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Abstra t
The rate oe ients for a low pressure hlorine pro essing dis harge
are evaluated and revised. We assume the ele tron energy distribution
to be Maxwellian-like and the t to the rate oe ient is valid in the
range 1  7 V.
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1 Introdu tion
Chlorine plasmas play a ru ial role in integrated ir uit fabri ation. Chlorine gas is widely used in the plasma et hing of semi ondu tors, in parti ular
sili on. In su h appli ations the hlorine mole ules are disso iated in the
dis harge and the hlorine atoms et h the sili on substrate. There have
been several attempts to assemble a rea tion set and to model the hlorine
dis harge (Rogo et al., 1986; Meeks and Shon, 1995; Lee and Lieberman,
1995; Lee et al., 1996, 1997; Malyshev and Donnelly, 2000; Hsu et al., 2006;
Efremov et al., 2007). The ele tron impa t ross se tions for the hlorine
mole ule have been reviewed by Christophorou and Oltho (1999) and Morgan (1992). In the urrent study we will onsider the ground state hlorine
mole ule Cl2 (X 1 Σ+
g , v = 0), the vibrationally ex ited ground state hlorine
52
mole ules Cl2 (X 1 Σ+
g , v = 1 − 3), the ground state hlorine atom Cl(3p P),
the negative hlorine ion Cl− and the positive hlorine ions Cl+ and Cl+
2.
Throughout the text we use the roman typefa e symbol T for the voltage
equivalent of the temperature. The aim of this work is to evaluate and revise
the rate oe ients in a hlorine pro essing dis harge, Te ≈ 1 − 7 V and
Ti ≪ Te , where Te is the ele tron temperature and Ti is the ion temperature.
The rate oe ients for ele tron impa t ollisions were al ulated assuming
Maxwellian ele tron energy distribution and t over an ele tron temperature
range 1  7 V.

2 The dis harge spe ies
The most basi spe ies in the hlorine dis harge are the neutral hlorine
mole ule in the ground state, the neutral hlorine atom in the ground state,
+
the negative atomi ion Cl− and the positive ions Cl+
2 and Cl . Here we
will dis uss the other spe ies that are likely to have an ee t on the hlorine
dis harge but are generally not onsidered by modelling studies.

2

2.1

−

The Cl2 anion

Although it has been a knowledged that the Cl−
2 anion might have an impa t
on the hemistry of hlorine dis harges (Christophorou and Oltho, 1999),
we are not aware of any modelling studies that have onsidered this negative
ion as a part of the rea tion set. Therefore, we have evaluated the possibility
of in luding the anion in the urrent study.
A ording to the potential energy urves for Cl−
2 (Christophorou and
Oltho, 1999), only the ground state of the anion is stable and does not
disso iate automati ally. Thus, the mole ular negative ion Cl−
2 annot simply
be formed in an ele tron atta hment of Cl2 be ause it must end up in an
ex ited state in order for momentum to be onserved. This ex ited Cl−
2 is in
all ases unstable and will disso iate qui kly if not stabilized by a ollision
of a third parti le. Three-parti le rea tions are not likely to be important at
the low pressure of interest in the urrent study and be ause of the absen e of
any information of a third order ele tron atta hment rate oe ient forming
a stable Cl−
2 anion, we will not onsider the pro ess for the time being.
In the ase of the ele tronegative oxygen dis harge, the negative ion O−
2 is
mainly formed by disso iative atta hment of O3 (Gudmundsson et al., 2001).
Thus, in order to properly in lude the Cl−
2 negative ion, the Cl3 neutral and
−
perhaps also the Cl3 anion would need to be in luded in the rea tion set.
Unfortunately, rea tions leading to reation and destru tion of polyatomi
hlorine mole ules or anions are far less do umented than for e.g. oxygen and
it seems that too little data is available to reprodu e the Cl3 or Cl−
3 density
−
reliably. Therefore, we will not onsider the Cl3 or Cl3 parti les and, as a
onsequen e, the Cl−
2 anion in the urrent study.
2.2

Metastable spe ies

Most ele troni ex itations of the hlorine mole ule are disso iative and therefore ex ited hlorine mole ules are not expe ted to have a large density in the
dis harge. Wise et al. (1995) examined the ee ts of metastable atomi states
in hlorine and on luded that metastable atomi states have insigni ant effe t on the gas omposition in hlorine dis harges. Lee and Lieberman (1995)
rea hed the same on lusion by pointing out the amount of energy needed
3

to ex ite the hlorine atom and relating it to their study of O2 . Therefore,
no metastable spe ies have been in luded in our study.
2.3

Vibrationally ex ited mole ules

The disso iative atta hment ross se tion has been shown to depend on
the extent of vibrational ex itation of hlorine mole ules in the dis harge
(Golovitskii, 2000; Ruf et al., 2004; Koloren£ and Horá£ek, 2006). In luding
vibrationally ex ited mole ules should therefore be of mu h interest, given
the importan e of this parti ular ross se tion. Not until quite re ently have
ross se tions for spe i vibrational transitions be ome available (Ruf et al.,
2004; Koloren£ and Horá£ek, 2006), making it possible for us to in lude vibrationally ex ited ground state hlorine mole ules in the rea tion set in the
same manner as has been done in the nitrogen dis harge (Thorsteinsson,
2008; Thorsteinsson and Gudmundsson, 2009).

