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We use a global model (volume averaged) to study plasma discharges in molecular oxygen gas in the 1-100
mTorr pressure range. This model determines densities of positive ions O+

2 and O+, negative ion O−, electrons,
ground state O2 and O atoms, and metastables O2(a1∆g) and O(1D), and electron temperature as function of
gas pressure and input power, for a cylindrical discharge. We apply the model to O2 discharges and the results
are compared to a particle-in-cell simulation (PIC), experimental data and a volume-averaged global model de-
veloped at the University of California at Berkeley. We find that the total positive ion density increases with
pressure at low pressures (up to approximately 30 mTorr), and decreases at higher pressures. The electronega-
tivity decreases with increased power and increased pressure as predicted by the global models presented in the
literature. The predictions for electron temperature are also in agreement with these models. However, there is
a discrepancy betweeen these global models and PIC simulations and experimental data, for 20 and 40 mTorr
cases, concerning electronegativity calculations. PIC simulations yield much higher electronegativities. There
are strong indications that this is due to the assumption of Maxwellian electron energy distribution functions in
the global model, while in the PIC simulations this is clearly not the case.

Keywords: Global model; Low pressure oxygen discharges; Particle-in-cell simulation

I. INTRODUCTION

Oxygen discharges have been applied to numerous appli-
cations in plasma processing such as ashing of photoresist,
removing polymer films and oxidation or deposition of thin
film oxides. Several models have been proposed in order to
study these discharges. A macroscopic model of parallel-
plate RF oxygen discharge was made by Misium [1] and ap-
plied to low-pressure O2 plasmas. Lichtenberg, Vahedi and
Lieberman [2] developed a macroscopic analytical model for
electronegative plasma discharges comparing the results with
particle-in-cell simulations. Lee, Graves, Lieberman and Hess
[3] studied the gas-phase kinetics and plasma chemistry of
high density oxygen discharges in the low and high pressure
regimes in cylindrical geometry. A global model of high-
density plasmas discharges in molecular gases using an induc-
tive cylindrical discharge was proposed by Lee and Lieberman
[4], showing that for molecular gases, the electron tempera-
ture is no longer only a function of pressure and the reactor
geometry, but also strongly depends on the plasma composi-
tion. Shibata, Nakano and Makabe [5] investigated the space-
time structure of O2RF discharges by using the relaxation con-
tinuum model. They showed that atomic oxygen, formed by
dissociative electron impact in O2, plays an important role in
the RF structure through the detachment process. The effect
of the electrode material was taken into account by the same
authors in reference [6].

In this article, we examine a volume-averaged (global)
model of the plasma chemistry of O2 gas and compare this
model to the particle-in-cell simulation (PIC) [7], the global
model developed by Lieberman’s group at the University
of California at Berkeley [2-4,8,9,10-13] and experimental
data [14]. PIC simulation presents some advantages over a

volume-averaged model. While the global model assumes a
Maxwellian distribution function for the particles in order to
calculate the rate coefficients, the PIC model calculates these
distributions, which are not exactly Maxwellian. From PIC,
we can obtain the pressure-dependent profiles of each species.
However, the PIC simulations take a very long time to run, es-
pecially for molecular gases and higher pressure cases (>100
mTorr), because it requires many particles to obtain sufficient
statistics. As a consequence, much more information can be
obtained. Despite the assumptions of the global model, in-
cluding a Maxwellian distribution function for electrons and
spatial uniformity of the density profiles with the pressure, it
can give an indication of how one parameter depends on an-
other and which reactions among the species are important.

II. THE GLOBAL MODEL

We assume a cylindrical chamber of radius R and length
L. A steady flow Q of neutral species is introduced through
the inlet. The power is assumed to be deposited uniformly
into the plasma bulk. We are using a simplified global model
described in reference [4]. The assumptions are listed below.

All densities are assumed to be volume averaged;
A maxwellian electron energy distribution function is as-

sumed;
The discharge gas and ion temperatures are assumed to be

constant, at 600 K, irrespective of the discharge conditions;
For an electronegative discharge, the electron density ne is

assumed to be uniform throughout the discharge except near
the sheath edge. The negative-ion density n−is assumed to be
parabolic, dropping to zero at the sheath edge, the positive-
ion density is n+ = ne+ n−, with n+=ne=n+s at the sheath
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edge. An appropriate interpolation between electroposive and
electronegative profiles is used, as described in reference [4].

