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Abstract

This report contains a collection of reaction rate coefficients for the reactions
in a low pressure oxygen processing discharge. The rate coefficient are reviewed,
evaluated and revised. We assume the electron energy distribution to be Maxwellian
and the fit to the rate coefficient for electron impact is valid for electron temperature
in the range 1 — 7 eV.



1 Introduction

Oxygen plasmas play a crucial role in industrial applications as well as in atmospheric
physics. Low pressure oxygen discharges have been applied in plasma processing for
decades with applications such as ashing of photoresist (Tolliver, 1984), removing polymide
and organic films and oxidation or deposition of thin film oxides (Carl et al., 1990). Oxy-
gen discharges have also been proposed as a sterilization source (Bol’shakov et al., 2004).
Low pressure oxygen discharges are weakly electronegative and the negative ions are ex-
pected to contribute significantly to the overall charge balance in oxygen plasma. The
presence of negative ions alters the overall discharge phenomena with additional volume
recombination loss and a particular spatial distribution of the negative ions which affects
the ion flux loss to the wall (Lichtenberg et al., 1994; Chung, 1999). Oxygen is a sim-
ple diatomic gas that has been particularly well studied. However, even in a relatively
simple oxygen discharge a number of species can be formed. Data sets for oxygen exists,
including rate coefficients for many of the relevant reactions (Eliasson and Kogelshatz,
1986a; Kossyi et al., 1992; Slinker and Ali, 1982; Lieberman and Lichtenberg, 1994; Herron
and Green, 2001). However, many of the cross sections for binary processes among these
species have not been carefully measured or calculated (Lieberman and Lichtenberg, 1994,
p. 251) and there is still some uncertainty regarding the absolute values of the electron
impact cross sections. Furthermore, there are available collections of excitation and ion-
ization cross sections for electron impact on atomic oxygen (Laher and Gilmore, 1990) and
oxygen molecule (Itikawa et al., 1989). There have been several attempts to model the
oxygen plasma in a low pressure (1 — 100 mTorr) inductive discharge (Lee et al., 1994; Lee
and Lieberman, 1995; Patel, 1998; Gudmundsson et al., 2000a, 2001; Meeks et al., 1998;
Kiehlbauch and Graves, 2003), parallel plate capacitive discharge in the range 5 — 200
mTorr (Stoffels et al., 1995), glows in the range of a few Torrs (Thompson, 1961; Gordiets
et al., 1995), and in flowing rf discharges at pressures of few tens of Torr for O(a'A,)
production (Stafford and Kushner, 2004). The most extensive collections (Eliasson and
Kogelshatz, 1986a; Kossyi et al., 1992) were mainly intended for atmospheric research.
Reaction sets for applications to low pressure processing discharges have also been com-
piled (Lieberman and Lichtenberg, 1994; Lee et al., 1994; Lee, 1995; Lee and Lieberman,
1995; Patel, 1998; Gudmundsson et al., 2000a, 2001; Meeks et al., 1998; Kiehlbauch and

Graves, 2003). In a low pressure processing discharge O~ is found to be the dominant



negative ion (Gudmundsson et al., 2001) and ion-ion recombination is suggested to play an
important role at pressures below 10 mTorr (Gudmundsson, 2004). The aim of this work
is to evaluate and revise the rate coefficients in oxygen processing discharges, T, ~1—7
V and T; <« T,, were T, is the electron temperature and 7; is the ion temperature. The
rate coefficients for electron impact excitation, electron impact ionization and elastic scat-
tering of electrons for argon, oxygen atom and oxygen molecule are reviewed separately
(Gudmundsson, 2002). Throughout the text we use the roman typeface symbol T for the
voltage equivalent of the temperature. The rate coefficients for electron impact collisions
were calculated assuming Maxwellian electron energy distribution and fit over an electron

temperature range 1 — 7 V.

2 Rate coeflicients

The rate coefficient for an electron impact collision is obtained by integrating the cross

sections over an assumed Maxwellian distribution
k= (o(v)), = 4r / o (0) 0" f () dv (1)
0

where o is the collision cross section, v the electron velocity and
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is the Maxwellian velocity distribution, m, is the electron mass, e is the electron charge

and 7 is the electron temperature. Using the relationship for the velocity and kinetic

energy of a particle
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to be the normalized Maxwellian electron energy distribution. Thus
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is the rate coefficient. The rate coefficients where then fit to an Arrhenius form

k= AT? exp(~C/T.) (6)

£ =

(3)

we find

in the range 1 — 7 eV where A, B and C are constants.
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2.1 Electron impact ionization of oxygen molecule

Electron impact ionization of the oxygen molecule in the ground state
e+ 0y — OF +2e
has rate coefficient of
2.34 x 1071 T10% exp(—12.29/T,) m? /s

is calculated from the cross section measured by Krishnakumar and Srivastava (1992).

The commonly used rate coefficient for electron impact ionization of oxygen molecule

9.0 x 10719T2 exp(—12.6/T,) m3/s (Lee et al., 1994; Lieberman and Lichtenberg, 1994)
was based on the data set of Eliasson and Kogelshatz (1986a).

For electron impact ionization of the metastable oxygen molecule Oy(a'A,)
e+ O0z(a'Ay) — OF + 2e

we assume that the same process takes place except the threshold energy is lowered by
0.98 €V and the rate coefficient is

2.34 x 10T % exp(—11.31/T,) m?/s.

2.2 Electron impact dissociative ionization of oxygen molecule

Electron impact dissociative ionization of the oxygen molecule
e+0; — 0T +0+2e
has rate coefficient of
1.88 x 10 19T1 %% exp(—16.81/T,) m® /s

which is calculated from the cross section measured by Krishnakumar and Srivastava
(1992). This recently measured cross section is in excellent agreement with the early
measurements of Rapp et al. (1965).

For electron impact dissociative ionization of the metastable oxygen molecule Oy(a*A,)
e+ 0q(a'Ay) — O + 0 + 2e

we assume that the same process takes place except the threshold energy is lowered by

0.98 eV which gives a rate coefficient of

1.88 x 10 19T} %% exp(—15.83/T,) m?/s.