3 Rate oe ients
The rate oe ient for an ele tron impa t ollision is obtained by integrating
the ross se tion over an assumed Maxwellian distribution
Z ∞
k = hσ(v)viv = 4π
(1)
σ(v)v 3 f (v)dv
0

where σ is the ollision ross se tion, v the ele tron velo ity and

f (v) =



me
2πeTe

3/2



me v 2
exp −
2eTe

(2)

is the Maxwellian velo ity distribution, me is the ele tron mass, e is the
ele tron harge and Te is the ele tron temperature. Using the relationship
between the velo ity and kineti energy of a parti le

E=
we nd

me v 2
2e



2 1
E
f (E) = √ 3/2 exp −
Te
π Te
4

(3)

(4)

to be the normalized Maxwellian ele tron energy distribution. Thus
1/2



Z ∞
E
E dE
8eTe
exp −
k=
σ(E)
πme
Te
Te Te
0

(5)

is the rate oe ient.
3.1

Ele tron

ollisions with mole ular

hlorine

Here we will dis uss the ross se tions and the resulting rate oe ients for
ollisions of ele trons with mole ular hlorine. For most of the pro esses, we
will by default assume that the given ross se tions apply to ollisions with
Cl2 (v = 0), while the orresponding ross se tions for ollisions with Cl2 (v >
0) will be obtained by redu ing the threshold the appropriate multiple of the
vibrational energy spa ing of the hlorine mole ule, 0.07 eV (Christophorou
and Oltho, 1999). This may not be a urate, but is an appropriate rst
approximation in the absen e of proper information.
3.1.1

Ele tron impa t disso iation of Cl2

The total ross se tion for the disso iation of the hlorine mole ule

e + Cl2 −→ Cl + Cl + e
was measured by Cosby and Helm (1992), but sin e the results have not
been properly published the data was taken from Christophorou and Oltho
(1999). Res igno (1994) al ulated the ex itation ross se tions for the ve
lowest-lying ele troni states of Cl2 . The disso iation energy of Cl2 is only
about 2.5 eV, whi h is below the ex itation energy of the lowest ex ited
state of the mole ule. All the ex ited states lead to disso iation. The ross
se tions were therefore summed up as an estimate of the total disso iation
ross se tion. The measured and al ulated disso iation ross se tions are
in relatively good agreement. Thus, preferring experimental data over alulations, we will use the ross se tion measured by Cosby and Helm (1992)
as re ommended by Christophorou and Oltho (1999). The ross se tion is
shown in gure 1. Assuming a Maxwellian ele tron energy distribution, the
orresponding rate oe ient is given by

kdiss,Cl2 = 6.67 × 10−14 Te −0.10 e−8.67/Te
5

m3 /s

σdiss,Cl2 [10−20

m2 ℄

2.5

2

1.5

PSfrag repla ements

1

0.5

0
0

20

40

E

[eV℄

60

80

100

Figure 1: The ross se tion for ele tron impa t disso iation of Cl2 as measured by Cosby and Helm (1992) and re ommended by Christophorou and
Oltho (1999).
3.1.2

Ele tron impa t ionization of Cl2

Ele tron impa t ionization of the hlorine mole ule in the ground state

e + Cl2 −→ Cl+
2 + 2e
has ionization potential of roughly 11.5 eV (Ral henko et al., 2008).
The total ele tron impa t ionization ross se tion for mole ular hlorine
was measured by Center and Mandl (1972), Kurepa and Beli¢ (1978) and
Stevie and Vasile (1981) and al ulated by Joshipura and Limba hiya (2002).
Furthermore, Christophorou and Oltho (1999) reviewed the available ross
se tions for the total ionization of Cl2 , as well as some unpublished and
almost unobtainable data available at the time, and re ommended a ross
se tion that is an average of two of the measured ross se tions (Kurepa and
Beli¢, 1978; Stevie and Vasile, 1981). The total ionization ross se tion is
generally just a measure of the total positive-ion produ tion and in ludes
ontributions of disso iative ionization, disso iative double ionization and
polar disso iation. The partial ross se tion, spe i to the formation of Cl+
2
due to ele tron impa t ionization of Cl2 , has been measured by Basner and
Be ker (2004) and al ulated by Pal et al. (2003) and Ali and Kim (2005).
Additionally, Calandra et al. (2000) measured the bran hing ratio versus
ele tron energy of the various hannels of ele tron impa t ionization. There is
6

a signi ant variation in the size and shape of the total ross se tion between
the dierent measurements and al ulations. The al ulations of the partial
ross se tions suggest that the formation of Cl+
2 dominates the total ross
se tion (Pal et al., 2003; Ali and Kim, 2005), while the two measurements
agree that Cl+ produ tion may a ount for roughly half of the total ross
se tion, depending on energy (Calandra et al., 2000; Basner and Be ker,
2004). Preferring the experimental data over the al ulations, we will use the
partial Cl+
2 formation ross se tion measured by Basner and Be ker (2004)
as the basis for our rate onstant, given by

kiz,Cl2 = 4.87 × 10−14 Te 0.50 exp(−12.17/Te ) m3 /s
when a Maxwellian-like ele tron energy distribution has been assumed. The
ross se tion is given by the solid line in gure 2.
5
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Figure 2: The partial ross se tions for ele tron impa t ionization of Cl2 .
Solid line: dire t ionization of Cl2 (Basner and Be ker, 2004), σiz,Cl2 . Dashed
line: disso iative single ionization of Cl2 , σdiz1 ,Cl2 . Dotted line: disso iative
double ionization of Cl2, σdiz2 ,Cl2 . The latter two ross se tions were obtained
by multiplying the bran hing ratio measurement of Calandra et al. (2000) for
these hannels with the dire t ionization ross se tion of Basner and Be ker
(2004) (solid line).
The partial ross se tion for disso iative ionization

