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Abstract—Results from kinetic and fluid simulations of the positive column plasma of a dc oxygen discharge
are compared using commercial CFDRC software (http://www.cfdrc.com/~cfdplasma), which enables one to
perform numerical simulationsin an arbitrary 3D geometry with the use of both the fluid equations for all the
components (fluid model) and the kinetic equation for the el ectron energy distribution function (kinetic model).
It is shown that, for both the local and nonlocal regimes of the formation of the electron energy distribution
function (EEDF), the non-Maxwellian EEDF can satisfactorily be approximated by two groups of electrons.
This allows one to take into account kinetic effects within the conventional fluid model in the simplest way by
using the proposed two-temperature approximation of the nonequilibrium and nonlocal EEDF (2T fluid model).
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The increased interest in discharges in molecular
(first of all, electronegative) gases stems from their
wide use in modern plasma technologies [1]. The
parameters of a gas-discharge plasma can only be
determined by employing self-consistent models with
allowance for the transport processes and volume plas-
mochemical reactions involving a great number of
atomic and molecular components in different excited
and ionization states. To date, the most frequently used
model is the hydrodynamic (fluid) model, which has
been widely used to describe various plasmochemical
facilities (see, e.g., [1-3]). To make an express estimate
of the plasma parameters, a simplified version of the
model, namely, space-averaged (global) model [4, 5] is
also used. In those models, the rate constants K of the
reactions with the participation of electrons are
expressed in Arrhenius form viathe ratio of the activa-
tion energy to the electron temperature: K; ~
exp(—Ej/Ty). In fluid models, the temperature T in the
exponential dependence K(T,) is deduced from the

mean energy € = 3TJ/2 using the energy balance equa-
tion for the electron gas.

In order for such a description to be adequate, the
electron energy distribution function (EEDF) must be
Maxwellian. However, it is well known (see, e.g., [6])
that the electron distribution differs considerably from
Maxwellian (with the only exception of the Langmuir
paradox in the collisionless (free-fall) regime, when the

EEDF can be well approximated by a Maxwellian dis-
tribution [7]). Generally, when the degree of ionization
is not too high (n/N < 10-%), the EEDF is highly non-
equilibrium and is depleted of electrons in the energy
range corresponding to inelastic collisions (¢ > g).
Depending on the relation between the characteristic
diffusion length A (e.g., A = R/2.4 for a cylinder) and
the electron energy relaxation length A, the EEDF is
either local (at A > Ag) or nonlocal (at A < A) [8]. The
procedure of calculating A in discharges with different
geometrical configurationsisdescribed, for example, in
[1]. Thus, for plane-paradlel geometry (x = 0, L), we
have A = L/Tt Let usremember that, in thefirst approx-
imation, any discharge geometry can be approximately
reduced to the plane—parallel geometry by introducing
the effective length L = V/S where V is the volume and
Sisthe surface area. The local EEDF is determined by
the plasma parameters at a given spatial point and is
factorized in the form of the product fy(w, r) =

ne(r) fo(w), where nr) is the electron density at the
point r and w is the kinetic energy. In contrast, the non-
local EEDF is determined by the physical parameters
(primarily, electric field) in the region with asize on the
order of the electron energy relaxation length A, > A
(the electron mean free path), rather than those at a
given spatial point. In the case of A, > A, the EEDF is
afunction of thetotal electron energy € =w + eq(r) (the
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kinetic energy plus the potential energy) and the Boltz-
mann equation should be averaged over the entire dis-
charge volume [8]. Hence, the characteristics of all the
processes with the participation of electrons are deter-
mined by this space-averaged EEDF fy(€), which can
significantly differ from that calculated in the local
approximation. Under such conditions, which occur at
low pressures (pA < (0.1-1.0) cm torr), attempts to
improve the fluid model by refining rate constants
obtained with the help of an EEDF calculated in the
local approximation are not guaranteed to be free of
faults and unacceptable inaccuracy.

Since, for areal nonequilibrium EEDF, the calcula-
tions of the rate constants under the assumption of a
Maxwellian distribution hardly have any physica
sensg, it is difficult to even qualitatively estimate the
inaccuracy of data thus obtained. An analysis of the
transport processes also shows [9] that, for a weakly
ionized plasmawith anonlocal EEDF, a closed system
of fluid transport equations can only be written for the
local regime (A > A,). In this case, however, the equa-
tion of energy for the electron gas does not provide
additional information and appears to be redundant. At
the same time, in the nonlocal regime with A < A, the
electron fluid model itself is not physically justified.

In order to self-consistently cal culate the parameters
of a multicomponent plasma, it is desirable to have a
procedure that, on one hand, take into account the non-
equilibrium and nonlocal character of the EEDF and,
on the other hand, is less time-consuming than the full-
scale solution of the Boltzmann equation with allow-
ance for the spatial transport processes. Therefore, it is
important to develop a simplified kinetic description
based on a physically justified modification of the fluid
model for a non-Maxwellian EEDF.

For this purpose, in this paper we compare the
kinetic and fluid approaches to the modeling of the
plasma of the positive column of a dc oxygen dis-
charge. Itisshown that, in accordance with the analysis
of [10], the non-Maxwellian distribution functionin the
fluid model (in both the local and nonlocal regimes of
the EEDF formation) can satisfactorily be approxi-
mated by two groups of electrons, each of which hasits
own temperature (mean energy). The temperature T, of
the fast el ectrons determines the rate constants for exci-
tation and ionization. In a steady-state discharge, the
ionization frequency (the inverse lifetime) for a given
gas speciesis afunction of the only parameter pA and
depends dlightly (logarithmically) on it. Hence, at a
constant pA value, the temperature T is amost the
same for different types of gas discharges [10]. The
temperature Ty, of the low-energy part of the EEDF
determinesthe plasmaambipolar fields. In someimpor-
tant cases (see below), this temperature depends only
on the gas species. To adapt the classical fluid model in
order to determine the parameters of a gas-discharge
plasma, we propose a 2T fluid model in which the rate
constants of the processes with the participation of
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electrons are found with the help of a proper EEDF
approximation (see Egs. (1), (2)).