2.3 Ion-pair formation by electron impact of the oxygen molecule

The cross section for ion-pair formation by electron impact of the oxygen molecule
e+0; — 0" +0 +e

was measured by Rapp and Briglia (1965). The rate coefficient based on these measure-

ments is
7.1 x 10717T%% exp(—17/T.) m?/s

given by Lieberman and Lichtenberg (1994).

2.4 Electron impact dissociation of the oxygen molecule

The lowest threshold energy for dissociation of the oxygen molecule is 4.5 eV. There is
some uncertainty and controversy regarding the absolute values of the electron impact
excitation and dissociation cross sections (Eliasson and Kogelshatz, 1986b; Cosby, 1993).
There are several compilations of electron impact excitation cross sections in molecular
oxygen (Eliasson and Kogelshatz, 1986a; Phelps, 2004; Itikawa et al., 1989). Here we
use a dissociation cross sections that is inferred from the excitation cross sections. The
electron impact dissociation of the oxygen molecule can follow three paths (Eliasson and
Kogelshatz, 1986a,b; Cosby, 1993). Excitation from ground state favors a process leading

to dissociation via electronic transition to the Herzberg states
e+ 0y — Ox(A3SF ABA,, ¢'8,) — O(P) + O(’P) + e
which has a threshold of 6.0 V and rate coefficient of
6.86 x 107'° exp(—6.29/T,) m? /s,
and a process leading to dissociation via electronic transition to the Schuman-Runge states
e+ 0y — 05(B*Y, ,B?®Y, 2°11,) — O(®P) + O('D) +e
which has a threshold of 8.4 V and rate coefficient of

3.49 x 107" exp(—5.92/T,)  m?®/s.



The process
e+ 0y — O('D) +O(*D) + ¢

which has a threshold of 9.97 V and rate coefficient of
1.44 x 10 M exp(—17.25/T,) m®/s

is of less importance. The rate coefficients are calculated from the cross sectional data
compiled by (Phelps, 2004) and fitted in the range 1 — 7 V (Gudmundsson, 2002).
The rate coefficient for dissociation of the meatstable oxygen molecule Oy(a'A,) by
electron impact
e+ O0q(a'Ay)) — OCP) + O(°P) + ¢

is found by applying threshold reduction to give
6.86 x 107 "% exp(—5.31/T,)

and similarly for
e+ 0z(a'Ag) — O(*P) + O('D) +e

the rate coefficient is
3.49 x 10 **exp(—4.94/T,)  m?/s.

2.5 Electron impact ionization of the oxygen atom
The ionization potential of the oxygen atom is &, = 13.61 eV. The rate coefficient for the
electron impact ionization of the oxygen atom
e+ OCP) — O 4 2¢
was estimated to be
9.0 x 107"°T%" exp(—13.6/T,)

by Lee et al. (1994). They list the report by Eliasson and Kogelshatz (1986a) as the

source.



2.6 Dissociative electron attachment to the oxygen molecule

The maximum of the cross section for dissociative electron attachment to the metastable
oxygen molecule Oy(a*A,) is roughly 3.5 times higher than starting from the ground
state and was first measured by Burrow (1973). The cross sections for the dissociative
electron attachment to the oxygen molecule have been more recently measured by Jaffke
et al. (1992). The rate coefficients are calculated from these recent cross sections data.

Dissociative electron attachment to the ground state oxygen molecule

e+ 02(°S;) — 057 (*1l,) — O™ + O(°P) (7)
has a rate coefficient

1.07 x 10T, "% exp(—6.26/T.) m® /s

compared to the earlier commonly used value of 8.8 x 107'7 exp(—4.4/T,) m?/s (Lieber-
man and Lichtenberg, 1994) which was based on data from Eliasson and Kogelshatz
(1986a). This is close to the rate coefficient of 9.76 x 1071071358 exp(—6.07/T,) m?/s
found by by fitting the data given by Slinker and Ali (1982). It is known that the disso-
ciative electron attachment to Oy via the O3~ (%Il,) resonance is strongly dependent on
the neutral gas temperature (Henderson et al., 1969). The threshold energy shifts from
~ 4 eV at 300 K to ~ 1.2 eV at 1930 K. Furthermore, the magnitude of the cross section
and the resonance width are increased with increased temperature.

Dissociative electron attachment to the singlet delta state oxygen molecule
e+ 0s(a'Ag) — O3 (IT,) — O™ + O(°P) (8)
has a rate coeflicient
4.19 x 10715, 13 exp(—5.19/T,) m? /s

compared to the earlier value of 2.28 x 107! exp(—2.29/T,)m3 /s (Gudmundsson et al.,
2001) which was based on the measured cross section by Burrow (1973) and fitted in the
range 1 - 4.5 V. For dissociative attachment to the metastable oxygen molecule to create

a metastable oxygen atom
e+ 0q(a'Ay) — O3 (’°EF) — O~ + 0('D)
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the rate coefficient is
9.93 x 107'T ;37 exp(—7.44/T,) m?/s.
For the dissociative electron attachment to metastable oxygen molecule Oy (b'%})
e+ Oz(blE;) — 0~ +0(*P) 9)

we assume the same process as for reaction (8) with a reduced threshold energy and the
rate coefficient is
4.19 x 10T 13 exp(—4.54/T,) m? /s

Dissociative electron attachment to metastable oxygen molecules in the Herzberg
states Og(ASH ABA,, D))

e+ 0y(A3SF ABA,, ¢'S7) — 07 + O(P) (10)

was investigated by (Hayashi and Kadota, 1999) who assembled the cross section for the

process. A fit to the rate coefficient calculated from their cross section is
7.32 x 1079710 exp(—0.468/T.) m?/s.