e + Cl2 −→ Cl + Cl+ + 2e
7

was not determined spe i ally experimentally or theoreti ally until Calandra et al. (2000) measured the bran hing ratio of the total ross se tion
(Cl+ /Cl+
2 ). The partial disso iative ionization ross se tion was found to be
almost as large as the dire t ionization ross se tion (produ tion of Cl+
2 ).
This result was supported by a later measurement of the absolute partial
ross se tion by Basner and Be ker (2004). However, Pal et al. (2003) found
semi-empiri ally that the Cl+ formation ontributed mu h less to the total
ross se tion than the Cl+
2 formation. This result was later supported by the
al ulation of Ali and Kim (2005), who found that the partial ross se tion
for the formation of Cl+
2 was only marginally smaller than the total ionization ross se tion. Presuming the al ulated partial ross se tions are in error
rather than the measured ross se tions, we would prefer the absolute ross
se tion measured by Basner and Be ker (2004). However, sin e that ross
se tion is for the total formation of Cl+ by ele tron impa t ionization of Cl2 ,
it in ludes a ontribution from disso iative double ionization (formation of a
pair of Cl+ ). Calandra et al. (2000) determined the bran hing ratio for dissoiative single ionization spe i ally, and we will therefore multiply it by the
ross se tion used for non-disso iative ionization of Cl2 to obtain the proper
ross se tion. The ross se tion is shown by the dashed line in gure 2. The
resulting rate oe ient for a Maxwellian-like ele tron energy distribution is
given by
kdiz1 ,Cl2 = 1.79 × 10−13 exp(−24.88/Te ) m3 /s
The partial ross se tion for disso iative double ionization

e + Cl2 −→ Cl+ + Cl+ + 3e
has been determined only on e by Calandra et al. (2000), who measured
the bran hing ratio of the ross se tion rather than its absolute value. The
rea tion has a threshold of roughly 28.5 eV (an appearan e energy of about
35 eV a ording to the bran hing ratio measurement) and is therefore not
expe ted to have a large rate oe ient, although the ross se tion may be
large at high energy. We will multiply the bran hing ratio given by Calandra
et al. (2000) by the ross se tion hosen for the non-disso iative ionization of
Cl2 in order to obtain a ross se tion for the disso iative double ionization of
8

Cl2 . The ross se tion is given by the dotted line in gure 2. The resulting
rate oe ient for a Maxwellian-like ele tron energy distribution is given by

kdiz2 ,Cl2 = 1.46 × 10−16 Te 2.16 exp(−21.42/Te ) m3 /s
3.1.3

Disso iative atta hment of ele trons on Cl2

Disso iative ele tron atta hment on Cl2 ,
−
∗
e + Cl2 −→ (Cl−
2 ) −→ Cl + Cl

(6)

∗
has a very low or no threshold energy. If the (Cl−
2 ) is in its rst (unstable) 2 Πg ele troni level the rst pro ess is roughly resonant at zero ele tron
energy, given that the ele tron anity of Cl−
2 and the ex itation energy of
2
Cl−
2 ( Πg ) are about the same, ∼ 2.5 eV (Christophorou and Oltho, 1999).
The ross se tion for the ele tron impa t disso iative ionization thus exhibits
a sharp peak near zero energy, or at about 0.05 eV (Ruf et al., 2004) (indi ating the rea tion is a tually endothermi about this energy). The ross
se tion has been measured (Kurepa and Beli¢, 1978; Tam and Wong, 1978;
Feketeova et al., 2003; Ruf et al., 2004) and al ulated (Golovitskii, 2000;
Fabrikant et al., 2000; Ruf et al., 2004; Koloren£ and Horá£ek, 2006) in several studies, yielding results in a relatively good agreement. Furthermore,
Christophorou and Oltho (1999) re ommended using the ross se tion measured by Kurepa and Beli¢ (1978), but s aled upwards 30 % to give agreement
with ele tron swarm data. Golovitskii (2000) showed that the total disso iative ele tron atta hment ross se tion in reased with in reasing population
of vibrationally ex ited hlorine mole ules, Cl2 (v > 0). This assessment was
supported by Ruf et al. (2004) and Koloren£ and Horá£ek (2006) who alulated ross se tions for disso iative ele tron atta hment in ollisions with
hlorine mole ules in various vibrational levels and found a signi ant inrease in the peak value with in reasing vibrational level, being 45 times
larger for v = 1 ompared to v = 0, for example. Neither study found a
signi ant variation in the shape of the ross se tion with vibrational level
of the rea tant mole ule. Most of the disso iative ele tron atta hment ross
se tions are in relatively good agreement with the ross se tion re ommended

9

by Christophorou and Oltho (1999), in parti ular the relatively re ent experimental and semi-empiri al R-matrix study of the ross se tion by Ruf
et al. (2004). Therefore, we will use this re ommended ross se tion, the
s aled-up measurement of Kurepa and Beli¢ (1978), for the disso iative atta hment of ele trons on Cl2 (v = 0) mole ules at energies above 0.2 eV. We
will use the ross se tion measured by Ruf et al. (2004) at lower energies,
des ribing the behavior near zero energy in detail. For vibrationally ex ited
rea tants we will s ale the ross se tions a ording to Ruf et al. (2004), where
the v = 1−3 ross se tions are roughly 4.1, 8.8 and 13.5 times larger than the
v = 0 ross se tion, respe tively. The disso iative atta hment ross se tions
are shown in gure 3. The resulting rate oe ients for a Maxwellian-like
2
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Figure 3: The ross se tion for ele tron impa t disso iative atta hment of
Cl2 (v = 0 − 3). The ross se tion denoted by v = 0 is ompiled from the
measurement of Ruf et al. (2004) at energies below 0.2 eV and from the
ross se tion measured by Kurepa and Beli¢ (1978), s aled upwards 30 % as
re ommended by Christophorou and Oltho (1999), at higher energy. The
ross se tions for the v = 1 − 3 levels were obtained by multiplying the
v = 0 ross se tion by 4.1, 8.8 and 13.5, respe tively, as indi ated by the
al ulations of Ruf et al. (2004).
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ele tron energy distribution are given by