We chose the positive column of a dc discharge
because it is a very suitable test object and has been
intensely studied for both atomic and molecular gases.
In turn, among the electronegative gases, most of the
studies and calculations within different approxima-
tions have been made for oxygen (see, e.g., [11-15]).

To calculate the discharge parameters, we used
commercial software developed by the CFD Research
Corporation, Huntsville, AL, USA [16, 17]. The self-
consistent model of a discharge plasma, the numerical
iteration scheme, and the technique for solving the set
of egquations are described in detail in [16, 17]. In sm-
ulations, the main model parameters are the discharge
geometry, the pressure and composition of the gas, and
the specific power W deposited in the discharge. A spe-
cific feature of the dc discharge is that we can specify
the current density j instead of W using the smplerela
tion W=jE. The self-consistent electric field was found
from Poisson's equation. Heavy particles were
described in the fluid model. The parameters of the
electron gas could be found both by using the fluid
equations for the balance of the electron density and
energy and by solving the kinetic equation for the
EEDF. Sincethis study is aimed at comparing the fluid
and kinetic descriptions of the electron component, all
other factors being the same, some problems that are
not directly related to the electron kinetics were not
analyzed in detail. In particular, we did not take into
account the heating of the heavy components [12, 15],
because the physical consequence of this effect is of
minor importance when calculating the EEDF. This
issue will be considered in a separate paper. Here, the
gas and ion temperatures were assumed to be constant
over the discharge cross section and equal to room tem-
perature.

The accounted volume plasmochemical processes
with the participation of various atomic and molecular
oxygen states are listed in Table 1. In the fluid model,
therate constants of the processes with the participation
of electrons were obtained by convoluting the corre-
sponding cross sections with a Maxwellian EEDF,
whereas in the kinetic model, they were obtained by
convoluting these cross sections with an EEDF calcu-
lated with the help of the CDFRC Kinetic Module
[16, 17].

For definiteness, we considered conditions corre-
sponding to the positive column of a dc dischargein a
12-mm-diameter glass tube at gas pressures of 0.05—
3 torr and discharge currents of 5-200 mA. These con-
ditions correspond to those investigated in [12, 18], in
which, in our opinion, the most detailed experimental
and theoretical studies of the positive column of a dc
oxygen discharge were performed.

Typical EEDFs obtained by self-consistently simu-
lating the dc discharge plasma at gas pressuresof p=1
and 0.15 torr are shown in Figs. 1 and 2. It can be seen
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Table 1. Volume plasmochemical processes involved in simulations

No. | Reaction | Ae, eV | Rate constant
Elastic electron scattering

1 e+0,—e+0, 0 Cross section (CS) [1]

2 e+ 0,(ald) — e+ O,(ald) 0 CS (copy of 1)

3 e+ O,(blY) —» e+ Oy(b'x) 0 CS (copy of 1)

4 e+ Oy(vy) — e+ Oy(vy) 0 CS(copy of 1)

5 e+ Oy(Ry) — e+ O,(Ry) 0 CS (copy of 1)

6 e+0O—e+0 0 CS[3]

7 e+ O(*D) — e+ O(*D) 0 CS (copy of 6)

8 e+0(l9 — e+ 0O('y 0 CS (copy of 6)

9 e+0;3—e+0, 0 CS[5]

Inelastic processes with the participation of electrons

10 e+0, —0_+0 3.637 CS[1]
11 e+0, —> e+ Oy(Vy) 0.19 CS[1]
12 e+0,(vy) — e+0, -0.19 CS[1]
13 e+ 0, —> e+ Oy(V») 0.38 CS[1]
14 e+ 0, —> e+ Oy(V3) 057 CS[1]
15 e+ 0, —> e+ Oy(V,) 0.75 CS[1]
16 e+ 0, — e+ 0y(a'n) 0.97 CS[1]
17 e+0,(alh) — e+ 0, -0.97 Obtained from a detailed balance with ¢ 16
18 e+ 0, — e+ Oy(b'x) 1.63 CS[1]
19 e+ 0,b'E) —e+ 0, -1.63 Obtained from a detailed balance with ¢ 18
20 e+0, —e+20 5.12 CS[1]
21 e+0, — e+ 0+0(D) 7.1 CS[y
22 e+0, — 2e+0,, 12.6 CS[1]
23 e+0, —2e+0+0, 18.8 CS[1]
24 e+20, — 0, +0,_ -5.03 Koq = 3.6E —43T.2° mf/s
25 e+0,, — 20 —6.96 Cross section (CS) from 2
26 e+0,, —= 0+0(D) -5.0 CS[2]
27 e+ 0,(ald) —= 2e+ O, -11.63 CS[3]
28 e+ Oy (bS) —» 2e+ O, -10.97 kog = 1.3E — 15T, exp(~10.43/T) m¥s
29 e+0;— O_+0, -0.42 CS[5]
30 e+0;— 0+0, 0.60 CS[5]
31 e+0 — e+ O('D) 1.97 CS[4]
32 e+0 — e+ 019 4.24 CS[4]
33 e+0(lS9 —e+0 -4.24 Obtained from a detailed balance with ¢ 32
34 e+0—2e+0, 13.67 CS[4]
35 e+0(D) —e+0 -1.97 CS[4]
36 e+O('D) —= 2e+ O, 11.7 CS[4]
37 e+0(ly — 2e+0, 9.43 kg7 = 6.6E — 15T2 ® exp(=9.43/T,) m3/s
38 e+0_—»2e+0 153 ksg = 1.95E — 182> exp(-3.4/T,) m%s
39 e+0, —= O('D) -117 keo = 5.3E—19T,>° m¥s
40 2e+0, — e+ O('D) -117 keo = 5.12E—36T,"> m¥/s
41 e+0 — e+ 0O(35°S) 9.15 CS[4]
42 e+0 — e+ 0(35’S) 9.51 CS[4]
43 e+0 — e+ O(3p°P) 10.73 CS[4]
44 e+0 — e+ O(3p°P) 10.98 CS[4]
45 e+ 0O, — e+ Oy(Rot) 0.02 CS|[1]
46 e+ 0O, — e+ 0Oy(Vs) 0.19 CS[]]
47 e+ Oy, — e+ Oy(vg) 0.38 CS[1]
48 e+0, — e+ 02(1I'Ig) 8.4 CS[]]
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No. Reaction Ag, eV Rate constant

