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Abstract
We use a global (volume averaged) model to study the presence of negative
ions and metastable species in low-pressure high-density oxygen discharges.
We find the negative oxygen ion O− to be the dominant negative ion in the
discharge, the density of the negative ion O−

2 to be small and the density of
the negative ion O−

3 to be negligible in the pressure range of interest,
1–100 mTorr. Dissociative attachment of the oxygen molecule in the
ground-state O2(

3�−
g ) and the metastable oxygen molecule O2(a

1�g) are
the dominating channels for the creation of the negative oxygen ion O−. At
low pressure (<5 mTorr) recombination involving O− and O+ ions is the
main loss channel for O− ions. At higher pressure, the detachment on O(3P)
becomes the main loss channel for the O− ion. The creation of O−

2 is mainly
through dissociative attachment of ozone O3. Ozone is almost entirely
created through detachment by the collision of O− with the metastable
oxygen molecule O2(a

1�g). The creation of O−
2 is thus greatly influenced

by this detachment process and neglecting the detachment has a significant
influence on the density of O−

2 ions. At low pressure (<10 mTorr) the O−
2

ion is mainly lost through recombination while at higher pressure the charge
transfer to form O2 is the dominating loss process.

1. Introduction

Oxygen discharges have been applied in plasma processing
for decades with applications such as ashing of photoresist
[1], removing polymer films and oxidation or deposition
of thin-film oxides [2, 3]. Early on, oxygen discharges
were successfully produced in capacitive radio frequency (rf)
discharges [1, 4]. More recently, low-pressure high-density
discharges have been developed and oxygen plasma has been
produced in electron cyclotron discharges [2, 5], inductively
coupled discharges [6–8] and helicon wave discharges [9,10].
Oxygen is a simple diatomic gas that has been particularly
well studied. However, even in a relatively simple oxygen
discharge a number of species can be formed. Fortunately
there exists a data set for oxygen including rate coefficients
for many of the relevant reactions [11–13], but many of the
cross sections for binary processes among these species have

3 Present address: Cypress Semiconductor, 3901 North First Street, San Jose,
CA 95134, USA.
4 Present address: PDF Solutions, 333 West San Carlos Street, Suite 700,
San Jose, CA 95110, USA.

not been carefully measured or calculated [13]. Oxygen
discharges are weakly electronegative and the negative ions
(O−, O−

2 , O−
3 ) are expected to contribute significantly to the

overall charge balance in oxygen plasma. The presence of
negative ions alters the overall discharge phenomena with
additional volume recombination loss and a particular spatial
distribution of the negative ions which affects the ion flux
loss to the wall [14, 15]. Stoffels et al [16] investigated the
ion concentration of an oxygen discharge in a conventional
parallel plate reactor by microwave resonance combined with
laser-induced photodetachment. They found O− to be the
dominant negative ion; however, a significant fraction (∼10%)
of O−

2 and O−
3 ions was present in the plasma. Furthermore,

Amemiya et al [4] estimate the density of O−
2 ions to be

comparable to that of O− ions and the density of O−
3 ions to

be negligible at pressures below 150 mTorr in a parallel plate
reactor. The metastable molecule O2(a

1�g) is suggested to
play significant role in capacitive rf discharges in the pressure
range 0.005–0.1 Torr [16–19]. Detachment by collisions of
ions with the metastable molecule O2(a

1�g) and oxygen atoms
O(3P) is suggested to be a significant loss process for the
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negative oxygen ions [19–21].
The volume averaged global model for high-density

discharges was developed by Lieberman and Gottscho [22]
for noble gases and extended to molecular gases by Lee et al
[23, 24]. A more elaborate volume averaged global model
of O2 and Ar/O2 mixture has been developed and compared
to Langmuir probe and mass spectrometer measurements
[25, 26]. The main idea of a global model is to neglect the
complexity which arises when spatial variations are considered
and to generate a model that encompasses a large number of
reactions in order to model a processing plasma with a limited
computing power. Thus, the model does not describe spatial
distribution but captures scalings of plasma parameters with
control parameters. We apply a global (volume averaged)
model, described elsewhere [27], to investigate the role of
negative ions and metastable atoms and molecules in a high-
density oxygen discharge. For this investigation, the number of
species and reactions is increased significantly. Furthermore,
the formulation for the normalized axial edge densities is
revised to account for electronegative discharge and multiple
positive ion species. The model allows us to investigate various
phenomena, such as the effects of excited species, negative ions
and particular reactions on the overall discharge. In an earlier
publication [28] we investigated the effect of detachment on
the low-pressure oxygen discharge. In this work we investigate
which reactions are significant in the creation and destruction
of negative ions in a low-pressure oxygen discharge. It should
be emphasized that the global model is not meant to apply at
high pressures where the assumption of uniform Maxwellian
electron energy distribution breaks down. It is most commonly
used for low-pressure high-density discharges, in the range
1–20 mTorr for typical powers and discharge dimensions.

2. The global (volume averaged) 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 content of the chamber is assumed to be
nearly spatially uniform and the power is deposited uniformly
into the plasma bulk. We assume eleven species in the
oxygen discharge, electrons, molecular oxygen in ground-state
O2(

3�−
g ), metastable molecular oxygen O2(a

1�g), atomic
oxygen in ground-state O(3P), metastable atomic oxygen
O(1D), ozone O3, the positive ions O+ and O+

2 and the negative
ions O−, O−

2 and O−
3 . Electrons are assumed to have a

Maxwellian energy distribution in the range 1–7 eV. The
reactions and rate coefficients assumed in the model are listed
in table 1. The plasma chemistry is described by a set of
first-order differential equations [23, 27]. For each species a
continuity equation describes the creation and the volumetric
and surface reactions and losses. For the present study the
system of first-order differential equations is allowed to reach
a steady state. In addition, the charged particle species must
satisfy the quasi-neutrality condition given by

nO+
2

+ nO+ = ne + nO− + nO−
2

+ nO−
3

(1)

where nO+
2

is the density of O+
2 ions, nO+ is the density of O+

ions, ne is the density of electrons, nO− is the density of the
negative ion O−, nO−

2
is the density of the negative ion O−

2 and
nO−

3
is the density of the negative ion O−

3 .