8.15 × 10−16 Te −0.57 exp(−1.02/Te )




3.34 × 10−15 T −0.57 exp(−1.01/T )
e
e
katt,Cl2 =


7.17 × 10−15 Te −0.57 exp(−1.02/Te )




1.10 × 10−14 Te −0.57 exp(−1.01/Te )

for v = 0
for v = 1
for v = 2
for v = 3

in m3 /s. We noti ed that the numeri al value of the rate oe ient was
heavily ae ted by the hoi e of the low energy behavior of the ross se tion.
For example, if a zero ross se tion at zero energy was spe ied additionally
for the ross se tion given by Christophorou and Oltho (1999), whose lowest
energy value was at at 0.05 eV, the resulting rate oe ient roughly doubled
in its value ompared to not doing so. Sin e the ross se tion peaks at very
low energies, the Arrhenius form of the rate oe ient is not su ient and
the t is not parti ularly a urate, espe ially at low energies. We found that
by adding additional terms to the Arrhenius form the a ura y of the t was
substantially better, giving a good t even when the rate oe ient was t
over a wider ele tron temperature, important for pulsed model studies. This
more omplex and a urate t to the rate oe ient, valid in the ele tron
temperature range 1  7 V, is given by


10−16 × (22.5Te −0.46 e−2.82/Te − 12.1e−0.99/Te + 6.54) for v = 0




10−15 × (9.29T −0.47 e−2.83/Te − 4.96e−0.99/Te + 2.70) for v = 1
e
′
katt,Cl2 =


10−15 × (20.1Te −0.47 e−2.83/Te − 10.8e−0.97/Te + 5.92) for v = 2



 −15
10
× (30.5Te −0.46 e−2.82/Te − 16.3e−0.99/Te + 8.81) for v = 3
in m3 /s. This kind of treatment is not ne essary for any of the other aforementioned or subsequent rate oe ients, sin e the normal Arrhenius form
of the rate oe ient is su iently a urate for all the other pro esses, even
down to 0.1 eV.
3.1.4

Ele tron impa t polar disso iation of Cl2

The ross se tion for polar disso iation

e + Cl2 −→ Cl− + Cl+ + e
11

(7)

was measured (as a part of a total negative ion formation ross se tion) by
Kurepa and Beli¢ (1978). Sin e the pro ess has a roughly 11.9 eV threshold,
they assumed the measured ross se tion for negative ion formation orresponded to polar disso iation above this energy. However, this ross se tion
likely in ludes a ontribution from disso iative atta hment, in parti ular in
the region 11  30 eV where Kurepa and Beli¢ (1978) in fa t believed ion-pair
formation had a smaller ontribution to the ross se tion than disso iative
atta hment. Nevertheless, Christophorou and Oltho (1999) re ommended
the use of this ross se tion after it had been adjusted upwards by 30 %
as indi ated by ele tron swarm studies. Golovitskii (2000) used the ross
se tion measured by Kurepa and Beli¢ (1978) to evaluate the dependen e of
disso iative atta hment on the vibrational level population. To do this the
ross se tion was represented as a sum of Gaussian urves, making it possible to minimize the overlap of polar disso iation and disso iative atta hment.
We will therefore use this ross se tion, or rather its vibrationally old value
(T = 300 K), for ele tron impa t polar disso iation. The ross se tion for
polar disso iation is shown in gure 4. The resulting rate oe ient for a
−1
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Figure 4: The ross se tion for ele tron impa t polar disso iation as derived
from the ross se tion of Kurepa and Beli¢ (1978) by Golovitskii (2000).
Maxwellian-like ele tron energy distribution is given by

kpdiss,Cl2 = 3.45 × 10−16 Te 0.13 exp(−19.70/Te ) m3 /s
12

3.1.5

Ele tron impa t vibrational ex itation

There exist no dire t measurements of the ross se tion for the vibrational
ex itation of ground state hlorine mole ules,

e + Cl2 (v = 0) −→ Cl2 (v > 0) + e
or the vibrational ex itation of vibrationally ex ited hlorine mole ules,