49 e+ 0, — e+0,als,) 10.0 CS[1]

50 e+0, — e+ 0O,+hv (130 nm) 9.547 CS[1]

51 e+ Oyal) — e+ O,(b'x) 0.65 cs[1]

52 e+ Oy(blZ) — e+ Oy (aln) -0.65 cs[2]

53 e+ 02 — e+ Oz(Ry) 447 CS [1]

54 e+ Oz(Ry) — e+ 02 —447 CS [2]

55 e+ Oyalh) — e+ O,(Ry) 3.45 cs[2]

56 e+0, — e+0+0(19 9.36 CS|[2]

57 e+ 0Oy alh) — 0+0_ 257 cs[2]

58 e+ 0y — Oy(Ry) -7.66 CS|[2]

59 e+0,+0;—» 0,+ 0, —0.679 4.6E — 40 m3s

60 e+0,, — 0+0('9 —2.73 2.42E —13T.>% m¥s

61 e+ 0, —» 20, -0.8 242E-11T>° md/s

62 e+ 0y —» 0,+ Oy(RY) 3.68 2.425E - 12T.>° mé/s
Reactions involving heavy particles

63 O_+0, — 0+0, kez = 5.96E — 11T, m¥s

64 O_+0,, —= 30 Kes = 1IE—13 m3/s

65 O_+0,—»20 Kes = 5.96E — 11T, m¥s

66 O, + 0, —= 20, kes = 5.96E — 11T, m¥s

67 02_ + 02+ — 02 + 20 k67 =1E-13 m3/S

68 0,+0, — 0,+0 kes = 5.96E — 11T, m¥s

69 O, + 03 —> 0, + 0y keo = 5.96E — 11T, m¥s

70 02+ + 03_ — 20+ 03 k70 =1E-13 m3/S

71 0,+05 —= 0+0; kpp =5.96E— 11T, m¥s

72 O_+0,, + 0, —» O+ 20, krp = 3.066E —31T;"° m%s

73 0.+0,+0,—>20+0, kzs = 3.066E —31T;"° m¥s

74 O+0_—»>0,+e kzs = L159E —17T° m3s

75 O_+0,@!) —> Oz +e kps = L.738E—17T3° m3s

76 O_+0,(b'%) —> 0,+O+e kpe = 4E—17T¢° m¥s

77 O +0,—»>0z+e kry = 2.896E —22T3° m3s

78 O_+0;—>20,+e kpg = L744E —17T4° mds

79 O +0;—= 0+0, kro = L153E —17T4° m¥/s

80 O_+03—> 0,+ 0, Kgo = 5.900E — 19T¢° m¥/s

81 0+0, — 0+0, Kgy = 8.69E — 18T, > m¥s

82 0+0, — Oz+e kg = 8.69E — 18T, > m¥s

83 O,(@lA) + 0, —> 20, +e Kgs = L.159E — 17T m3s

84 O, + 03— 0, + 05 Kgs = 3.746E —17T3° m3s

85 0+0, —> 0, +0, Kgs = L.448E —17T3° m3s

86 0+0,+0,—» 0,+0,, Kgo = 5.793E —43T° m%s
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Table 1. (Contd.)

987

No. Reaction Ag, eV Rate constant
87 0, +0, —>0+0,, ;= 1.953E - 16T, " m¥s
88 O++O34> 02+02+ k88: 1E-16 m3/S
89 O(D)+0 —= 20 Kgo = 8E — 18 m¥/s
e O(*D) + 0, —= O + O,(b'5) keo = 2.56E — 17exp(+67/Ty) m3/s
o1 O(*D) + 0, — O + O,(alA) Koy = 1.6E — 18exp(+67/Ty) m3s
92 O(*D)+0, — 0+0, Koz = 4.8E — 18exp(+67/Ty) m¥/s
93 O(lD) + 03 — 20+ 02 k93 =1.2E-16 m3/S
%4 O(*D) + 0; — 20, Kgg = 1L.2E — 16 m¥/s
95 0(*9 +0, — O(*D) + O, kos = 3.2E — 16exp(—850/Ty) m*/s
9 o9 +0, —>0+0, ko = 1.6E — 18exp(—850/T,) m3/s
97 O(’9) + Oy(als) — O + O, kg7 = L1E — 16 m¥/s
98 019 + O,(alh) —= O(*D) + O,(b'%) kgg = 2.9E —17 m%/s
99 O(t9 + Oy(alp) — 30 kgg = 3.2E —17 m3/s
100 0’9 + 0 — O('D) + O kyo = 1.67E — 17exp(~300/Ty) m3/s
101 09 +0— 20 kyog = 3.33E — 17exp(~300/Ty) m%/s
102 O(l$ + 03 — 202 k102 =58E-16 m3/S
103 Oz(alA) +0 — 02 +0 k103 =2E-22 m3/S
104 O,(alA) + 0, — 20, Kios = 3E — 24exp(~200/Tg) m?/s
105 20,(alp)— 20, Ky05 = 9E — 23exp(~560/Tg) m?/s
106 202(a1A)4> 02 + Oz(blZ) k106 =9E - 23e>(p(—560/ Tg) m3/ S
107 20,(alA) + 0, — 20, kyo7 = 1E — 43exp(~560/T,) m?/s
108 202(a1A) + 02 E—— 203 k108 = 1709E - 28Tg m3/ S
109 O,(a'p) + O3 —= 20, + 0 Kyog = 5.2E — 17exp(—2840/Ty) m?/s
110 20,(bl%) —= OxalA) + O, kigo = 2.085E —24Tg° m¥s
111 O,(b'x) + 0, —= O,(a'A) + O, kigy = 2.085E - 25Tg° m¥s
112 O,(b's) + O, — 20, kigo = 2.317E - 28Tg° m¥s
113 O,(b!%) + O —= O,(alA) + O kigs = 4.171E - 21T5° m¥s
114 O,(b'%) +O — 0,+ 0 Ky = 4.634E — 22T° m¥s
115 O,(b'%) + O3 —> 20,+ 0 kyys = 4.246E — 19Tg° m¥s
116 O,(b'%) + O3 —> O,(alA) + O, kyge = 4.246E — 19Tg° m¥s
117 O,(b'%) + O3 —> O, + O, kyy7 = 4.246E — 19T° m¥s
118 Oy (V) +O —> 0,+0 kus = 5.793E - 22Tg° m¥s
119 Oy(vy) + O, —= 20, kygo = 5.793E — 22T¢° m¥s
120 20+0, —= 20, kizo = 9.268E — 45T >% m%/s
121 30—>0+0, kigy = 3.334E —44T>% m¥s
122 20 + 0, —» O,(alA) + O, kizp = 6.987E 46 T,"® m%s
123 30 —» O,(alp) + O kips = 2.509E —45T;"® m%s
124 0+20, > 03+0, Kizs = 5.081E-39T4"° m%s
125 20+ 0, —» O+ 05 kios = 3.166E — 43T, mP/s
126 O+0;— 20, kizg = 8E — 18exp(~2060/T) m3¥s
127 0,+0; —~ 0+20, Ki27 = 1.56E — 15exp(—11490/T ) m*/s
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Table 1. (Contd.)

