the
ion-drift region, there exists the possibility of negative-ion
cluster formation which can also influence ion transport
and ion-molecule reaction rates at low E/N. If polar
contaminants such as HzO or HF are present, then it is
known [100,105] that cluster anions such as F~(HF),,
SFg (HF),, SF; (H20),, etc. are formed. The mean size
of the clusters, as given by the integer n, will necessar-
ily tend to decrease as E/N increases [106]. From recent
measurements of Sieck [107], it has been shown that the
hydrated cluster SF; (HzQ) can be readily formed under
the conditions that prevail in the ion-drift region of a
negative corona discharge. However, because the binding
energy of the complex SF; (H20) is found to be quite low
(2.5 J/mol), it is likely to be present only in very low-field
regions of the discharge. There is currently no informa-
tion about the effect that hydration or ion clustering will
have on the reactivity of SF; toward species like SOF,
or 5iF4. It has been speculated [18] that formation of
complexes like SF; (HF) will tend to inhibit the rate of
F~ transfer in reactions like (4) above.

There is experimental evidence from the earlier drift-
tube work of Patterson [108] that complexes like SF; (SFg)
and SF; (SFgs)z can also be formed at low E/N in SFs.
Recent atternpts [107, 109] to verify the existence of these
complexes have not proved successful, thus suggesting
that they are either very weakly bound or transitory in

nature under conditions applicable to electrical discharges.

Although formation of the clusters (SFg); for n < 11 has
been seen [110] under ‘cold’ gas conditions as achieved
using adiabatic expansion of supersonic 5Fg beams, such
low-temperature conditions would not ordinarily apply to
corona discharges. There is reason, therefore, to doubt
that the (SFg); complexes can play a significant role in
ion transport during corona discharges as previously sug-
gested by Van Brunt and Misakian [111] er that they can
have any influence on electron detachment processes at
high E/N in SF; as proposed by Hansen and coworkers

[94].
5. PROCESSES IN THE MAIN
GAS VOLUME

HE main gas volume which surrounds the corona dis-

charge (Figure 1) is a region of relatively slow chem-
istry involving reactive neutral species like 5F; and 5F;
that diffuse out of the glow. These species can react
slowly on the vessel walls or in the gas-phase with likely
trace contaminants such as 0z and HzO to form oxyflu-
orides. It has been shown [17] from mass-spectrometric
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measurements made using the gas mixture SFg/0y/H,0
containing either 1502 or Hsz that SOFs and SO;F;
are formed from negative-glow corona preferentially by
reactions respectively with H;O and 0. Consistent with
these observations, it is suggested [28] that the following
slow gas-phase reactions occur in the main gas volume:

EF-i + HQD — SOF? + 2HF kE=1.T = l.ﬂ—l'ﬂ [E]

SF24+ 02 = S0;F;  k<5x10° (9)

with k in cm/?/s, and where the rate for reaction (8)
has been measured at a temperature of 350 K by Sauers
and coworkers [5,112], and an upper limit for reaction
(9) was determined at room temperature by Plumb and
Ryan [66]. The experimental evidence [17] is that most
of the SOF; and 50;F; from negative corona discharges
in SFg and SFg/ 03 mixtures is produced by reactions (8)
and (9) respectively.

Although, the formation of S03F; seems to require a
reaction with molecular oxygen rather than water vapor,
it is not clear why S5F; should react preferentially with
(3 rather than HzO. More needs to be known about
the possible gas-phase reactions involving SF;. From the
early experimental work of Edelson and coworkers [73]
there is evidence that SF; is a major primary product
of high-current arc discharge-induced decomposition of
SFg, whereas S3F; is the major lower sulfur fluoride from
low-current discharges. It is also readily produced under
some conditions in microwave discharges [113,114], and
although it may be highly reactive or ‘unstable’ as re-
ported by Seel and coworkers [115], it appears to be ener-
getically stable in the ground state against unimolecular
decomposition. Its role in the discharge-induced oxida-
tion of 5Fg is still unclear, and at present reaction (9)
must be considered hypothetical.

Table 6.
Bate constants for F~ transfer reactions at 208 K
and 373 K
Reactions ] Rate Coefl’s  (cm®/s)
298 K 73 K
SF; + 5F, — SF; + 5F T4 % 107" 5.0 % 107"°
5F; 4 50: — 50.F~, 5F;, 50:F; 1.06 x 107* E1 x 10~1°
SF; + 50:F; — products < 10-18 = 10
5F, + SOF; — products < 1p~18 < 1071
S0;F- 4 S0F,; — S0Fy + 50, 6.8 » 107" 39 = 10°M
5F; + 50F; — 50F; + 50y 85 x 1071* 40 = 101
SF; + SiF. — SiF; + 5F, 56 x 10~*"* 5.6 x 10-'0

The oxyfluorides SOF; and SOF, can also hydrolyze

via the slow gas-phase reactions (with k in cm?/s)

S0OF; 4+ H,0 — S0; 4 2HF k=12x10"% (10)

(11)

The rate coefficients for these reactions were measured
at a gas temperature of 298 K by Van Brunt and Sauers