e + Cl2 (v = j) −→ Cl2 (v > j) + e.
The total vibrational ex itation ross se tion was estimated in the ele tron
swarm studies by Rogo et al. (1986) and Pinhão and Chouki (1995) (taken
from Christophorou and Oltho (1999)). Christophorou and Oltho (1999)
estimated the total vibrational ross se tion as well by subtra ting the ross
se tions for elasti and the other inelasti pro esses from the total s attering
ross se tion, for whi h experimental data was available. Ruf et al. (2004)
al ulated the ross se tion for the vibrational transitions v = 0 → 1 − 3
and v = 1 → 2 − 4 while Koloren£ and Horá£ek (2006) al ulated the ross
se tion for the transitions v = 0 → 1 − 4 and v = 1 → 2 − 5. The ross
se tion al ulated by Ruf et al. (2004) seem to be in a better agreement with
the estimated total ross se tion of Christophorou and Oltho (1999) and is
given over a wider ele tron energy range than the vibrational ex itation ross
se tions of Koloren£ and Horá£ek (2006). Therefore, we will use their ross
se tions for the vibrational transitions v = 0 → 1 − 3 and v = 1 → 2 − 3.
The ross se tion for the vibrational transition v = 2 → 3 is needed in order
to omplete the set of vibrational ex itation ross se tions. Sin e the peak
values of the v = 0 → 1 and v = 1 → 2 ross se tions are very similar (and
for that matter the v = 0 → 2 and v = 1 → 3 peak values as well), we will
assume the ross se tion for v = 2 → 3 has the same shape and magnitude
as the v = 1 → 2 ross se tion. Ruf et al. (2004) only al ulated partial
ross se tions for the various hannels of ea h vibrational ex itation. The
sum of these partial ross se tions is shown in gure 5. The resulting rate
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Figure 5: The ross se tions for ele tron impa t vibrational ex itation of (a)
Cl2 (v = 0) and (b) Cl2 (v > 0). The ross se tions shown here represent
a sum of the partial ross se tions al ulated by Ruf et al. (2004) for the
various hannels of ea h transition. The ross se tion for the v = 2 → 3
transition was assumed to be identi al to the v = 1 → 2 ross se tion.
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oe ients for a Maxwellian-like ele tron energy distribution are given by


8.94 × 10−14 Te −1.14 exp(−2.39/Te ) for v = 0 → 1






5.04 × 10−14 Te −1.17 exp(−2.70/Te ) for v = 0 → 2




3.16 × 10−14 T −1.17 exp(−2.81/T ) for v = 0 → 3
e
e
kvex,Cl2 =


6.52 × 10−14 Te −1.10 exp(−1.87/Te ) for v = 1 → 2





4.18 × 10−14 Te −1.14 exp(−2.30/Te ) for v = 1 → 3




6.52 × 10−14 T −1.10 exp(−1.87/T ) for v = 2 → 3
e
e

in m3 /s.
The ross se tions for the orresponding superelasti deex itation rea tions will be obtained by the prin iple of detailed balan ing. Sin e ea h
vibrational level is assumed to have a unity degenera y the detailed balan ing pro edure onsists only of simple redu tion of the ross se tion threshold
about an appropriate multiple of the vibrational energy spa ing of the Cl2
mole ule, 0.07 eV (Christophorou and Oltho, 1999). The resulting rate
oe ients for a Maxwellian ele tron energy distribution are given by


8.94 × 10−14 Te −1.14 exp(−2.32/Te ) for v = 1 → 0






5.04 × 10−14 Te −1.17 exp(−2.56/Te ) for v = 2 → 0




3.15 × 10−14 T −1.17 exp(−2.59/T ) for v = 3 → 0
e
e
kvdex,Cl2 =
−1.08


6.31 × 10−14 Te
exp(−1.76/Te ) for v = 2 → 1





6.31 × 10−14 Te −1.08 exp(−1.76/Te ) for v = 3 → 2





4.19 × 10−14 Te −1.14 exp(−2.16/Te ) for v = 3 → 1
in m3 /s.

3.1.6

+

Disso iative re ombination of Cl2

Ele tron impa t disso iative re ombination has been shown to be very important during the o-period in a pulsed nitrogen dis harge (Thorsteinsson,
2008). The rate oe ient or ross se tion for disso iative re ombination of
of Cl+
2,
e + Cl+
2 −→ Cl + Cl
15

has never been measured or al ulated a ording to Christophorou and Oltho
(1999) or Flores u-Mit hell and Mit hell (2006). As a result, the rea tion was
not in luded at all in a previous global model study of the pulsed hlorine disharge (Ashida and Lieberman, 1997). Subramonium (2003) estimated the
rate oe ient to be 1 × 10−13 Te −0.5 m3 /s. Ono et al. (1994) assumed the
−13
Te −0.6 m3 /s,
rate oe ient for disso iative re ombination of Ar+
2 , 9 × 10
applied to disso iative re ombination of Cl+
2 , presumably be ause of the similar mass and ele tron onguration of Ar and Cl, being side-by-side in the
periodi table. However, these rate oe ients are likely an overestimation
of the a tual rate oe ient, being on the order of the disso iative re ombination rate oe ients appli able when Te ∼ 300 K (Gudmundsson and
Lieberman, 2004). Flores u-Mit hell and Mit hell (2006) reviewed the eld
of disso iative re ombination, yielding no rate oe ients for halogens su h
+
+
+
as uorine or hlorine. The Te = 300 K values for C+
2 , N2 , O2 and Ne2
were all quite similar, or around 2 × 10−13 m3 /s. This indi ates there is
not mu h variation of the disso iative re ombination rate oe ient for elements in the same period. Looking at the rate oe ients for the noble gases
there is roughly a linear in rease in the value at Te = 300 K with in reasing
period, having a slope of approximately 7 × 10−13 m3 /s a period. To estimate the rate oe ient for the disso iative re ombination of Cl+
2 , we will
assume this trend will hold for higher ele tron temperatures and apply to
+
the Te = 1 eV values for N+
2 and O2 , while assuming an ele tron temper+
ature dependen e as Te −1/2 . The 1 eV rate oe ients for N+
2 and O2 are
roughly 2 × 10−14 m3 /s (Thorsteinsson, 2008; Gudmundsson and Lieberman,
2004) and we will therefore estimate the Cl+
2 disso iative re ombination rate
oe ient with
kDR,Cl+2 = 9 × 10−14 Te −0.5 m3 /s
whi h is an order of magnitude lower than the rate oe ient used by Ono
et al. (1994).
3.2