No. Reaction Ag, eV Rate constant
128 Oz(Ry) — 02 k128 = 0015 S_l

129 02 + Oz(Ry) — 02 + Oz(alA) k129 =1.86E-19 m3/S

130 0, + Oy(Ry) —» O, + O,(b'x) kizo = 1.86E — 19 m¥/s

131 O(lD) + Oz(alA) — 02 + O kl3l - 1E 17 m3/S

132 09 + 0, —= O + Oy(alh) kyzp = 1.5E — 18exp(—850/Ty) m*/s
133 O(9 + 0, —= O+ Oy(b'%) Kyz3=7.3E— 19exp(—850/T ) m®/s
134 09 + 0, —= O + Ox(Ry) kygq = 7.3E - 19exp(—850/T ) m3/s
135 O(ls) + Oz(alA) — O + Oz(Ry) k135 - l 3E 16 m3/S

136 O,(b'Z) + O; —= O,(alA) + Oy kige = 7.1E —18 m3/s

137 O+ 0, + Oy(al) —» Oy(blZ) + O, Ky = 1L56E — 40T "> m/s

138 O + OZ + Oz(alA) —— O + 202 kl38 - 3E 44 m6/ S

139 O+0; — 0, + Oy(alh) Kyzo = 2.4E — 19exp(—2060/T,) m*/s
140 O + 03 — 02 + Oz(blZ) k140 - 8E 20€Xp(—2060/T ) ms/S

141 20; —> 0+ 0,+ 04 Ky, = 1.65E — 15exp(—11435/Tg) md/s
142 20+ 0, —= O, + Oyx(Ry) K14z = 1.2E — 46 mP/s

143 20+ 0, —> O, + O,(b'X) ki3 = 7.6E — 44Tg exp(-170/Tg) m®/s
144 O+0,+0; — 20,4 kigq = 1.3E — 41T§2 m®/s

145 20, + Oy —» Oy + O, Kus = 1.25E — 38T "> ms

146 Oz(alA) + O4+ —_— 202 + 02+ kl46 =1E-16 m3/S

147 O,(b'Z) + Oy, —> 20, + O,, ki47 = 1E—16 m¥/s

148 o+ O4+ —_— 02+ + O3 kl48 =3E-16 m3/S

149 0,+ 0, —» 20,+0,, Kygo = 0.02673 T exp(-5030/Ty) m¥s
150 O_+ Oy(ath) —= O+ 0, kigo = 3.3E—17m%/s

151 O_ + 02 —— O + 02_ k151 = lE — 20 m3/S

152 O_+0,alh) — 0+0,+e kysy = 2E — 16exp(—15000/Tg) m¥/s
153 O_+20, —> O, + 05 kiss = 3.3E—40T," m¥/s

154 0, +0,—=20,+e kyss = 2E — 16exp(—5338/Tg) m3/s

155 O_+0,— 0, kigs = 2.7E —13m’/s

156 O_+0, — 0, + 0y kisg = 6.9E — 12T,>° m3s

157 O_+ OZ + 02+ — 02 + 03 k157 =2E-37 m6/S

158 02_ + 02+ + 02 — 302 k158 = 2E — 37 mels

159 02_ + O4+ — 302 k159 =1E-13 m3/ S

160 0+0; —=20,+e kyse = 3E — 16 m¥/s

161 O,+0; —»20,+0_ ki = 1L.62E — 6T, exp(~18260/Ty) m¥/s
162 03_ + O4+ — 302 +0 leO =1E-13 m3/S

163 0, +0,_+ 0,4 — 40, ki = 4E —38 mP/s

164 02 + 03_ + O4+ —_— 402 +0 k162 =4E-38 m6/S

Note:

Teisthe electron temperaturein eV; Ty is the gas temperaturein K; O and O arethe O(®P) and OZ(X3 Z; ) ground states of an oxygen

atom and molecule, respectively; O,(Ry) isthe electronically excited 02(A1 %) statewith an energy of 4.47 eV; Oy(vy) (k=1,2, ...

are the vibrationally excited states; O,(Rot) is the first rotational level of an O, molecule; and A is the electron energy lossin the

output channel (Ae < 0 for impacts of the second kind). The cross sections for reactions 12, 17, 19, and 33 (impacts of the second
kind) are calculated from the cross sections of corresponding direct processes using the detailed balance relation. The rate constants

shown in Arrhenius form are taken from [6].
1. A. V. Phelps, JLA Report, No. 28, 1985 (ftp://jila.colorado.edu/collision data/).
2.Y. ltikawaand A. Ichimura, Phys. Chem. Ref. Data. 19, 637 (1990).
3. S. Matejcik, A. Kiender, P. Cicman, et al., Plasma Sources Sci. Technol. 6, 140 (1997).

4.1.A. Kossyi, A.Y. Kostinsky, A. A. Matveyev, and V. P. Silakov, Plasma Sources Sci. Technol. 1, 207 (1992).
5.V. V. lvanov, K. S. Klopovsky, D. V. Lopaev, et al., IEEE Trans. Plasma Sci. 5, 1279 (1999).