SOF, + HaO — S50,F; + 2HF k=2.0x 10~
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[116]. Although these processes could have long-term ef-
fects on observed relative concentrations of the oxyflu-
orides produced during electrical discharges in S5F;, the
rates are obviously quite low, and there are indications
from measurements [3, 17, 117] of gaseous by-product
concentrations during operation of discharges that reac-
tions (10) and (11) in the gas phase cannot account for
the observed production of the species 503 and 50;F;.
There is evidence [3, 112, 118] that hydrolysis of 5F4, SOF,,
and SOF; can occur relatively more rapidly in liquid Hz O
or on surfaces containing adsorbed H3 0. A large discrep-
ancy exists between the SOF; hydrolysis rate reported
by Van Brunt and Sauers [116] and the rate reported by
Ruegsegger and coworkers [4]. This undoubtedly arises
because, in the latter case, which was an indirect mea-
surement involving short-time mass spectrometric obser-
vations of a ‘complete’ SF4 hydrolysis, the possibility ex-
isted for surface reactions with HzO that need not involve
SOF; as an intermediate [116]. It has been suggested [3]
that hydrolysis of SOFs could occur sufficiently rapidly
on surfaces so as to preclude its observation in some ex-
periments [22, 24, 25).

In relatively pure SFg, the direct production rate of
80, from corona, discharges is found to be quite small
[3]. It can, however, become a major by-product in bi-
nary mixtures like SFg/Nz or SFg/Ne in which 5F; is
the minor component [20]. When significant quantities of
H3( are present on surfaces, the S0; produced in the dis-
charge or by hydrolysis of SOF; can itself be hydrolyzed
by the reaction

805 4+ Hy O — Ha50, (12)

In general, it can be expected that for species like SFy,
S0F,, 50F,, and 503, surface reactions will begin to
predominate over gas-phase reactions as the surface-to-
volume ratio is increased for any enclosed SFg-insulated
systems.

There is recent conclusive experimental evidence [21,
119] that the production and detection of gaseous S:Fyp
from electrical discharges in 5Fg can also be affected by
surface reactions. There is particular concern about the
production of this species because of its known high level
of toxicity [6]. It is formed by reaction of SFy free radicals
at high gas pressure (Table 1) whenever 5Fs is dissoci-
ated. Although it is thermally stable at 300 K, it will
react at this temperature with H2 0 adsorbed on surfaces
to form a variety of products which may include SOF;,
S50;, HF, and 5F;, depending on surface conditions. Lit-
tle is known at present about the exact nature of 5:F .,
decomposition which occurs via surface catalyzed reac-
tions. It is nevertheless important to understand more
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about these processes because they could significantly ef-
fect one's ability to reliably perform a gquantitative anal-
ysis of 5Fg to determine the presence of 5;F, [119].

6. CONCLUSION

HE basic reactions among electrons, ions, and mole-
cules that lead to formation of permanent, stable or
long-lived by-products of SFg decomposition and oxida-
tion in low-temperature glow-type discharges have been
reviewed in the context of a zonal model for highly local-
ized negative coronas. In the active glow region of the
discharge, the initial rate-controlling reaction is dissoci-
ation of SFs by electron impact, the rate for which has
been estimated using numerical solutions of the Bolts-
mann Transport Equation. It is this reaction which sets
an upper limit on the total rate of SFg decomposition
under any given set of discharge conditions [3]. The ini-
tial dissociation is followed by relatively fast reactions
involving the products of dissociation, namely free flu-
orine and the lower-valence sulfur fluorides. Reactions
leading to reformation of SFg appear to predominate in
relatively pure SFg. Reactions of the SFg dissaciation
products among themselves and with Oz or Hz O can lead
to formation of a variety of long-lived corrosive or toxic
by-products, especially 53:Fy5, SOF4, and HF. Some of
the relatively stable lower-valence sulfur fluorides such as
SF; and 5F, may escape the glow region and eventually
react slowly with contaminants like H;O or Oy in the
main gas volume to form by-products such as S0;F; and
S50F;. Negative ions formed in the discharge can also
react preferentially with the products of oxidation and

thereby significantly affect the yields of these products,
Presently our knowledge about the rates for several
key reactions must be considered meager or highly un-
certain at best. Although considerable progress has been
made, especially during the past ten years, in identify-
ing important reactions and in measuring or computing
their rates, it is still necessary, in the construction of the-
oretical plasma-chemical models of glow discharges, to
make guesses about rates for numerous processes that
are deemed to be important or probable from simple en-
ergetic considerations or from analogies with known re-
actions in systems that are judged to be chemically or
structurally similar. From attempts to model the chem-
istry in glow-type discharges, it becomes evident that
more information is needed on branching ratios for dif-
ferent SFy dissociation channels leading to formation of
different fragments, SF., = £ 5. Little is presently known
about reactions of SF; species with free radicals like OH,
even though such reactions are expected to be quite im-
portant in the glow region. More data is needed on the
chemistry of SF; in the presence of O3 since it is believed
to be an impertant precursor to formation of S0.F;.
Surface catalyzed hydrolysis reactions of 5;F,, SOF,,
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