2.7 Excitation and deexcitation of metastable oxygen molecules
Oy(a'A,) and O,(b'E}) by electron impact

The excitation to the metastable oxygen molecule Oy(a'A,) from the ground state
e+ 05(X°S)) — Oa(a'Ay) +e
has a rate coefficient of
1.37 x 107" exp(—2.14/T.) m*/s

which is calculated from the cross section data compiled by Phelps (2004). The deexcita-

tion of metastable oxygen molecule Oy(a'A,) by electron impact

e+ Oa(a'Ag) — 02(X?%;) + e



has been assigned a rate coefficient 5.6 x 107'% exp(—2.2/T,) m?®/s (Lieberman and Licht-
enberg, 1994). This rate coefficient is based on a fit to the data given by Eliasson and Ko-
gelshatz (1986a) and Masek et al. (1978). Here we propose a rate coefficient using the prin-
ciple of detailed balancing. The ground state of molecular oxygen is 32; and has 3x1 =3
degenerate states and the a* A, state has 1 x2 = 2 degenerate states. The threshold energy
for the reverse process is 0.977 €V. Thus (3/2) x 1.37 x 10~ exp(—2.14/T,) exp(0.977/T,)

gives a rate coefficient of
2.06 x 10 ¥ exp(—1.163/T,) m?/s.

This is supported by the measurements of Hall and Trajmar (1975) which demonstrated
that neglecting the different rotational levels of the two states can be justified when
applying the principle of detailed balancing for the X 32; = a'A, transition.

The excitation to the metastable oxygen molecule O, (bIZ;) from the ground state
e+ 02(X°8;) — 0(b'S)) + e
has a rate coefficient of
3.24 x 10 % exp(—2.218/T,) m?/s

which is calculated from the cross section data compiled by Phelps (2004). The deexcita-

tion of metastable oxygen molecule Oy(b'S}) by electron impact
e+ 0z(b'S)) — 02(X°%)) + e

is similarly estimated applying the principle of detailed balancing. The 1)12;]F state has
1 x 1 = 3 degenerate states and the threshold for the reverse process is 1.627 eV. Thus
(3/1) x 3.24 x 10710 exp(—2.218/T,) exp(1.627/T,) gives a rate coefficient of

9.72 x 10 " exp(—0.591/T,) m?/s.

The cross section for the a'A, — b'E} transition has been measured to be more
than one order of magnitude larger at 4.5 eV than the excitation of the bIE; from the
ground state (Hall and Trajmar, 1975).



2.8 Excitation and deexcitation of metastable oxygen atom O('D)

by electron impact

The rate coefficient for the excitation to the metastable oxygen atom O('D) by electron
impact
e+ OCP) — O('D) +e

is calculated using the excitation cross section given in the review by Laher and Gilmore
(1990) as
4.54 x 10~ exp(—2.36/T,) m?/s.

The rate coefficient for the deexcitation of the metastable oxygen atom O('D) by

electron impact
e+ O('D) — O(’P) +e

is estimated by applying the principle of detailed balancing. The ground state of the
oxygen atom is 3P and which has 9 degenerate states and the D state has 5 degenerate
states. The threshold energy for the reverse process is 1.96 eV. Thus (9/5) x 4.54 x
107'° exp(—2.36/T.) exp(1.96/T,) gives a rate coefficient of

8.17 x 10 P exp(—0.4/T,) m?/s.

2.9 Electron impact detachment from O~

The cross section for the electron impact detachment from O~
e+0 — O+ 2e

was measured by Vejby-Christensen et al. (1996). Their measurements were carried out
down to the low energy range of importance here and lower than the early measurements
by Peart et al. (1979). From the cross section measured by Vejby-Christensen et al. (1996)
the rate coefficient is found by assuming Maxwellian electron energy distribution and fit

over an electron temperature range 1 — 7 V to give

5.47 x 107" T9-32% exp(—2.98/T.) m?/s.
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2.10 Charge transfer

The rate coefficient for the charge transfer
Ot + 0y — O(’P) + OF
is given by Eliasson and Kogelshatz (1986a) as

2 x 10717(300/T)*  m®/s.

2.11 Mutual neutralization of oxygen ions

Recent measurements of the mutual neutralization cross sections in oxygen have suggested
that the rate coefficients commonly used are significantly overestimated (Hayton and
Peart, 1993; Padgett and Peart, 1998; Gudmundsson and Lieberman, 2004). This claim
is further supported by a measurement of the rate coefficient for O~ +O™" (Ishikawa et al.,

1998). The commonly used rate coefficients for mutual neutralization of O by O~
O"+0"—0+0 (11)

are 2.7 x 1073(300/7})'/? m®/s (Eliasson and Kogelshatz, 1986a; Lee et al., 1994) and
2.0 x 10713(300/T;)'/2 m® /s (Kossyi et al., 1992; Eliasson and Kogelshatz, 1986a; Gordiets
et al., 1995; Niles, 1970) were 7; is the ion temperature in Kelvins. These rate coefficients
are consistent with the measurements of Olson et al. (1970) that give an experimental value
of 2.8 x 10713 m?/s and a theoretical value of 1.1x 107!3 m3 /s at 300 K. Later Olson (1972)
used the Landau-Zener method to calculate the upper limit reaction rate and the energy
dependence of the total cross section for the ion-ion recombination reaction of O~ + O™
and O~ +0Oj in the energy range 0.03 — 100 eV. This theoretical work predicts equal cross
sections (to within 4+ 10 %) for both O~ + O and O~ + O mutual neutralization and
agreed very well with the early measurements. More recent measurements of the cross
section by Hayton and Peart (1993) are a factor of 6 — 10 times lower. Their measurement,
is supported by a new theoretical calculation of the cross section by Zhou and Dickinson
(1997) which is in excellent agreement with the cross section measured. Unfortunately,
the measured and calculated data do not go below 1 eV.

We propose a new estimate of the recombination rate coefficient by assuming the

low energy scaling seen by Olson (1972), is qualitatively correct for energies below 1 eV.
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This scaling is consistent with the classical Coulomb focusing expected at low energies.
Thus, we use the cross section calculated by Olson (1972) and scale it down by a factor
of 6.4 to fit the measured data of Hayton and Peart (1993). We then extrapolated the
cross section down to 0.001 eV. Using this cross section we calculate a rate coefficient by
assuming Maxwellian energy distribution of the ions in the range 300 K < 7; < 1200 K.