6. www.kinema.com
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Fig. 1. Local EEDFsfor p=1torr andi =50 mA. The solid
curve shows the results of self-consistent calculations for
the radius r varying from 0 to R with a step of R/5. The

dashed curve shows the local EEDF 9 (w).

that all the EEDFsare strongly nonequilibrium. For this
reason, the rate constants of many plasmochemical pro-
cesses differ significantly from those obtained in the
fluid model, which deals with the temperature T (the
samefor al the electrons). In turn, thisleadsto a differ-
ence in the plasma parameters that significantly depend
on these rate constants.

At high pressures, the EEDF islocdl; i.e., the func-
tion fg(w) isindependent of r (Fig. 1). At low pressures,
the EEDF is not only nonequilibrium but also nonlocal .
In this case, the values of fy(€) represented as afunction
of the total energy € = w + eq(r) (i.e., without normal-
izing and shifting by the space potential) coincide at
different radii (Fig. 28). The same EEDFs f(€) plotted
using the conventional local representation as functions
of the kinetic energy w (similar to Fig. 1) differ for dif-
ferent radii r (Fig. 2b). In oxygen, the energy loss due
toinelastic collisionsisdominant over amost the entire

energy range. Hence, using the equality A, = J/AA* [8]
and the total cross sections for elastic and inelastic col-
lisions (0 = 5 x 10 cm? and o* = 5 x 107Y cm?,
respectively), we obtain the estimate A, = 0.2/p (in cm),
where p isin torr. It follows from the above estimates
that, for oxygen, the criterion for the EEDF to be non-
local (A, > A) ispA < 0.2 cmtorr, which agreeswith the
results of our simulations and the data from [12, 18].
Notethat, at A, > A\, the thermal conductivity equalizes
the electron temperature over the discharge cross sec-
tion. This circumstance justifies the use of the space-
averaged (global) model [4, 5]. However, due to the
unavoidable non-Maxwellian character of the EEDF,
the correct application of the space-averaged descrip-
tionisonly possiblein theframe of the 2T global model
[10].
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Fig. 2. Nonlocal EEDFs for p = 0.15 torr and i = 50 mA.
(a) The solid curves show the results of self-consistent cal-
culationsfor theradiir =(1) 0, (2) 0.6R, (3) 0.8R, (4) 0.69R,
(5) 0.95R, (6) 0.98R, and (7) R. The dashed curve showsthe
local EEDF fg (w). (b) The solid curves show the results of
self-consistent calculations for the radii r = (1) 0, (2) 0.6R,
(3) 0.8R, and (4) R. The dashed curve showsthe local EEDF

fo ).

For rapid self-consistent estimates of the plasma
parameters, it isdesirable to have aprocedure that takes
into account the nonequilibrium and nonlocal character
of the EEDF and is less time-consuming than the full-
scale (4D) solution of the Boltzmann equation. To date,
the most devel oped and widespread method is the solu-
tion of the local kinetic equation with known initial
parameters, i.e., with a given reduced field E/N, degree
of ionization n/N, and degree of excitation n*/N. This
approach can be implemented using available commer-
cia software (e.g., the OD Boltzmann Solver CFDRC
[16, 17], BOLSIG [19], etc.). For comparison, the

dashed curves in Figs. 1 and 2 show the EEDF fJ(w)

determined by solving the local Boltzmann equation
(using the OD Boltzmann Solver [16, 17]) with the
same input parameters as in self-consistent calcula-
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tions. As was expected, this EEDF is almost the same
as that obtained for the pressure p = 1 torr (Fig. 1) but
significantly differs from that obtained at a lower pres-
sure (Fig. 2b). Thismeansthat, in the local regime (A >
As), One can use any version of the hybrid model with
an EEDF determined by solving the local kinetic equa-
tion [19]. In particular, Lookup Tables [16, 17] can be
used in such a situation. At lower pressures, when the
EEDF formsin the nonlocal regime, the EEDFs repre-
sented as a function of the kinetic energy are different
at different radii and the corresponding local calcula-
tion of the EEDF isno longer justified (Fig. 2b). Thisis
also confirmed by the results of directly comparing the
local and nonlocal approaches when modeling the pos-
itive column of adc discharge in noble gases (see, e.g.,
[20]). Under nonlocal conditions of EEDF formation,
direct attempts to modernize the fluid model (see, e.g.,
[21]) seem to be unpromising.

In our opinion, the approach of [10] is more attrac-
tive. It was shown in that paper that, for a given value
of the parameter p/\, the fast part of the EEDF does not
depend on the EEDF formation regime (local or nonlo-
cal). Indeed, if we match the fast parts of the EEDFs

calculated inthelocal (f g(w)) and nonlocal (fy(€)) mod-

els (e.g., by joining them at an energy close to the ion-
ization threshold), then the tails of both EEDFs will
coincide (Fig. 2a). This, at first sight paradoxical result
reflects the nature of the discharge as a self-organizing
system: to enable its steady-state operation, electron
reproduction with arate depending on the electron loss
rate is required. Note that the latter rateis slightly sen-
sitive to the shape of the EEDF.

The aforesaid explainsthe fact that areal EEDFina
gas-discharge plasma can be, as a rule, satisfactorily
approximated by two (or three) electron groups. In
[10], the more common approximation by the two
exponents was used:

3 €1

fo(e) = c.e Ten —-c,e Teb(1 T/ Te), €<t

H &
Tet Teb -t
et

fo(e) = c,2ve
O() n Teb

C, = 2N/ TITS,.