We have considered the set of the reactions shown in ta-
ble I, which includes the neutral species O2, O, the positive
ions O+

2 and O+, the negative ion O− and the metastables
O2(a1∆g) and O(1D). The rate coefficients are in references
[2,3,4,8,9,10]. We followed reference [11] to decide which re-
actions would be important to include in this model. The den-
sity of the metastable singlet delta state O2(a1∆g) is roughly
2-11% of the total O2 density in the pressure range of 1-100
mTorr. This state is mainly created by electron impact excita-
tion and lost by electron impact dissociation.

Table II shows the wall reactions and the rate coefficients.
For low pressure discharges, surface reactions can play an im-
portant role in the plasma chemistry. Ion neutralization and
neutral surface recombination reactions are both possible. For
high pressures, the importance of surface reactions decreases
and volume recombination becomes the dominant loss mech-

anism for charged species. For wall sticking coefficients γ we
use the values from reference [9]. In this Table uB,i is the
Bohm velocity for the ith species (i=O+and O+

2 ) and hLiand
hRi are defined below. Dα is the diffusion coefficient for neu-
tral species, given by Dα= eTgλα/(vαMα), where λα is the
mean free path and vα=(8eTg/(πMα) is the mean velocity. Λ0
is the effective diffusion length.

The rate of generation and annihilation of each species
is determined by the plasma chemistry. For each neutral
and charged species, a particle balance equation is generated
which accounts for all dominant generation and destruction
processes and diffusion losses to the wall. Steady state parti-
cle balance equations are written for O2, O, O(1D), O2 (a1∆g),
O+

2 , O+ and O−. The general form of the particle balance
equations is flow in + rate of generation = rate of annihilation
+ pumping loss – as shown in equations (1) to (4).

The particle balance equations for neutral species are given
by :

dnO2

dt
=

Source
Volume

+K17nO nO+
2
+K21nO+

2
+

1
2
(K22nO+K29nO(1D))+K23nO nO+K28nO2(a1∆g)−

(
K7nenO2 +K9nenO2 +

14

∑
c=11

KcnenO2 +(K31 +K32)nenO2 +K35nO+nO2 + kpnO2

)
(1)

dnO2(a1∆g)

dt
= K7nenO2 +K39nO+

2
nO(1D)−

(
26

∑
c=24

Kcne +K28

)
nO2(a1∆g)− kpnO2(a1∆g) (2)

dn
O(1D)
dt =(K12+2K13)nenO2+

(
K25nO2(a1∆g)+K27nO+

2

)
ne−(K29+K33ne+K37nO2+K38nO+

+K39nO+
2
+kp)nO(1D)

(3)

dnO
dt = (K9nO2 +2K11nO2 +K12nO2 +2K15nO+

2
+K16nO− +2K24nO2(a1∆g) +K25nO2(a1∆g) +K26nO2(a1∆g)+

K27nO+
2
)ne +K17nO−nO+

2
+K32nenO2 +(2K34nO− +K35nO2 +K36)nO+ +(K37nO2 +2K38nO +K39nO+

2
)nO(1D)−

−(K22 +K23nO− +K30ne +K38nO(1D) + kp)nO

(4)

The flow through the reactor has been characterized by a
nominal residence time τ. This residence time, and the pump-
ing rate kp = 1/τ, has been determined from the flow-rate,
pressure, and the reactor volume. The O2 “Source” term in
equation (1) is calculated as follows: 4.4836x1017 x Q in units
of molecules/s, where Q is the flow rate in cubic centimeters
per minute at STP.