The rate coefficient for the mutual neutralization of O~ + OV is thus found to be

300> 0.43

T m®/s.

4.0 x 107 (

The rate coefficients commonly used for mutual neutralization of O by O~
O™ +0;5 — 0+ 0, (12)

and
0" +07 — 30 (13)

are 2.0 x 10713(300/T})*/2 m?®/s (Kossyi et al., 1992; Eliasson and Kogelshatz, 1986a;
Gordiets et al., 1995; Niles, 1970) or 0.96 x 107'3 m3 /s (Eliasson and Kogelshatz, 1986a)
for the former reaction and 1.0 x 107*® m3 /s (Kossyi et al., 1992; Eliasson and Kogelshatz,
1986a; Gordiets et al., 1995) for the latter. These values are consistent with the early
measurements of Moseley et al. (1972), which reported a value of 1.0 x 1073 m3 /s at 300
K. Recent measurements by Padgett and Peart (1998) suggest that the cross section is
a factor of five lower than the earlier measurements. Their measurements indicate that
reactions (12) and (13) each contribute roughly 50 % at 120 eV. Since their measurements
are made for energies above 6 eV we use the cross section calculated by Olson (1972) and
scale it down by a factor of 5.0 to fit the measured data of Padgett and Peart (1998).
We then extrapolated the cross section down to 0.001 eV. Using this cross section we
calculate a rate coefficient by assuming Maxwellian energy distribution of the ions. The
rate coefficient for the mutual neutralization of O~ + OF is thus

300 0.44
52 x 107 (?) m? /s

and is valid in the range 300 K < 7} < 1200 K. The data of Eliasson and Kogelshatz
(1986a) indicates a 50 — 70 % range as the ratio of reactions (12) and (13). Based on this
and the Padgett and Peart (1998) data, we assume that each reaction contributes 50 %

12



to the reaction rate, we propose a rate coefficient of 2.6 x 107'4(300/7;)%** for each of the
reactions (12) and (13).

The ion-ion mutual neutralization cross section for OF +0O, was measured by Peterson
et al. (1971). They measured the rate coefficient to be (4.2 4= 13) x 107!* m3/s. The

commonly used rate coefficient for the reactions

and
O; +0" — 0+ 0, (15)

are 2.7 x 10713(300/7;)*/2 m3/s (Kossyi et al., 1992; Lieberman and Lichtenberg, 1994)
and 2.01 x 107! m3/s at 300 K for reaction (14) (Eliasson and Kogelshatz, 1986a). For

0, + 0 — 05+ 20 (16)

the rate coefficients are 1.01 x 107" m3/s and 2.01 x 107" m?3/s (Eliasson and Kogelshatz,
1986a). Based on the above discussion on mutual neutralization involving the O~ ion these

values are probably an overestimate.

2.12 Dissociative recombination of Oj-ions with electrons

The rate coefficient for the recombination of O -ions with electrons
et+0O; — O0+0 (17)

has been measured by Mehr and Biondi (1969) over the entire range 300 < T, < 5000 K.
They find the rate coefficient to vary as T, %50 in the range 1200 < T, < 5000 K and as
T, %7 in the range 300 < T, < 1200 K, where the electron temperature is given in Kelvins.
For T, = 300 K they report a value of (1.95 & 0.2) x 1073 m3/s. This value has been
confirmed by more recent measurements (Gougousi et al., 1997; Church and Smith, 1978)
and is commonly accepted (Eliasson and Kogelshatz, 1986a). Mul and McGowan (1979)
measured the cross section for the recombination of O -ions with electrons and calculate
a rate coefficient that shows a T, 9% dependence and is in good agreement with the early
measurements of Mehr et al. (Kasner and Mehr, 1968; Mehr and Biondi, 1969). The rate
coefficient of 2 x 107**(300/7.,) m?/s is valid in the range 205 < T, < 690 K (Kasner
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and Mehr, 1968; Kossyi et al., 1992; Kozlov et al., 1988), the conditions expected in the
upper atmosphere where T, ~ T;. These values are also consistent with a theoretical
calculation by Guberman (1988) that gives 2.21 x 107! x (7,/300)7%4¢ m3/s for the
reaction e + O — O(®P) + O(!D) in the range 100 < T, < 3000 K. The rate coefficient
for O('S) creation by the dissociative recombination of O -ions with electrons has much
lower yield (Guberman and Giusti-Suzor, 1991).

For low pressure discharges with T, > 1000 K the rate coefficient of 2 x 10~'3(300/7T)
m?/s is not appropriate. We assume a rate coefficient k = ko7, °® consistent with Mul
and McGowan (1979) and determine kg by fitting to the data measured by Mehr and
Biondi (1969) from 1700 K to 5000 K. We propose a rate coefficient of

22 x 107" x T;%5  m?/s

for the reaction
e+0Ff — OCP)+0O('D)

where T, is given in electron volts, for the conditions 1 < T, < 7 V expected in processing

discharges.

2.13 Associative detachment by oxygen atom
The rate coefficient for associative detachment by oxygen atom
O +0(P) — Oy +e
was measured by Belostotsky et al. (2004) as
(1.64+0.3) x 107 m?/s

and by Fehsenfeld et al. (1967) as 1.9 x 107 m?®/s, Phelps (1969) lists a value of 1.4 x
1071 m3 /s, Sommerer and Kushner (1992) a value of 3.0 x 1071 m?/s, and Kossyi et al.
(1992) a value of 5 x 10716 m3/s.

2.14 Detachment by molecular oxygen in ground state Os(X 329‘)

The cross section for the electron detachment by molecular oxygen in ground state
OQ(X 32;)
Oi+02—)o+02+6

14



was measured by Roche and Goodyear (1969) in the range 3 — 100 €V. The threshold for
the process is 1.46 eV which is consistent with the accepted value of the electron affinity
of the oxygen atom. It is pointed out by Vahedi and Surendra (1995) that if the negative
ion temperature is of the order of the gas temperature the negative ions are not likely to

get over the threshold energy for detachment.