Here, Ty, is the temperature of slow (bulk) electrons
with € < g; and T is the temperature of fast (tail) elec-
trons with € > €;. In writing approximation (1), it was
taken into account that, to ensure the continuity of the
energy flux, one should join both the EEDFs them-
selves and their derivatives at the threshold energy ¢, .
For an oxygen plasma, the energy €; = 10 eV corre-
sponds to the energy threshold for the most efficient
processes of dissociative excitation of the high-lying
electronic states of an oxygen molecule [22] and is

€=¢,, D

BOGDANOV et al.

close to the ionization energy €, = 12 eV (Figs. 1, 2).
Sincethe behavior of the EEDF tail iscloseto exponen-
tial (see, e.g., Figs. 1, 2), the temperature T is defined
as

Ty = —(dInfy(e)/de)™. 2

As arule, when the electron—€lectron collision fre-
guency is low, the energy dependence of the distribu-
tion function of the bulk electrons (¢ < €,) is nonexpo-
nential (Figs. 1, 2). Thisis related to the fact that the
energy balance in low- and moderate-pressure gas dis-
charges is usualy determined by inelastic processes
with high energy thresholds (~¢;). Atw< g;, the energy
dependence of the EEDF is determined by the behavior
of the cross section o(w) for elastic collisions [§]

&

fo(w) DI(O(W)/W)dW+ fo(e). (©)]

It seems that such EEDFs are more suitable to
approximate by power-law (rather than exponential)
functions of energy. These EEDFs depend slightly on
the electric field (mainly via the matching constant
fo(£1))- Sincethe electronswith energies e < g, insignif-
icantly contribute to the total energy balance of the
electron gas, their mean energy also slightly dependson
the electric field. These electrons acquire the energy
fromthefieldin the energy range (0, €,) and providethe
required electron energy flux toward the EEDF tail [8].
In other words, the low-energy part of the EEDF (g <
€,) actsas akind of pipeline from a source at low ener-
gies to a sink in the EEDF tail (¢ > €,). The electron
density profile along this pipeline does not depend on
the energy flux and is only determined by the condition
that the energy acquired by low-energy electrons is
amost entirely transferred to high-energy electrons. In
such a situation, attempts to find the electron tempera-
ture from the energy balance equation (see, e.g. [23-25])
seem to be unpromising. However, approximation (1)
requires knowledge of the temperature Ty, of the slow
electrons. The problem can be somewhat simplified
because the temperature T, is only needed to find the
characteristicsthat are dightly sensitivetoitsvalue (the
plasma ambipolar field; the rate constants of reactions
with low energy thresholds, € < T, €tc.). Taking this
fact into account and assuming that o(w) in formula (3)
grows monotonically, we can propose the following
approximation for the EEDF (2T EEDF):

fo(e) = cn%L—slfTeE, £<eg,,
Ty
fo(e) = C“(Sl n Tet)e » €28, 4
TECHNICAL PHYSICS Vol. 48 No.8 2003
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c, = 15n./(4€X%),
which also ensures the conservation of the energy flux
at € = ¢; and depends explicitly only on the temperature
T, of the fast electrons. The temperature of the low-
energy part (€ < €;) of the EEDF (4) is

Te = 284/3 = 0.3(€, + To).

Table 2 presents the characteristic effective temper-
atures T, for typical conditions under study, namely, the
local regimeat p = 1 torr and the nonlocal regimeat p =
0.15 torr. The temperature T4 was found using the fluid
model, whereas the temperatures T, Ty, and T, were
obtained using the kinetic model with allowance for
Eqg. (2) and formulas

€, €

_ 312 0 vz, U
Tep = ZIfO(W)W dW/E3J'f0(W)W awd, (59
0 D 0 D

00 [

T = off 3/2 U w2, U
o = o(W)w dW/EBJ’fO(W)W awl. (5b)
.[ O 5 O

Aswas expected, the temperatures T, and Ty, turned
out to be close to each other (T, = Ty,). At first glance,
the temperature Ty, which is found in the fluid model
from the energy balance for the entire electron gas,
should also be close to T, and Ty, because it seems that
the energy balance for all the electrons would yield the
energy of the “average” electron. It happens, however,
that the temperature obtained by fluid simulations is
significantly lower than the average EEDF temperature
(T4 < Ty and is close to the temperature of the EEDF
tail (T4 = T4). On one hand, this fact indicates that the
fluid description of electronsisinapplicable to the sim-
ulations of aweakly ionized gas-discharge plasma. On
the other hand, it explains why the use of the conven-
tiona fluid model proved to be surprisingly successful
in calculating the main plasma parameters. For elec-
tropositive plasma, this is explained by the fact that
both the energy lossdueto inelastic collisionswith high
energy thresholds and the ionization processes are
determined by the EEDF tail [10]. Hence, roughly
speaking, the energy balance and the particle balance
are determined by the same temperature T. Indeed, for
a simple plasma, it follows from the condition of
steady-state discharge operation that the ionization rate
and the loss rate associated with diffusion toward the
wall are equal to each other (Schottky condition):

ViTg, = L. (6)

This condition determines the eigenvalue v,(Ty) of
the boundary-value problem for the density of charged
particles with n, = n,. The characteristic time 1, is
determined by the discharge geometry and depends
slightly on the EEDF shape. It can be estimated by the
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Table 2. Characteristic temperatures in the positive column
of adc oxygen discharge

No|  Regme | & | &G | & | oF | o
1 | 150 mtorr—5mA 32139 | 31|29 | 27
2 | 150 mtorr—50 mA 29 | 41| 34| 28 | 2.7
3 | 150mtorr-500mA | 29 | 39 | 31 | 29 | 27
4 | 1torr-5 mA 17| 26 | 26 | 1.3 | 15
5 | 1torr—50 mA 17 |26 | 26 | 1.3 | 15
6 | 1torr—200 mA 17 | 26 | 26 | 14 | 15

interpolation formula (see, e.g., [14])
po = Tap + pr- (7)

Here, 1,, = A?/D,, is the characteristic time of ambipo-
lar diffusion (D,, = DyTe/T) and 1,, = aA/V, is the

Bohm time, where V,, = ./T,/M and a is a numerical

factor on the order of unity. Asisseen from Eq. (7), the
characteristic time 14, is determined by the discharge
geometry and depends dlightly on the EEDF shape.
Nevertheless, the ionization frequency depends
strongly on the temperature. For example, for a Max-
wellian EEDF and the commonly used approximation
for the energy dependence of the ionization cross sec-
tion, o;(€) = o(e/e; — 1), with the threshold g; > Ty, the
ionization frequency can be represented in Arrhenius
form:

Vi = Nfoi(w) @ £ o(w) Jwcw = Noy, J%e_i. ®)

For an oxygen plasmawith aMaxwellian EEDF, we
propose the following approximation for the ionization
rate constant:

ki=4x107"°,/T exp(-12.06/T,)
=3 x 10 °T exp(-12.06/T,) m/s.