For our model, we consider the production of the O+
2 ion

only through electron-neutral collisions. We consider O− as
the only negative ion species in the plasma and further we
assume that no negative ions are lost to the walls. The justifi-
cation for this assumption is that the negative ions are essen-
tially trapped in the bulk plasma because of the high positive
potential of the plasma with respect to the chamber walls. The
particle balances for O+

2 , O− and O+are written as

dnO+
2

dt
= K14nenO2+K35nO+nO2−

(
K15ne+K17nO +K21+K27ne+K39nO(1D)

)
nO+

2
(5)
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TABLE I: Reaction set considered in the oxygen model with and without threshold energies.
Reactions Threshold

energy
(eV)

Rate Coefficients
(m3s−1)

1. e− + O2 → e− + O2 k1=4.70×10−14Te0.5

2. e−+ O2 → e− + O2(r) 0.02 k2= 1.87×10−17exp(-2.9055/Te)
3. e− + O2 → e− + O2(v=1) 0.19 k3= 2.80×10−15exp(-3.72/Te)
4. e− + O2 → e− + O2(v=2) 0.38 k4= 1.28×10−15exp(-3.67/Te)
5. e− + O2 → e− + O2(v=3) 0.57 k5= 5.00×10−16exp(-3.6/Te)
6. e− + O2 → e− + O2(v=3) 0.75 k6= 2.00×10−16exp(-3.5/Te)
7 .e− + O2 → e− + O2(a1 ∆g) 0.98 k7= 1.37×10−15exp(-2.14/Te)
9. e− + O2 → O(3P) + O− 4.2 k9= 8.80×10−17exp(-4.4/Te)
11. e− + O2 → e− + O(3P) + O(3P) 6.0 k11= 6.86×10−15exp(-6.29/Te)
12. e− + O2 → e− + O(3P) + O(1D) 8.4 k12= 1.80×10−13exp(-18.33/Te)
13. e− + O2 → e− + O(1D) + O(1D) 9.97 k13= 1.44×10−16exp(-17.25/Te)
14. e− + O2 → e− + O+

2 + e− 12.06 k14= 2.34×10−15Te1.03exp(-12.29/Te)
15. e− + O+

2 → O(3P) + O(3P) 1.0×10−2 k15= 2.20×10−14Te−0.5

16. e− + O− → e− + O(3P) + e− 1.465 k16= 5.47×10−14Te0.324exp(-2.98/Te)
17. O− + O+

2 → O(3P) + O2 k17=2.6×10−14(300/TgK)0.44

18. O− + O2 → O− + O2 k18=2.0×10−16(300/TgK)0.5

19 O+
2 + O2 → O2 + O+

2 k19=3.95×10−16(300/TgK)0.5

20. O(3P) + O2 → O(3P) + O2 k20=2×10−16(300/TgK)0.5

23. O− + O(3P) → e− + O2 k23=1.6×10−16(300/TgK)0.5

24. e− + O2 (a1∆g) → e− + O(3P)+O(3P) 5.023 k24= 6.96×10−15exp(-5.31/Te)
25. e− + O2 (a1∆g) → e− + O(3P)+O(1D) 7.423 k25= 3.49×10−14exp(-4.94/Te)
26. e− + O2(a1∆g) → O− + O(3P) 3.64 k26= 4.19×10−15Te−1.376exp(-5.19/Te)
27. e− + O2+→ O(3P) + O(1D) 3.6 k27= 2.20×10−14Te−0.5

30. e− + O → 2e− + O+ 13.06 k30=9.00×10−15Te0.7exp(-13.6/Te)
31. e− + O2 → e− + O+ + O− 17.0 k31=7.10×10−17Te0.5exp(-17/Te)
32. e− + O2 → 2e− + O+ + O(3P) 16.81 k32=1.88×10−16Te1.699exp(-16.81/Te)
33. e− + O(1D) → 2e− + O+ 11.6 k33= 9.00×10−15Te0.7exp(-11.6/Te)
34. O− + O+ → 2O(3P) k34= 4.0×10−14(300/TgK)0.43

35. O+ + O2 → O(3P) + O+
2 k35=2.0×10−17(300/TgK)0.5

37. O(1D) + O2 → O(3P) + O2 k37=2.56×10−17exp(67/TgK)
38. O(1D) + O(3P) → 2O(3P) k38= 8.0×10−18

39. O+
2 + O(1D) → O2(a1∆g) + O(3P) k39= 1.0×10−18

TABLE II: Wall reactions and rate coefficients.
Wall Reactions Rate Coefficients (s−1)
21. O+

2 → O2 k21 = 2uB,O+
2

(
R2hL +RLhR

)
/
(
R2L

)

22. O → 1/2O2 k22 =
[
Λ2

0
/

DO +2V (2− γO)
/
(AνOγO)