2.15 Detachment by the metastable molecular oxygen Oy(a'A,)

The rate coefficient for the detachment by collision of oxygen ion O~ with metastable

oxygen molecules Oy(a'A,) or the reaction
O~ + Oy(a*A,) — products

was recently measured by Belostotsky et al. (2004) as 1.3+£0.3 x 107'® m?/s. This value is
somewhat lower than the earlier measurements of Fehsenfeld et al. (1969) which reported
a value of 3 x 107! m3/s. These early measurements were accompanied by a factor of
ten uncertainty. Another recent measurement by Upschulte et al. (1994) gives a value of
3.3 x 10717 m®/s. They assign this rate coefficient for the reaction O~ + O(a'4d,) —
O3 + e. This recent measurement is considered to have an uncertainty of +100%/ — 50%
and is about a factor of ten lower than the other two measurements. Thus we can assign

for the reaction
O™ + 02(a'A,)) — 07 +0 (18)

a rate coeflicient of
1.0x 107  m?/s

and for the reaction
O™ +0y(a’'A,)) — O3 +e (19)

a rate coefficient of
33x 107" m?/s.

For the reaction
02_ + Og(alAg) — 202 +e

a rate coeflicient of
20x1071%  m?/s

15



was measured by Fehsenfeld et al. (1969) compared to a more recent value of 2.7 X
10717 m?/s measured by Upschulte et al. (1994).

2.16 Detachment by the metastable molecular oxygen O,(b'Y})

The reaction rate coefficient for detachment by the metastable molecular oxygen O (b'%})
O™+ 0:(b'Sf) — O+ 0z +e
was estimated by Aleksandrov (1978) to be

6.9 x 1071 m?/s.

2.17 Pooling of the metastable molecular oxygen O(a'A,)

The pooling reaction of two singlet oxygen molecules to form the metastable Og(bIE;)
Og(alAg) + OQ(U/IAQ) — Og(blz‘:) + OQ(X?’E;) (20)

was investigated by Derwent and Thrush (1971) which give a rate coefficient of 2 x
10717 m?/s at 300 K. Based on a number of measurements at various temperatures Cohen

and Westberg (1983) recommend a rate coefficient of
1.8 x 107 (T,/300)*® exp(700/T,) m?/s

Two singlet oxygen molecules can also undergo simultaneous transition to the ground

state giving up their energy as a single quantum of radiation
Osz(a'Ay) + Oz(a'Ay) — O2(X°E,) + 02(X°%;) + hv (21)

which produces photons of wavelength 0.634 pum (Gray and Ogryzlo, 1969; Derwent and
Thrush, 1971; Fisk and Hays, 1981; Borrell and Rich, 1983). Based on the early measure-

ments Borrell and Rich (1983) recommend a rate coefficient of
5.5 x 1072 (T,/300)"°  m?/s

in the range 300 — 1000 K.
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Other reactions for the quenching of the metastable oxygen molecule Oy(a'A,) are
Oz(a'Ay) + OCP) — 05(°%,) + O(C°P)

with a rate coefficient given by Clark and Wagner (1969) as

1.3x 10 m?/s
and 7.0 x 10722 m?/s by Kossyi et al. (1992), and the reaction

O2(a'Ag) + 02(°S;) — 02(°%;) + 02(°%;)
with a rate coefficient given by Kossyi et al. (1992) as
2.2 x 10 **(7,/300)*® m?/s

an as 2.4 X 1072* m3/s by Clark and Wagner (1969).

2.18 Dissociative electron attachment to ozone

For dissociative electron attachment to ozone
e+ 03 — 0 +0q (22)
we use the cross section measured by Senn et al. (1999) and find a rate coefficient
2.12 x 107"°T; %8 exp(—0.93/T,) m? /s
and for the reaction
e+ 03 —0, +0 (23)
we use the cross section measured by Rangwala et al. (1999) and find a rate coefficient
9.75 x 10 1T 139 exp(—1.007/T) m? /s

The cross section measured by Senn et al. (1999) for this process is in good agreement
with the cross section measured by Rangwala et al. (1999). The electron attchment rate
coefficient was measured by Van Doren et al. (2003) assuming that reaction (22) is the
dominating process. They report a value of 9 x 107'® m3/s at 300 K and 51 x 107!8
m?/s at 550 K. These values dissagree strongly with the measurements by Senn et al.
(1999). Cicman et al. (2003) evaluated the rate coefficients for the dissociative electron
attachment to ozone in the range 0.001 — 10 eV. They report a value of 2 x 107'® m?/s at
300 K and 1 x 107 m3/s at 3 eV for reaction (22). In an early measurement Fehsenfeld
et al. (1967) estimated the rate coefficient to be 4 x 10717 m?3/s at 300K.
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3 The oxygen reaction set

The basic reaction set for the oxygen discharge is listed in table 1. The rate coefficients
for electron impact collisions were calculated assuming Maxwellian electron energy distri-
bution and fit over an electron temperature range 1 — 7 eV.

The lowest threshold energy for dissociation of the oxygen molecule is 4.5 eV. However,
the lowest lying metastable state of the oxygen molecule Og(a'A,) has a threshold energy
of 0.98 eV above the ground state and has lifetime of ~ 4400 s (Newman et al., 2000).
Another metastable state Oy(b'Y}) is located 1.627 eV above the ground state and has
lifetime of 7.1 s. The metastable oxygen molecule Oy(a'A,) is known to be an important
specie in the oxygen discharge. Our earlier modelling work indicates that the Og(a'A,)
density is of the order of 10 % of the total molecular oxygen density (Gudmundsson et al.,
2000b). The reactions involving the metastable oxygen molecule Oy(a'A,) are listed in
table 2.