Condition (6) allows one to reliably calculate the
ionization frequency v;, which is equal to the diffusion
lossrate 1/14,. Sincethisrate depends slightly (logarith-
mically) on Ty, it follows from Egs. (6)—(8) that, for a
given gas species, the temperature T, depends only on
the parameter pA [10]. It should be stressed that any
EEDF (not necessarily a Maxwellian or Druyvesteyn
one) that sharply (exponentially) depends on energy
gives more or less close values of the effective temper-
ature of the high-energy part of the EEDF (notethat this
temperature depends logarithmically on the discharge
parameters). On the other hand, if inelastic losses with
ahigh energy threshold €, (comparable with theioniza-
tion energy ;) are dominant in the energy balance of the
entire electron gas, then we have T4 = Ty. In gas dis-

(8a), (8b)



992

charges, inelastic energy losses usually exceed elastic
ones. Hence, the surprising fact that fluid simulations,
as arule, quite fairly describe the main plasma param-
eters can be explained by the insensitivity of the calcu-
lated results (some kind of “self-healing”) to the shape
of the high-energy part of the EEDF. At the same time,
the errorsin determining the plasmacharacteristics that
are governed by the low-energy part of the EEDF with
the temperature Tg, (which is different from T) can be
rather large.

To generalize the data of [10] on electronegative
gases, we will use scaling laws [14] based on the clas-
sification of the regimes of charged particle transport in
adischarge.

The main channel for the production of negative
ions is dissociative attachment. In the low-pressure
range under study (pA < 1 cm torr), the processes
involving three-body collisions are of minor impor-
tance. Hence, the main negative ions are O ions,

whereasthe densitiesof O, and O; ionsarelow and do

not affect the balance of charged particles. The main
ionization mechanism is the direct ionization of O,

. .. . +
mol ecul es; consequently, the main positiveionsare O,

ions, whereas the density of O* ions is significantly
lower.

At pA <1 cmtorr and the degrees of ionization con-
sidered in this study (n/N < 10), the recombination
loss rate of positive ions is smaller than the loss rate
associated with diffusion toward the wall (the latter can
be again estimated using Eq. (7)).

It is known (see, e.g., [9]) that the plasma of elec-
tronegative gasesis characterized by the presence of an
outer electron-ion plasma shell (“skin™), in which neg-
ative ions are practically absent. Although the skin is
usually very thin, its presence is of principal impor-
tance because it confines the negative ions inside the
volume. Discharges in electronegative gases are char-
acterized by an extra degree of freedom, namely, the
degree of dectroneutrality. In a ssmple model that
describesthe processes of attachment, detachment, ion-
ization, and recombination with the help of phenome-
nological coefficients K,, Ky, K;, and K, [9, 14], the
parameters of an electronegative-gas plasma depend on
the relation between the attachment time 1/v, and dif-
fusion time 1,, (which is determined by the electron
temperature T,) of the negative ions, i.e., on the param-
eter v, 1., The dependences obtained in [9, 14] alow
oneto find the temperature T using the following sm-
ple considerations. Since the flux of negative ions
toward the wall is zero, from the balance of negative
and positive ions, we obtain the foll owing rel ationships

for the densities n averaged over the discharge cross
section:

VaNe = vgn, + K ANy, 9

BOGDANOV et al.

ViNe = Np/Typ, (20

where v, is the attachment frequency, v is the detach-
ment frequency, and K, is the rate constant for ion—on
recombination. The positive ion density n, is equal to
the sum of the negative ion density n,, and the electron
density ng: Ny =N, + N,

At low pressures (T, < 1), the negative ions obey
a Boltzmann distribution and their density profile is
parabolic, whereas the electron density profileisflat. In
this regime, the ionization rate exceeds the attachment
rate [9, 14] and, at the discharge periphery (in the elec-
tron—on skin), the equality n, = n, is satisfied. At low
pressures, the skin thicknessis smaller than the particle
mean free path; hence, using Egs. (7) and (10), we
obtain the simple expression

ViTy, = 1, (11)

which can be used to find the temperature Ty.

Using approximation (8a) for the ionization rate
constant in oxygen, we obtain the analytic expression
for Ty

T, = £/(In2286pA), (12)

which depends only on the parameter pA (here, the
pressure pisintorr and A isin cm).

Expression (11), which is similar to Eq. (6) for an
ordinary plasma, can be used to find the temperature T,
in an electronegative plasma (see [1]). This expression
has been widely used when analyzing the plasmas of
electronegative gases (see, e.g., [2, 3-5, 13, 15]). How-
ever, we note that expression (11) is only applicable
when v,1,, < 1, which, in the case of oxygen, corre-
spondsto the condition pA < 0.1 cmtorr. In[26], it was
shown that the approach of [1], which is based on the
assumption that not only the electrons but aso the ions
obey a Boltzmann distribution, cannot be extended to
the higher pressure range.

At elevated pressures (pA > 0.1 cm torr), the condi-
tionv,1,, > 1issatisfied and the ionization rate is less
than the attachment rate [9, 14]. In this case, the situa-
tion substantially depends on the volume loss of nega-
tiveions. In oxygen, the inequality t,,v, > 1 meansthe
occurrence of the detachment regime; i.e., the loss of
negative ions is governed by detachment (rather than
recombination). In this case, various types of flat-top
profiles of the electron and ion densities can be estab-
lished (see[9, 14, 26] for details). Hence, from Egs. (9)
and (10) we have

ViTe/(1+0/Ng) = VT /(L+Va/vg) =1, (13)

which, with allowance for Eq. (8a), gives asimple ana-
lytic estimate for the temperature Tg:

T, = €/[2In(182pA) —In(1 + v, /vy)]

(14)
=¢,/(2In(182pA)),
where pressure pisintorr and A isincm.
TECHNICAL PHYSICS Vol. 48 No.8 2003
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The results of calculating T, by formulas (12) and
(14) are also presented in Table 2. These simple expres-
sions are seen to agree well with both the EEDF tail
temperature T, obtained by the kinetic model and the
average electron temperature T obtained by fluid sim-
ulations.