]−1 ; γO = 0.17

28. O2 (a1∆g) → O2 k28 =
[
Λ2

0/DO2(a1∆g) +2V (2− γO2(a1∆g))/AνO2(a1∆g)γO2(a1∆g)

]−1
; γO2(a1∆g) = 0.007

29. O(1D) → 1/2 O2 k29 =
[
Λ2

0/DO(1D) +2V (2− γO(1D))/AνO(1D)γO(1D)

]−1
; γO(1D) = 0.17

36. O+ → O k36 = 2uB,O+
(
R2hL +RLhR

)
/
(
R2L

)

dnO

dt
= K9nenO2 +K26nenO2(a1∆g) +K31nenO2 −

(
K16ne +K17nO+

2
+K23nO +K34nO+

)
nO (6)

dnO+

dt
= K30nenO +(K31 +K32)nenO2 +K33nenO(1D)− (K34nO +K35nO2 +K36)nO+ (7)

Since the bulk of the plasma is essentially neutral, we have

dne

dt
=

dnO+
2

dt
+

dnO+

dt
− dnO−

dt
(8)
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The power balance equation, which equates the change in
electron thermal energy to the absorbed power Pabs minus
power losses due to elastic and inelastic collisions:

d
dt

(
3neKTe

2

)
=

1
V

(Pabs−Plost) (9)

where V is the volume of the discharge, and Pabs can be writ-
ten as

Pabs =
r

∑
i=1

Piw,i +Pev +Pew (10)

where r is the number of positive ion species generated in the
system, i.e., for O2, r=2, for generation of both O+

2 and O+.
Pev is the electron energy loss due to to all electron-neutral
collision processes in the volume, Pew is the electron energy
loss to the walls and Piw is the ion energy loss to the walls.
The total power lost in the volume is

Pev = eneV
r

∑
i=1

νiz,iEL,i (11)

where νiz,iis the total ionization frequency for production of
ith ion (i=O+

2 and O+) and EL,i is the total energy lost by colli-
sion processes in the volume. Equation (11) can be put in the
form, as in reference [4]

Pabs =
r

∑
i=1

eni (Ae f f ,iET,iuB,i + krec,inO−EL,iV ) (12)

where uB,i(i = O+
2 and O+) is the Bohm velocity given in a

more general form uB,i = (eTe(1 + α)/(mi(1 + αγ)))1/2, α =
n−/ne and γ = Te/Ti.Krec,i are the rate coefficients for ion -
ion recombination (k17 and k34) and V is the volume of the
reactor. Ae f f ,i is the effective area for ion loss, which is given
as

Ae f f ,i =
nis,i

ni,i

∣∣∣∣
axial

2πR2 +
nis,i

ni,i

∣∣∣∣
radial

2πRL (13)

The expression for the ratio of the sheath edge density nis
to the bulk average density ni is the same as used in reference
[4], which is given by

hL,i =
nis,i

ni,i

∣∣∣∣
axial

=

(
1+ 3α

γ

)

(1+α)
0.86(

3+ L
2λi

+
(

0.86LuB,i
πγDa,i

)2
)0.5

(14)
and

hR,i =
nis,i

ni,i

∣∣∣∣
radial

=

(
1+ 3α

γ

)

(1+α)
0.8(

4+ R
λi

+
(

0.8RuB,i
2.405J1(2.405)γDa,i

)2
)0.5

(15)

J1 is the cylindrical Bessel function and Da,i is the ambipolar
diffusion coefficient for species i. For the volume averaged
discharge

Da,i ≈ Di
1+ γ+2γα

1+ γα
(16)

where Di = eTi/(miνi), where νi is the total momentum trans-
fer collision frequency.