The oxygen discharge is known to be weakly electronegative and the dominant negative
ion is O~. The reactions involving the negative oxygen ion O~ are listed in table 3. The
most important reactions for creation of O~ are dissociative attachment from the ground
state and the singlet delta state of the oxygen molecule, reactions (7) and (8), respectively
(Gudmundsson et al., 2001). The negative ion is mainly lost through detachment with
electrons at low pressures and oxygen atoms at higher pressures, but ion-ion recombination
plays an important role in particular at low pressure (Gudmundsson, 2004). The density
of the negative ion O, is much smaller than the density of the negative ion O~ in low
pressure processing discharge. The reactions involving the negative oxygen ion O; are
listed in table 4.

The metastable oxygen atom O('D) is long lived, with radiative lifetime of 148 s. The
reactions involving the metastable oxygen atom O(*D) are listed in table 5. The reactions
involving the creation and destruction of ozone and O; are listed in table 6. Ozone is
almost entirely created through detachment by collision of O~ with the metastable oxygen
molecule Oz(a'A,) (reaction (19)). The creation of Oj is mainly through dissociative
attachment of ozone O3. The creation of O3 is thus greatly influenced by this detachment
process and neglecting the detachment has a significant influence on the density of O
ions (Gudmundsson et al., 2000b, 2001).

Table 7 lists selected three body reactions. We do not expect these reactions to be of
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great importance at low pressures, however.

The rate coefficients involving the metastable molecular oxygen O,(b'¥}) and the
highly excited Herzberg states Oy(A3SF, A®A,, ¢!X7) (or OY) are listed in table 8. The
O3(a'Ay) and O,(b'E}) states lie 0.98 eV and 1.63 €V above the ground state O, (*%;),
respectively. The Herzberg states lie 4.05 — 4.34 eV above the ground state. Unfortunately
there appear to be no cross sections for dissociation and ionization from the Oy(b'3})
and the Herzberg states. The rate coefficients for quenching og the 02(A3E;’) state by O,
O9 and Ar were determined by Kenner and Ogryzlo (1980). Reaction rate coefficients for
dissociation and ionization from the metastables are estimated using the ground-state rate
coefficient with the threshold shifted by the metastable excitation energy. The ground
state reactions used in calculating the threshold shifted reaction rate coefficient are listed
as reactions [ — VI in table 8.

The rate coefficients for the excitation of the oxygen atom are listed in table 9 and the
rate coefficients for the excitation of the oxygen molecule are listed in table 10 are taken
from Gudmundsson (2002).
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Table 1: The basic reaction set for the oxygen discharge.

Reaction

Rate coefficient [m3/s]

Ref.

e+02 — OQL + 2e

e+02 — O(3P)+0~
e+O(3P) — Ot +2¢
e+02 — O(3P)+0(3P)+e
e+03 — O(3P)4+07F 4 2¢
0t + 03 — O(®P) + OF

Ty [K]
Te [eV]

2.34 x 10715TL-03 exp(—12.29/Te)
1.07 x 1071575 139 exp (—6.26/Te)
9.0 x 10715797 exp(—13.6/Te)
6.86 x 1015 exp(—6.29/T¢)

1.88 x 1071671699 exp(—16.81/Te)
2 x 10717(300/T)"/2

A~ N N S~

Krishnakumar and Srivastava, 1992)
Jaffke et al., 1992)

Lee et al., 1994)

Phelps, 2004)

Krishnakumar and Srivastava, 1992)
Eliasson and Kogelshatz, 1986a)

Table 2: The reactions involving the metastable oxygen molecule Oy(a'Ay).

Reaction

Rate coefficient [m3/s]

Ref.

e+ Oy — Og(alAg) +e
e+02(alAg) — OF + 2¢
e+02(a'Ay) — O(P)+0T +2¢

e+ Oz(alAgy) — O~ +0O(3P)

e+ Oz2(alAgy) — O~ +0O(1D)

et O2(alAg) — 02(38;7) +e

e+ O0z2(atAg) — O(3P) + O(3P) + ¢
e+ 02(atAy) — O(P) + O(!D) + e
O~ + O2(a'Ay) — 05 +O(3P)
02(atAg) + O(3P) — Oz + O(3P)
O2(a*Ag) + 02(°%y) — 2 02(%%y)
2 02(a'Ag) — 02(b'2F)+02(327)
2 Oz2(alAy) — 2 02(3%;)

atA
A

Ty [K]
Te [eV]

1.37 x 10715 exp(—2.14/Te)

2.34 x 10715T1 03 exp(—11.31/Te)
1.88 x 107 16TL-699 exp(—15.83/Te)
4.19 x 10~ 15T 1376 exp(—5.19/Te)
9.93 x 1071671437 exp(—7.44/T)
2.06 x 10715 exp(—1.163/Te)

6.96 x 10715 exp(—5.31/T¢)

3.49 x 10~ exp(—4.94/T¢)

1.0 x 10716

1.3 x 10—22

2.2 x 10724(Ty /300)0-8

1.8 x 1024 (T, /300)38 exp(700/T})
5.5 x 10729 (T /300)°5

(Phelps, 2004)
(Krishnakumar and Srivastava, 1992)
Threshold reduced

(Jaftke et al., 1992)

(Jafke et al., 1992)

Detailed balancing
Threshold reduced
Threshold reduced
(Belostotsky et al., 2004)
(Clark and Wagner, 1969)
(Kossyi et al., 1992)

(Cohen and Westberg, 1983)
(Borrell and Rich, 1983)

Table 3: The reactions involving the negative oxygen ion O~.

Reaction

Rate coefficient [m3/s]

Ref.

0~ 405 — O(3P)+0»

0~ 4+0F — 3 O(3P)

0~ +01t — O(3P)+0(3P)
e+0~ — O(®P)+2e

O(®P) 40~ — 02(3%7) +e
e+02 — O~ +0%1 + e
07—|—O2(a1A9) — 03 + e

Ty [K]
Te [eV]

2.6 x 10714(300/T)044

2.6 x 10714(300/T;)044

4.0 x 10714(300/7)043

5.47 x 1071479324 exp(—2.98/Te)
1.6 x 10716

7.1 x 10717795 exp(—17/Te)

3.3 x 10717

(Gudmundsson and Lieberman, 2004)
(Gudmundsson and Lieberman, 2004)
(Gudmundsson and Lieberman, 2004)
(Vejby-Christensen et al., 1996)
(Belostotsky et al., 2004)

(Lieberman and Lichtenberg, 1994)
(Upschulte et al., 1994)
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Table 4: The reactions involving the negative oxygen ion O .