From the kinetic equation for the temperature of the
high-energy part of the EEDF, we have the simple esti-

mate
Ty = /Zvj/DE,
i

where Dg = 2(eEAN)?V/3 is the energy diffusion coeffi-
cientinan electricfield (see, e.g., [8] for details). Since
it is the electric field that delivers energy to electrons,
the temperature T, and, consequently, the ionization
frequency v; are governed by the heating electric field,
which is either the longitudinal field (in the positive
column under study) or the averaged high-frequency
field [EgL(in rf and microwave discharges). For this
reason, when analyzing the EEDF (see, e.g., [27]) or
developing user’'s software for computing the EEDF
(see, eg., [19]), the electric field is usually assumed to
be given. However, in any problem of plasma physics,
neither fields nor particle motion can be treated as
given, because the fields are specified not only by the
external conditions, but also by the charged particle
motion, which, inturn, isgoverned by thefields. Hence,
all the problems are self-consistent: the plasma allows
only those fields in the discharge volume that are
required for this plasmato exist. The ionization rate is
specified by the EEDF shape (the T, temperature),
which is determined by the fieldsin the plasma. On the
other hand, it is necessary that the production of the
charged particles balances their losses, which depend
mainly on the discharge geometry and the pressure
(p\). As a result, the heating field, which can be
obtained from expression (15) using the temperature T
deduced from Egs. (6)—14), is also governed by the
parameter p/\ [10]. We note in this context that the spa-
tial distribution of the self-consistent fields in the
plasmavolumeis not known a priori and, in contrast to
the case of the positive column of adc discharge, which
has been considered in this study, the problem of deter-
mining the field profiles in the plasmas of various dis-
charges (ECR, ICP, SW, etc.) is a difficult problem by
itself. In such discharges, attemptsto find T, asafunc-
tion of the average effective heating field [(E4[viarela
tions similar to expression (15) are very laborious and
lead to rather sophisticated expressionsthat are difficult
to handle (see, e.g., [28]).

Let us now consider the reasons why the mean elec-
tron energy €, = 3T4/2, which was obtained in fluid

simulationsfrom the energy balance equation for all the
electrons, turned out to be close to the temperature Ty
of the high-energy part of the EEDF, rather than to the

(15
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mean energy of the electron gas €, = 3TJ/2. Ananalysis

of the energy balance equation for al the electrons
shows that, for an oxygen dc discharge, the most effi-
cient channels of energy losses are the reactions of dis-
sociative excitation of the high-lying electronic states
of an oxygen molecule with energy thresholds of 7—
10eV (g; = 10 eV) and ionization (g; = 12 V). Since
the efficiency of these processes is determined by the
high-energy part of the EEDF, then, for a Maxwellian
EEDF, we have T = T4. We note that, for steady-state
low-pressure discharges, both the electron energy bal-
ance and ionization are almost aways (especidly in
atomic gases) determined by the processes with high
thresholds. Hence, the results obtained in this study
apply to al these cases. If the energy balance is deter-
mined by elastic processes or inelastic processes with
low thresholds (quasi-€lastic processes), then the situa-
tion changesinsignificantly. Inthis case, only the shape
of the low-energy part of the EEDF changes, whereas
the high-energy part of the EEDF and its temperature
T« are again governed by the balance between ioniza-
tion and diffusion losses (see Egs. (6)—(14)). The
energy balance equation, as well as calculations by the
fluid model, give the temperature Ty, of the low-energy
part of the EEDF, and the dc (or rf) discharge current is
expressed in terms of the specific power W deposited in
the discharge (or the longitudina electric field in the
case of adc discharge). Such a situation occurs, in par-
ticular, in gases in which the energy loss due to vibra-
tiona excitation is dominant (e.g., in nitrogen, carbon
oxide, etc.), provided that the gas pressure is not too
low. Particular features of such discharges can easily be
taken into account by applying the 2T fluid model pro-
posed here.

The increase in the degree of ionization caused by
an increase in the discharge current (an increase in the
specific power W deposited in the discharge) leads to
the Maxwellianization of the EEDF due to electron—
electron collisions. According to Egs. (6)—(14), with
given external conditions and given ionization and 10ss
mechanisms, the temperature T, of the high-energy part
of the EEDF remains ailmost unchanged. Therefore, as
the electron—electron collision frequency increases, the
temperature T, of the low-energy part of the EEDF
changes and approaches the constant temperature T of
the EEDF tail. This process is accompanied by a
decrease in D¢ (and, consequently, in the electric field).
In other words, the paradigm of the problem changes
radically because, in the literature, the change of the
EEDF with increasing electron density at a constant
electricfield isusually considered; in this case, both the
body and the tail of the distribution function vary with
increasing degree of ionization. However, according to
[10] and the above analysis, in a steady-state discharge
occupying a fixed volume, the temperature T, of the
high-energy part of the EEDF remains nearly constant.
For this reason, the increase in the electron—electron
collision frequency with increasing deposited power



994

(current) leads to a change of only the low-energy part
of the EEDF,; i.e., the temperature T, of the low-energy
part of the EEDF approaches the constant temperature
T of the EEDF tail.

In al the discharges, as the degree of ionization and
the electron—electron collision frequency increase fur-
ther (n.Tve > W), the EEDF becomes Maxwellian with
a single temperature that coincides with the tempera-
ture of fast electrons and depends only on pA.

Thus, using commercial CFDRC software
(http:/iwww.cfdrc.com/~cfdplasma), we compared the
kinetic and fluid approaches to modeling the plasma of
the positive column of a dc oxygen discharge. It is
shown that for both local and nonlocal regimes of
EEDF formation, the non-Maxwellian EEDF can be
adequately approximated by two groups of electrons.
The condition of steady-state discharge operation
allows one to determine the temperature T of the fast
electrons as an eigenvalue of the problem. For a given
gas species, thistemperature isafunction of the param-
eter pAA and weakly (logarithmically) depends on the
external conditions. The energy balance for the entire
el ectron gas does not alow oneto find the characteristic
temperatures that are of practical interest. To calculate
the parameters of a gas-discharge plasma, we propose
the 2T fluid model, which alows one to incorporate the
main characteristics of a nonequilibrium and nonlocal
EEDF into the conventional fluid model.
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