Ele tron

ollisions with atomi

hlorine

Sin e no ex ited hlorine mole ules are in luded in the rea tion set, the number of rea tions involving ollisions of ele trons on atomi hlorine are very
16

limited. Here we will dis uss the ross se tions for these pro esses and the
resulting rate oe ients.
3.2.1

Ele tron impa t ionization of the

hlorine atom

Ele tron impa t ionization of the hlorine atom in the ground state

e + Cl −→ Cl+ + 2e
has an ionization potential of roughly 13.0 eV (Ral henko et al., 2008).
Hayes et al. (1987) measured the total ionization ross se tion for positive ions. Cal ulations have also been made by Margreiter et al. (1994),
Grin et al. (1995), Joshipura and Limba hiya (2002), Bartlett and Stelbovi s (2004) and Ali and Kim (2005), in addition to those mentioned in the
review by Christophorou and Oltho (1999). The al ulations are for the
most part in good agreement with the experimental ross se tion of Hayes
et al. (1987). Christophorou and Oltho (1999) re ommend using the ross
se tion measured by Hayes et al.. We will do this as well, but extend the ross
se tion to higher energies by using the ross se tion al ulated by Ali and
Kim (2005) beyond 200 eV, whi h has roughly the same value at this high
energy. The ross se tion is shown in gure 6. Assuming a Maxwellian-like
ele tron energy distribution, the rate oe ient was then al ulated as

kiz,Cl = 2.48 × 10−14 Te 0.62 exp(−12.76/Te ) m3 /s
3.2.2

Ele tron impa t deta hment of ele trons from Cl

−

Ele tron deta hment due to a ollision of an ele tron with a negative ion,

e + Cl− −→ Cl + 2e
is an important hannel for the loss of the negative ion Cl− . Nonetheless, only
Fritio et al. (2003) have measured the absolute ross se tion for the pro ess.
In the absen e of any other data, we will use this ross se tion, shown by
the solid line in gure 7, resulting in a rate oe ient for a Maxwellian-like
ele tron energy distribution of

kdet,Cl− = 2.33 × 10−15 Te 1.45 exp(−2.48/Te ) m3 /s
17

4

m2 ℄

3.5
3

σiz,Cl [10−20

2.5
2

1.5

PSfrag repla ements

1

0.5
0 1
10

2

3

10

E

4

10

[eV℄

10

Figure 6: The ross se tion for ele tron impa t ionization of the hlorine
atom. The ross se tion is assembled from the ross se tion measured by
Hayes et al. (1987) from threshold to 200 eV and from the ross se tion
al ulated by Ali and Kim (2005) at higher ele tron energies.
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Figure 7: The ross se tions for ele tron impa t deta hment of ele trons from
Cl− as measured by Fritio et al. (2003). The single deta hment ross se tion
is given by the solid line, while the double deta hment ross se tion has been
multiplied by 5 and is represented by the dashed line.
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Fritio et al. (2003) also measured the ross se tion for the deta hment
of two ele trons from Cl− , forming a Cl+ ,

e + Cl− −→ Cl+ + 3e.
This pro ess has a high threshold and is therefore unlikely to be important
for the overall hemistry. Nevertheless, it will be in luded in the rea tion
set. As an be seen from the dashed line in gure 7, the ross se tion has
both a high threshold and a peak value over ve times smaller than that
of the single deta hment ross se tion. The resulting rate oe ient for a
Maxwellian-like ele tron energy distribution is given by,

kddet,Cl− = 3.38 × 10−15 Te 0.75 exp(−25.28/Te ) m3 /s
3.3
3.3.1

Collisions of gas parti les
Mutual neutralization of

hlorine ions

Chur h and Smith (1978) reported measurements of the de ay of ionization
in positive/negative ion owing afterglow plasmas (in luding hlorine), and
obtained rate oe ients for various mutual neutralization rea tions. For the
rea tion
−
Cl+
2 + Cl −→ Produ ts
they obtained the rate oe ient

5.0 × 10−14

m3 /s

at a gas temperature of ∼ 300 K. No other data seems to exists for this rate
oe ient, other than the rough estimate of 1 × 10−13 m3 /s by Subramonium
(2003). When the produ ts are simply the parent neutrals of the ions, i.e. Cl2
and Cl, the rea tion is exothermi by about 7.9 eV. Sin e the lowest-lying
ele troni state of the atom has an ex itation energy of roughly 8.9 eV, this
energy is likely to be released as ex itation to the mole ule, whi h has several
ele troni states with ex itation energies below 7.9 eV. However, sin e the
disso iation energy of the mole ule is only 2.5 eV, all the ex ited mole ules
are disso iative. Thus, we believe the rea tion pro eeds by
−
∗
Cl+
2 + Cl −→ Cl2 + Cl −→ Cl + Cl + Cl

19

whi h an be resonant and have a large rate oe ient if Cl∗2 is ex ited to
an appropriate ombination of ele troni and vibrational levels. The ross
se tions for mutual neutralization rea tions should depend inversely on the
ollision energy, a ording to the analysis by Lieberman and Li htenberg
(2005, p. 258). We will use this to estimate the dependen e of the rate
oe ient measured by Chur h and Smith (1978) on the gas temperature,
resulting in
kCl+ ,Cl− = 5 × 10−14 (300/Tg )1/2 m3 /s.
2