Reaction Rate coefficient [m3/s]

Ref.

05 + O2(alAg) — 202 +e 2.0 x 10716
0; + O(®P) — O~ + 02 3.31 x 10~16

05+ 0 — 02 + 02 2.01 x 10~13(300/Ty)'/?
0, +0t — 02 + O(3P) 2.7 x 10713(300/Ty)'/?
0; 40 — 02 + 20(3P) 1.01 x 10~ 13(300/T)1/2
Ty [K]

Te [eV]

(Fehsenfeld et al., 1969)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Kossyi et al., 1992)

(Eliasson and Kogelshatz, 1986a)

Table 5: The reactions involving the metastable oxygen atom O('D).

Reaction Rate coefficient [m3/s] Ref.
e+02 — O(®P) + O(!D) +e 3.49 x 10714 exp(—5.92/Te) (Phelps, 2004)
e+02 — O('D) + O(ID) +e 1.44 x 1016 exp(—17.25/T¢)  (Phelps, 2004)
02 + O(!D) — O2(alAg)+ O(®P) 1.0x 10718 (Eliasson and Kogelshatz, 1986a)
e+0F — O(®P) + O('D) 2.2 x 10-147;0-3 (Gudmundsson and Lieberman, 2004)
e+0(®P)— O('D) +e 4.54 x 10~ 15 exp(—2.36/Te) (Gudmundsson, 2002)
O(!D) + 02 — O(3P) + O» 2.56 X 10717 exp(67/T) (Eliasson and Kogelshatz, 1986a)
O(1D) + O(3P) — 20(3P) 8.0 x 10718 (Eliasson and Kogelshatz, 1986a)
e+ O('D) — Ot +2¢ 9 x 10715797 exp(—11.6/Te)  (Lee et al., 1994)
e + O(1D) — e + O(®P) 8.17 x 10715 exp(—0.4/Te) Detailed balancing
Ty [K]
Te [eV]
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Table 6: The reactions involving the creation and destruction of ozone and Oj.

Reaction

Rate coefficient [m3/s]

Ref.

e+03 — O~ + O3

e+03 — O + 05

O "+02 — 03 +e
0t4+0; — OF + 03
0403 — 20,

0=+ 03— 03 +0
O3 + O(®P) — 05 + O3
0;+ 0 (®P) — 202+ ¢
03+ 0F — 02 + O3
0z + 0f — 20 + O3

0; + 03 — Oz + O3
0, +OCP) — O3 +e
O3 + 02— 02 + 02+ 0O
e+ O3 — Oz + O(3P)+e
02(a1A9)+ O3 — 203 + O(3P)

Ty [K]
Te [eV]

2.12 x 107 15T 108 exp(—0.93/Te)

9.758 x 10~ 14T 1-309 exp(—1.007/Te)

5.0 x 107!

1.0 x 10~16

1.81 x 10~ 17 exp(—2300/T)
5.3 x 10716

1.0 x 10~16

3.0 x 10716

2 x 10713(300/T)'/?

1.01 x 10 13(300/Ty)'/?

4 x 10716

3.3 x 10716

7.26 x 10716 exp(—11400/T})
1.0 x 10~14

6.01 x 10717 exp(—2853/Ty)

(Senn et al., 1999)

(Rangwala et al., 1999)

(Kossyi et al., 1992)

(Kossyi et al., 1992)

(Eliasson and Kogelshatz, 1986a
(Eliasson and Kogelshatz, 1986a,
(Eliasson and Kogelshatz, 1986a
(Eliasson and Kogelshatz, 1986
(Eliasson and Kogelshatz, 1986a
(Eliasson and Kogelshatz, 1986a
(Eliasson and Kogelshatz, 1986a
(Fehsenfeld et al., 1967)
(Eliasson and Kogelshatz, 1986a
(Eliasson and Kogelshatz, 1986a
(Jeong et al., 2000)

Table 7: Selected three body reactions.

Reaction

Rate coefficient [m®/s |

Ref.

e + O(3P) + 02 — O3 + O(3P)
e+02+09 —> 02_ + O2

e +e+0t — e+O(3P)

e+03 + Ot —0O(3P) + 09
07402 + O2 —05 +02
0~+0% + 03 —02+ O3
0+02 + O2 —03+ O2
e+O(3P)+02—>O’ + O2
205 + 0(31:’) —> O3 + O2
03 + 20(3P) — 03 + O(3P)
0~ 407 + 02 — 03+ O3

O + O + 0y —Oi+ 0,

02(alAg) + O(PP) + 02 —2 O3 + O(3P)

O + 0+ 0—02(a'Ag)+ O
O+ O+ 02 —)Oz(alAg)-f—Og
Ty [K]

Te [eV]

1x10-43

2.26 x 10742(300/7,)1/?
7.9 x 10739 /745
1x10~38

1.11 x 10™42(300/T)
2.1 x 10737(300/T)2-°
6.9 x 10746(300/T;)!-25
1x 10743

6.9 x 10740(300/7) 125

3.82 x 10740

2.01 x 10737(300/T)%®
1.2 x 10~46

1x 1044

1.93 x 10~47(300/T)0-63
6.93 x 10~47(300/T)°-63

(Eliasson and Kogelshatz, 1986a)
(Shimamori and Fessenden, 1981)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Eliasson and Kogelshatz, 1986a)
(Kenner and Ogryzlo, 1980)
(Vasiljeva et al., 2004)
(Gordiets et al., 1995)
(Gordiets et al., 1995)
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Table 8: The reaction set involving the metastable Og(bIE;) and the Herzberg states
0,(A3SH ABA,, ¢'S)).