The energy ET,i = Eiw + Eew + EL,i, where Eiw = 3Te [4],
which is the ion kinetic energy lost per ion lost to the walls and
Eew = 2Te [4] is the electron kinetic energy lost per electron
lost to the walls. EL,i is the collisional energy lost due to all
electron-neutral collision processes in the volume, defined as

EL,i =
1

νiz,i

Ns,i

∑
j=1

(
νiz,i jEiz,i j +

Nall, j

∑
k=1

νall,k jEall,k j +νelas, j
3me

M j
Te

)

(17)
where Ns,i is the neutral species number that generates the
ith ion. For O+, Ns,i = 3 (O2, O and O(1D) and for O2+,
Ns,i = 1 (O2). We do not take into account the generation
of O+

2 from O2 (a1∆g) because this generation is lower than
this from ground state. The parameter νiz,i j is the ionization
frequency to generate the ith ion from neutral species j and
νiz,i is the total ionization frequency. The sum over k includes
all collision processes that do not produce positive ions and
Eall is the threshold energy for these processes The νelas, j is
the elastic frequency collision. For the present study the sys-
tem of first-order differential equations is allowed to reach a
steady state.

III. RESULTS AND DISCUSSIONS

We apply the global model to a cylindrical discharge in a
stainless steel chamber with radius R=2.52cm and length L=5
cm in order to compare these results to PIC simulations in ref-
erence [7]. We assume an applied power of 20, 30, 40 and 50
W, a flow rate Q=10 sccm and a neutral gas temperature of
Tg = 600 K. Since the densities of the atomic oxygen and the
metastable oxygen molecule are largely determined by their
interactions with the wall, the chamber material and geometry
have a decisive influence on the properties of the discharge.
The wall sticking coefficients for wall reactions are in refer-
ence [9] and they are shown in Table I.

Figures 1a and 1b show O−, electron, O+ and O+
2 ion den-

sity dependence on the neutral pressure for 20 W and 50 W of
applied power. One can see the same trends as those in refer-
ences [9] and [12]. For low pressure the concentration of neg-
ative ions is lower than the electron concentration. However,
at low power and high pressure, the effect of negative ions
becomes more important. The reason can be found in the re-
actions of generation and loss of these ions. The generation is
mainly through electron impact collisions with oxygen mole-
cules in the ground state and metastable state (reactions 9 and
26 from Table I). Figs. 2a and 2b show the rate coefficients
(k) and reaction rates (R), which is given by R=rate coeffi-
cient x density, related to generation of O− (i.e. R9 = k9nenO2,
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(a) (b)

FIG. 1: (a) Electron density and negative oxygen ions O−. (b) Positive ions O+
2 and O+ versus discharge pressure at 20 W and 50 W.

(a) (b)

FIG. 2: Rate coefficients (k) and reaction rates (R) for generation of O− for reactions: 9, 26 and 31. Note that k
′
s are indistinguishable for 20

and 50 W.

R26 = k26nenO2 and R31 = k31nenO2). Fig. 3 shows the same
for loss of O−. The loss terms are electron impact detachment,
ion-ion neutralization and detachment by O (reactions 16, 17,
23 and 34 from Table I), since the negatively charged species
are trapped in the plasma due to the high potential barrier at
the reactor walls. One can see from Fig. 2 that reactions 26
and 9, except for very low pressures (∼1 Torr) are dominant
for the generation of O−. At constant pressure, the negative
ion density increases slightly with decreasing power. For low
power the generation of O− is higher, because the molecu-
lar oxygen density is higher due to the lower dissociation rate
(see Fig. 5a). The loss rate of O− is also lower for low power
(see Fig. 3), since the overall positive ion density decreases
with decreasing power (see Fig. 1b) and the generation of O2
is higher than O for low power.

The behavior of the electron density as a function of gas
pressure has been discussed in references [4] and [12]. Ac-
cording to them, it has to do with the balance between the
effective loss area for positive ions and the energy loss per cre-
ated electron-ion pair (Eq. 17). The effective loss area is a de-
creasing function of pressure since the ions are better confined

at higher pressures. The energy loss factor increases with in-
creasing pressure. The positive ion density, and hence the
electron density, increases initially but decreases at a higher
pressure. Thus the energy loss factor dominates the effective
loss area at higher pressures. These trends can be verified in
Fig. 1a.

The effect of input power and pressure on the positive ion
densities (O2+ and O+) is presented in Fig. 1b. From this fig-
ure, we see that the total positive ion density increases with
increasing input power and decreasing pressure (the result is
more pronounced for O+ than O+

2 ). At a fixed pressure, the
ion density increases as more power is applied to the system.
The explanation is related to the behavior of the electron tem-
perature as is shown in Fig. 4a, which is weakly dependent
on power and decreases with increasing pressure. The elec-
tron temperature is determined by multiple particle balance
equations which are strongly coupled. Therefore, Te is a func-
tion of both input power and pressure, even though the depen-
dence on power is much weaker than the pressure dependence.
Besides, as pressure increases, the ion-ion neutralization be-
comes more important what contributes to the decrease of the
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FIG. 3: Rate coefficients (k) and reaction rates (R) for loss of O− for reactions: 16, 17, 23 and 34.

overall positive ion density at higher pressures.