Mutual neutralization of the positive and negative atomi ions,

Cl+ + Cl− −→ Cl + Cl
should have a large rate oe ient as well sin e the rea tion is exothermi by
9.4 eV (Rogo et al., 1986). We are not aware of any spe i measurements
or al ulations for this rate oe ient. The rate oe ient is usually assumed
−
to be equal to the mutual neutralization of Cl+
2 and Cl (Rogo et al., 1986;
Ono et al., 1994; Lee and Lieberman, 1995; Kim et al., 2005; Hsu et al.,
2006),
kCl+ ,Cl− = 5 × 10−14 (300/Tg )1/2 m3 /s.
We a knowledge that one of the produ t atoms will most likely be in an
ex ited state, probably the 4s 4 P and 4s 2 P levels whi h have about 8.9 
9.3 eV ex itation energy. However, the neutral hlorine atom onsidered in
the urrent study is assumed to be a olle tion of both ground state neutral atoms and neutral atoms in ex ited states, although the ground state
atom is probably the dominating neutral atom be ause of the unusually high
ex itation energy of its lowest-lying ex ited energy levels.
3.3.2

Charge transfer

The harge transfer from the atomi ion Cl+ to Cl2 via the heavy parti le
ollision
Cl+ + Cl2 −→ Cl + Cl+
2
is exothermi by 1.5 eV and an therefore have a large rate oe ient. pan¥l
et al. (1993) measured the rate oe ient at Tg = 300 K in an ion ow tube
20

apparatus, resulting in the value

kct,Cl+ = 5.4 × 10−16

m3 /s

The extensive ion-mole ule rea tion review by Ani i h (2003) did not mention any other values for this pro ess. Sin e the gas temperature of the low
pressure hlorine dis harge an be expe ted to be signi antly higher than
the room temperature value asso iated with this rate oe ient, we would
like to approximate the dependen e of the rate oe ient on the gas temperature. The harge transfer rate oe ient for nitrogen is proportional to Tg1
−1/2
(Kossyi et al., 1992) while for oxygen it is proportional to Tg
(Eliasson and
Kogelshatz, 1986). Thus, we annot even know for sure whether the harge
transfer rate oe ient for hlorine in reases or de reases with in reasing
temperature. Therefore, in the absen e of proper information thereof, we
will assume this rate oe ient also applies at the higher gas temperatures
expe ted in the low pressure indu tive dis harge in the urrent study.
The inverse rea tion, the harge transfer from Cl+
2 to Cl, is endothermi
by 1.5 eV and is only expe ted to o ur at mu h higher temperatures.
3.3.3

Volume re ombination of atoms

The asso iation of two hlorine atoms an only o ur if ollisionally stabilized
by a third parti le. Although three parti le rea tions are unlikely to be
important in the low pressure regime of indu tive dis harges, we will in lude
the pro ess just so that wall re ombination is not the only hannel for loss
of atomi hlorine. The rate oe ient for the rea tion

Cl + Cl + M −→ Cl2 + M
has been measured by several authors for M=Cl2 . Boyd and Burns (1979)
found a rate oe ient of 2.8 × 10−44 m6 /s at Tg = 300 K for M=Cl2 . Lloyd
(1971) reviewed the literature for re ombination of hlorine and uorine, re ommending a temperature dependent rate oe ient valid in the temperature
range Tg = 200 − 500 K,

krec,Cl2 = 3.5 × 10−45 exp(810/Tg ) m6 /s
21

whi h is roughly double the value reported by Boyd and Burns (1979) at 300
K. We will use this value for M=Cl2 .
We were not able to nd a determination of the rate oe ient for M=Cl.
Subramonium (2003) used a value roughly 4 times smaller for M=Cl than
for M=Cl2 . We will assume this assessment is orre t, and lower our rate
oe ient for M=Cl2 by a fa tor of 4, resulting in

krec,Cl = 8.75 × 10−46 exp(810/Tg ) m6 /s
for M=Cl.

4 Con lusion
The basi rea tion set for the hlorine dis harge is given in table 1. Aside
from the rate oe ient dis ussed in se tion 3, we have also in luded rate
oe ients for Cl2 (v >0) rea tants. These rate oe ients were al ulated
by redu ing the energy threshold of the ross se tions for the orresponding
rea tions with Cl2 (v =0) rea tants. The rate oe ients for ele tron impa t
ollisions were al ulated assuming a Maxwellian ele tron energy distribution
and t over the ele tron temperature range 1  7 V. Although some of the
ross se tions used here have been taken from the review by Christophorou
and Oltho (1999), the availability of newer data has rendered many of their
re ommendations obsolete. The urrent rea tion set has therefore been signi antly revised ompared to the rea tion set used in the past by many
modelling studies of hlorine dis harges. It will for example be parti ularly interesting to see the ee t of in luding vibrationally ex ited hlorine
mole ules in the rea tion set, given the strong dependen e of the disso iative
atta hment pro ess on the vibrational ex itation of the rea tant. This will
be the fo al point of subsequent studies.
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Table 1: The total rea tion set for the hlorine dis harge.