no. Reaction Rate coefficient [m3/s] Ref.
02(3%5) and O2(a'Ay)

I e+02(3%;) — OF + 2¢ 2.34 x 10~15TL-03 exp(—12.29/Te) (Krishnakumar and Srivastava, 1992)

11 e+02(3%5) — O(®P) + O(3P)+e 6.86 x 10~ 15 exp(—6.29/Te) (Gudmundsson, 2002)

I e+02(3S;) — O(PP)+O('D) + e 3.49 x 10~ exp(—5.92/T¢) (Gudmundsson, 2002)

IV et02(3Z5) — O(3P)+0+ +2¢ 1.88 x 107 16TL 699 exp(—16.81/Te)  (Krishnakumar and Srivastava, 1992)

A% e+02(atAg) — Oz + e 2.06 x 10715 exp(—1.163/T) Detailed balancing

VI e+02(alAy) — O(PP) + O 4.19 x 1071571376 oxp (—5.19/Te)  (Jaffke et al., 1992)
Metastable O2(b'27)

101 e+0y — oz(blzj) +e 3.24 x 10~ 16 exp(—2.218/T%) (Gudmundsson, 2002)

102 et+O0a(a'Ay) — O2(b'Ef) +e reaction 101 threshold reduced

103 e+O03(b'Ef) — O(BP)+O(®P)+e reaction II threshold reduced

104 e+02(b'SF) — O(3P)+0O('D)+e reaction I1I threshold reduced

105  e+O0a(b'Sf) — OF +2¢ reaction I threshold reduced

106 et+O2(b'Ef) — O+0% +2¢ reaction IV threshold reduced

107 O~ +03(b'SF) — O+02 + e 6.9 x 10716 (Aleksandrov, 1978)

108 O+02(b'=f) — O2(aAg)+0 8.1 x 10720 (Gordiets et al., 1995)

109 etOa(b'Ef) — Oz +e 9.72 x 10716 exp(—0.591/T%) Detailed balancing

110 02402(B1EF) — Oa(alAg)+0s 4.3 X 10728724 exp(—281/Ty) (Gordiets et al., 1995)

111 et+O0a(b'Ef) — 040~ reaction VI threshold reduced

112 O2(b'8f)+ 03 — 2 02(3%7) + O(3P) 1.5 x 10717 (Jeong et al., 2000)

113 2 02(6'SF) — 2 02(alAy) + 02(3%;) 3.6 x 10723(T/300)1/2 (Stafford and Kushner, 2004)
Herzberg states 02(A32t, AI3Au, clE;)

114  e+03 — OR +e 1.13 x 10715 exp(—3.94/T¢) (Gudmundsson, 2002)

115 e+02(a’Ay) — O +e reaction 113 threshold reduced

116 e+02(b'ZF) — OF + e reaction 113 threshold reduced

117 e+O} — 040~ 7.32 x 10~ 16T 1-07 oxp(—0.47/T) (Hayashi and Kadota, 1999)

118  e+O — 0+0+e reaction II threshold reduced

119  e+O¥ — 0+0('D) + e reaction IIT threshold reduced

120 O(*P)+0F — 02(3%;) + O(3P) 4.95 x 10718 (Vasiljeva et al., 2004)

121 O(®P)+0 — 02(alAy) + O(*D) 2.7 x 10718 (Vasiljeva et al., 2004)

122 O(3P)+O0¥ — 02(b'27) + O(ID) 1.35 x 1018 (Vasiljeva et al., 2004)

123 02(3%y) + O — 2 02(b'=F) 2.9 x 10719 (Kenner and Ogryzlo, 1980)

124 O — 02(3%7) + hv 6.25 s7! (Kenner and Ogryzlo, 1983)

Ty [K]
Te [eV]
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Table 9: Rate coefficients, excited states of atomic oxygen.

Reaction Thresh. [V] Rate coefficient [m? /s]
Non-Rydberg States
e+O(P) — O('D) +e 1.96 kip = 4.54 x 10715 exp(—2.36/T¢)
e+O(P) — O(!S) +e 4.18 kig = 7.86 X 10~ 16 exp(—4.489/T,)
e+0(®P) — O(®P°) + e 15.65 kspo = 2.53 x 10~ 15 exp(—17.34/T)
Rydberg States
e+O(P) — O(°S°) +e 9.14 ksg = 9.67 X 10~ 16 exp(—9.97/T¢)
e+O0(P) — O(3S°) + e 9.51 ksg = 3.89 x 10~ 15 exp(—9.75/Te)
e+O(PP) — OM* +e 12.0 Kns = 4.31 x 10~ 4 exp(—18.59/Te)

Table 10: Rate coefficients for excitation of the oxygen molecule.

Reaction Threshold [V] Rate coefficient [m3 /s]
e+02(r =0) — Oo(r > 0) +e 0.02 Krot = 1.87 x 10717 exp(—2.9055/Te)
e+02(v=0) — Oz(v=1)+e 0.19 ky—1 = 2.8 x 10715 exp(—3.72/T,)
e+02(v =0) — O2(v =2) + e 0.38 ky=2 = 1.28 x 10715 exp(—3.67/Te)
e+02(X%8;) — Oa(a’Ay) + e 0.977 kgt a, = 137 x 10715 exp(~2.14/Te)
e+02(X%E,) — 09(b'S]) + e 1.627 kgt = 3.24 x 10716 exp(~2:218/Te)
e+02(X°%;) — Oz(exl) +e 4.5 Kext = 1.13 x 10715 exp(—3.94/Te)
e+Og(X3Zg_) — Oy(1dis) + e 6.0 K1ais = 6.86 x 10~ 15 exp(—6.29/Te)
e+02(X3Eg_) — Og(2dis) + e 8.4 kadis = 3.49 x 10~ 4 exp(—5.92/Te)
e+02(X?% ) — Oo(3dis) + e 9.97 kaqis = 1.44 x 1016 exp(—17.25/Te)
e+02(X?%,) — Og(ex2) +e 14.7 kexs = 1.13 x 10~ 15 exp(—18.35/Te)
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