Figure 4b shows the electronegativity α as a function of
neutral gas pressure. The electronegativity as predicted by the
global model described in references [9] and [12], decreased
with increasing power and increased with increasing pressure.
As shown in Fig. 1b we obtained the same trends for the stud-
ied range of powers and pressures. These trends are directly
explained from Fig. 1a.

Figures 5a and 5b show the neutral species, O2 and O, and
the metastables, O2(a1∆g) and O(1D) in the discharge. From
Fig. 5a, we can see that for low power the oxygen molecule
is the dominant neutral species. However, as power increases
oxygen molecules are dissociated and therefore the O atoms
become the dominant species. As pressure increases, the O
density decreases for a fixed power, because the reaction with
the walls (reaction 22) decreases as pressure increases. Fig. 6
shows this trend. One can see on this figure the rate coeffi-
cients (k21, k22, k28, k29 and k36) and reaction rates (R21,
R22, R28, R29 and R36), which are the rate coefficients mul-
tiplied by the density of the lost species. The generation of
O from reaction 36 decreases as pressure increases what can
also explain the behavior of the oxygen atom concentration.
As shown in reference [9], lower pressure favors the creation
of the metastable oxygen atom O(1D)(< 10 mTorr) but this
creation decreases with increasing pressure. The metastable
O2(a1∆g) increases as pressure increases as can be seen in

Fig. 5b. It has a significant role in capacitive rf discharges [6].
According to results from literature [3] in the generation and
loss reactions of O(1D), one can see that the main generation
reaction is the excitation of ground-state oxygen atoms, and
the main loss mechanism is diffusion loss to the walls at low
pressure and ionization at high pressures.

Hence, our global model presents trends which are similar
to the global model presented in the literature. A global model
which includes transitions from electropositive to electroneg-
ative regions, using profiles with non spatial uniformity has
been developed by Lieberman’s group at Berkeley [13]. They
considered different kinds of profiles for different pressures.
A result of this model is presented in Table III. It also shows
the results obtained by S. Kim et al. [14] (20 mTorr case), ex-
perimental results obtained by Stoffels et al. [15] using an RF
parallel-plate reactor and the results from the PIC simulation
[7] for 20 and 40 mTorr cases. The PIC code has used the pla-
nar one-dimensional model to study discharges between par-
allel plates at 13.56 MHz. For electronegativity, α = nO−/ne,
the average values of the densities were used. γ For our global
model αavg is the same as α. The results are compared for an
applied power of 20W.

As we can see from Table III, the results for average α
from PIC simulation and Stoffels’ experimental results are
in a reasonable agreement for 20 and 40 mTorr and 20 W
cases. However, the global model (from reference [13] and
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(a) (b)

FIG. 4: Electron temperature versus discharge pressure (a) and the electronegativity (b) as a function of pressure at 20, 30, 40 and 50 W.

(a) (b)

FIG. 5: The neutral ground state densities of molecular and atomic oxygen O2 and O (a) and metastable densities O2(a1∆g) and O(1D) versus
discharge pressure.

TABLE III: Electron temperature, average value of the electronegativity for two different simulations/models and one set of experiments, for
200W of input power.

Global Model
[this paper]

Global Model
[14]

PIC
[7]

Stoffels
[15]

Pressure
(mTorr)

20 40 20 20 40 20 40

Te(eV) 2.5 2.2 5.33 4.2 3.8
αavg 0.65 1.2 2.41 18.0 11.0 13.0 6.0

TABLE IV: Electron temperature and average value of the electronegativity comparing the global model obtained by Gudmundsson [12] and
our results, for power levels of 100, 300 and 500 W.