Rea tion
Rate oe ient [m3/s or m6/s℄
Ref.
−0.10 −8.67/T
−14
e
e + Cl2 → Cl + Cl + e
6.67 × 10
Te
11
e + Cl2 → Cl+2 + e + e
4.87 × 10−14 Te 0.50 e−12.17/T
5
e + Cl2 → Cl + Cl+ + e + e
1.79 × 10−13 e−24.88/T
7, 5
e + Cl2 → Cl+ + Cl+ + 3e
1.46 × 10−16 Te 2.16 e−21.42/T
7, 5
10−16 × (22.5Te −0.46 e−2.82/T - 12.1e−0.99/T + 6.54)
e + Cl2 → Cl + Cl−
28, 9
10−15 × (9.29 Te −0.47 e−2.83/T - 4.96e−0.99/T + 2.70)
e + Cl2 (v=1) → Cl + Cl−
44, 28, 9‡
−0.47 −2.83/T
−
−15
−0.97/T
e
10
× (20.1 Te
e + Cl2 (v=2) → Cl + Cl
- 10.8e
+ 5.92) 44, 28, 9‡
−0.46 −2.82/T
−
−15
−0.99/T
e
10
× (30.5 Te
e + Cl2 (v=3) → Cl + Cl
- 16.3 e
+ 8.81) 44, 28, 9‡
e + Cl2 → Cl+ + Cl− + e
3.45 × 10−16 Te 0.13 e−19.70/T
28, 18
e + Cl2 → Cl2 (v=1) + e
8.94 × 10−14 Te −1.14 e−2.39/T
44
e + Cl2 → Cl2 (v=2) + e
5.04 × 10−14 Te −1.17 e−2.70/T
44
e + Cl2 → Cl2 (v=3) + e
3.16 × 10−14 Te −1.17 e−2.81/T
44
e + Cl2 (v=1) → Cl2 (v=2) + e
6.52 × 10−14 Te −1.10 e−1.87/T
44
e + Cl2 (v=1) → Cl2 (v=3) + e
4.18 × 10−14 Te −1.14 e−2.30/T
44
e + Cl2 (v=2) → Cl2 (v=3) + e
6.52 × 10−14 Te −1.10 e−1.87/T
44
e + Cl+2 → Cl + Cl
9.00 × 10−14 Te −0.50
16, 21§
e + Cl → Cl+ + e + e
2.48 × 10−14 Te 0.62 e−12.76/T
22, 1
e + Cl− → Cl + e + e
2.33 × 10−15 Te 1.45 e−2.48/T
17
e + Cl− → Cl+ + 3e
3.38 × 10−15 Te 0.75 e−25.28/T
17
Cl+2 + Cl− → 3Cl
5.00 × 10−14 (300/Tg )0.50
10
Cl+ + Cl− → Cl + Cl
5.00 × 10−14 (300/Tg )0.50
43, 10
Cl2 + Cl+ → Cl + Cl+2
50
5.40 × 10−16
3.50 × 10−45 e810/T
Cl2 + Cl + Cl → Cl2 + Cl2
33
3Cl → Cl2 + Cl
8.75 × 10−46 e810/T
33, 46
e + Cl2 (v=1) → Cl + Cl + e
5.96 × 10−14 Te −0.06 e−8.40/T
11∗
−0.04 −8.26/T
−14
e
e + Cl2 (v=2) → Cl + Cl + e
5.70 × 10
Te
11∗
e + Cl2 (v=3) → Cl + Cl + e
5.25 × 10−14 Te −0.01 e−8.05/T
11∗
e + Cl2 (v=1) → Cl+2 + e + e
4.61 × 10−14 Te 0.52 e−12.00/T
5∗
e + Cl2 (v=2) → Cl+2 + e + e
4.47 × 10−14 Te 0.53 e−11.88/T
5∗
+
0.54 −11.81/T
−14
e
e + Cl2 (v=3) → Cl2 + e + e
4.44 × 10
Te
5∗
+
−13
−24.81/T
e + Cl2 (v=1) → Cl + Cl + e + e 1.79 × 10 e
7, 5∗
+
−13
−24.74/T
e + Cl2 (v=2) → Cl + Cl + e + e 1.78 × 10 e
7, 5∗
e + Cl2 (v=3) → Cl + Cl+ + e + e 1.78 × 10−13 e−24.67/T
7, 5∗
e + Cl2 (v=1) → Cl+ + Cl+ + 3e 1.45 × 10−16 Te 2.16 e−21.35/T
7, 5∗
e + Cl2 (v=2) → Cl+ + Cl+ + 3e 1.45 × 10−16 Te 2.16 e−21.28/T
7, 5∗
2.16
−16
−21.21/T
+
+
e + Cl2 (v=3) → Cl + Cl + 3e 1.44 × 10 Te e
7, 5∗
0.13 −19.63/T
−16
+
−
e
e + Cl2 (v=1) → Cl + Cl + e
3.44 × 10
Te
28, 18∗
0.13 −19.56/T
−16
+
−
e
e + Cl2 (v=2) → Cl + Cl + e
3.43 × 10
Te
28, 18∗
0.13 −19.49/T
−16
+
−
e
e + Cl2 (v=3) → Cl + Cl + e
3.41 × 10
Te
28, 18∗
e + Cl2 (v=1) → Cl2 + e
8.94 × 10−14 Te −1.14 e−2.32/T
44†
e + Cl2 (v=2) → Cl2 + e
5.04 × 10−14 Te −1.17 e−2.56/T
44†
e + Cl2 (v=3) → Cl2 + e
3.15 × 10−14 Te −1.17 e−2.59/T
44†
−1.08 −1.76/T
−14
e
e + Cl2 (v=2) → Cl2 (v=1) + e
6.31 × 10
Te
44†
−1.08 −1.76/T
−14
e
e + Cl2 (v=3) → Cl2 (v=2) + e
6.31 × 10
Te
44†
−1.14 −2.16/T
−14
e
e + Cl2 (v=3) → Cl2 (v=1) + e
4.19 × 10
Te
44†
∗ Obtained by redu ing the threshold of the ross se tion given in the ited referen e, E ′ = E − E
a
† Obtained by applying the prin iple of detailed balan ing on the ross se tion given in the ited referen e.
‡ Magnitude of ross se tion hanged from what given in the ited referen e (see text).
§ Estimated from similar rate oe ients given in the ited referen es (see text).
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