500 W 300 W 100 W
Global
Model

Global
Model
(12)

Global
Model

Global Model
(12)

Global
Model

Global Model
(12)

Pressure
(mTorr)

20 40 20 40 20 40 20 40 20 40 20 40

Te (eV) 2.07 1.87 2.33 2.12 2.10 1.88 2.30 2.30 2.15 1.94 2.80 2.20
αavg 0.27 0.44 0.44 0.50 0.63 0.88 0.60 0.75 2.28 3.14 1.10 4.00
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FIG. 6: The rate coefficients and reaction rates considered in this work. Note that k28 and k29 are indistinguishable for 20 and 50 W.

figure 1b) shows lower values of electronegativity. It seems
from the global model that as pressure increases the electron
density decreases [8,9,12]. It seems that the choice of realis-
tic density profiles is crucial to obtain a better estimation of
the electronegativity for low pressure cases. As shown from
PIC simulations [7], for low pressure case, the profiles are
not flat in the center of the discharge and the eedf’s are not
Maxwellian, as assumptions described in reference [12]. Ref-
erence [13] has modified the profiles, but still considered the
eedf Maxwellian. A comparison between the curves for elec-
tron density (ne), obtained by Stoffes [15] and obtained by
Kim [13], shows different behaviors for them. While the ex-
perimental results show an ascendant curve up to ∼ 60 mTorr
and with low values of ne for 10,20 mTorr, the global model
shows few variations of ne for these pressures. The behavior
of electron density with pressure depends on the balance be-
tween the effective loss area for positive ions and the energy
lost by electrons due to the collisions. They depend strongly
on the choice of the density profiles and the eedf, which is
used to calculate the rate coefficients. It seems at least for low
pressures cases, an eedf non-Mawelliana could be used in the
improved global model [13].

Table IV shows a comparison between the global model ob-
tained by Gudmundsson [12] and our results, for R=15.2cm,
L=7.6 cm and Q=50 sccm for 100, 300 and 500W of absorbed
power. Our global model is similar to that of Lee and Lieber-

man [3]. Gudmundsson [12] has made some improvements
including more reactions and self-consistent calculations of
the plasma potential.

From Table IV we can see relatively good agreement be-
tween the results. The electronegativity obtained by Gud-
mundsson [12] is in good agreement for 300 W, less for 500
W and 100 W. The electron temperature in general is quite
comparable. As we are considering different set of reactions
we expect to find only the same trends when we compare both
models. These results show how it is important to use a ki-
netic method such as PIC, which presents realistic profiles
and can represent a non-Maxwellian electron energy distribu-
tion function, if one wants to obtain good quantitative results.
However, the PIC method takes quite a long time to run, espe-
cially for pressures higher than 100 mTorr. For a 1GHz clock
computer, it takes more than 15 days to run a 200 mTorr case
considering the set of reactions presented in reference [7]. The
global model is much faster; it takes a few minutes to reach the
steady state. However, the general trends of most physical pa-
rameters can be adequately predicted by the global model pre-
sented in this paper. It also indicates which physical-chemical
reactions may be neglected, very important data for reduc-
ing the computational load for more complete models such as
PIC.
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IV. CONCLUSIONS

A volume-averaged global model of electronegative oxy-
gen discharges was developed. The model uses a power bal-
ance equation to account for energy deposited into the plasma
and lost via collisions and particle flux. The particle densi-
ties are modeled via rate equations estimated from collision
cross sections assuming Maxwellian electron energy distribu-
tion functions. Our results have the same trends as the ones
obtained through simulations with a similar global model. We
also looked at the results from an improved global model, ex-
perimental results and a PIC simulation and all these show that
the presented model yields the correct trends and relatively
good quantitative results. Hence it may give good indications
for which reactions should be included and which may be ne-
glected when performing other – e.g. PIC – simulations. We
also notice that the global models do not yield good agreement
when compared to PIC simulation and experimental data, for

the studied cases. This may be due to the choice of density
profiles which do not agree well with experimental data. How-
ever, the improved global model [13] modified these profiles
and we notice despite this the PIC simulation and experimen-
tal data still do not agree with the results of reference [14]. It
seems that to calculate the proper rate coefficients it is nec-
essary to use the non-Maxwellian electron energy distribution
function, at least for the low pressure cases. In spite of this
the global models can still get many trends right at low pres-
sures, although the quantitative agreement with experiments
and more complete simulations is worse at low pressures.
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