The power balance equation, which equates the absorbed
powerPabs to power losses due to elastic and inelastic collisions
and losses due to charged particle flow to walls, is given as

Pabs

V
= − eE (O2)

c k1nO2ne − k51e (Ee + Ei ) nO+
2

(2)

− eE (O)c k4nOne − k50e (Ee + Ei ) nO+

where E (X)c is the energy loss per electron–ion pair created for
the neutral X, defined as [22]

Ec = Eiz +
∑
i

Eex,i
kex,i

kiz
+
kel

kiz

3me

mi

Te (3)

where Eiz is the ionization energy, Eex,i is the energy for the
ith excitation process, kiz is the ionization rate constant, kex,i

is the rate constant for the ith excited state and kel is the
elastic scattering rate constant. The collisional loss E (O

+
2 )

c

is the energy lost per electron–O+
2 ion pair created. E (O+)

c

is the energy loss per electron–O+ ion pair created. The
collisional loss is calculated using the excitation rate constants
for atomic and molecular oxygen that were calculated by
integrating the excitation cross sections over an assumed
Maxwellian electron energy distribution and fitted over an
electron temperature range of 1–7 eV, and are listed elsewhere
[26]. The estimated uncertainty of the excitation cross-section
data is about 25–50%. The plasma potential Vpl is calculated
self-consistently by equating the flux of positive species to
that of negative species [25, 26]. A detailed description of the
numerical procedure is given elsewhere [27].

For neutral species, the main sources of O2 are the
recombination of oxygen atoms on the chamber walls and the
flow of O2 molecules into the reactor, while for the creation of
O atoms the dissociation of O2 dominates. The oxygen atoms
are mainly lost by recombination of O atoms at the chamber
walls. Negative ions are trapped within the discharge by the
positive potential of the plasma with respect to all wall surfaces
and are assumed to be lost only by recombination with positive
ions and detachment in the volume. Negatively charged
oxygen ions, O−, play an important role in oxygen discharges.
In oxygen plasmas at low gas pressures (<100 mTorr) the O−

ions are mainly produced by dissociative attachment from the
ground-state molecule O2(X

3�+
g ) and the metastable oxygen

molecule O2(a
1�g). The cross section for the dissociative

electron attachment from the ground-state oxygen molecule
O2(X3�+

g ) has a threshold energy of 4.7 eV and a peak value
at 6.7 eV [29]. For the lowest electronically excited metastable
state of the oxygen molecule O2(a

1�g) the threshold is shifted
to lower energy by 0.98 eV which is equal to the potential
energy difference between the two molecules and the peak
value of the cross section is a factor of 3.5 larger for the
metastable state [30].

The diffusional losses of atomic oxygen O(3P), the
metastable oxygen atoms O(1D) and metastable oxygen
molecules O2(a

1�g) to the reactor walls are estimated by
an effective loss-rate coefficient. The effective loss-rate
coefficient for atomic oxygen is given by [31]

kdl =
[
�2

O

DO
+

2V (2 − γO)

AvOγO

]−1

(4)
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Table 1. The reaction set for oxygen. The rate coefficients for electron impact collisions were calculated assuming Maxwellian electron
energy distribution and fitted over an electron temperature range 1–7 eV.

Reaction Rate coefficient Reference

e + O2 −→ O+
2 + 2e k1 = 9 × 10−16T 2

e exp(−12.6/Te) m3 s−1 [23]

e + O+
2 −→ O(3P) + O(3P) k2 = 2.2 × 10−13 m3 s−1 [11]

e + O2 −→ O(3P) + O− k3 = 8.8 × 10−17 exp (−4.4/Te) m3 s−1 [46]

e + O(3P) −→ O+ + 2e k4 = 9.0 × 10−15T 0.7
e exp(−13.6/Te) m3 s−1 [46]

O−+ O+
2 −→ O(3P) + O2 k5 = 1.5 × 10−13(300/Tg)

1/2 m3 s−1 [23]

O−+ O+ −→ O(3P) + O(3P) k6 = 2.7 × 10−13(300/Tg)
1/2 m3 s−1 [11]

e + O− −→ O(3P) + 2e k7 = 1.1 × 10−13 exp(−3.58/Te) m3 s−1 [47]

e + O2 −→ O(3P)+O(3P) + e k8 = 7.1 × 10−15 exp(−8.6/Te) m3 s−1 [11]

O(3P) + O− −→ O2 + e k9 = 3.0 × 10−16(300/Tg)
1/2 m3 s−1 [46]

e + O2 −→ O− + O+ + e k10 = 7.1 × 10−17T 0.5
e exp(−17/Te) m3 s−1 [46]

e + O2 −→ O(3P) + O+ + 2e k11 = 5.3 × 10−16T 0.9
e exp(−20/Te) m3 s−1 [46]

O+ + O2 −→ O(3P) + O+
2 k12 = 2 × 10−17(300/Tg)

1/2 m3 s−1 [11]

e + O2 −→ O(3P) + O(1D) + e k13 = 1.8 × 10−13 exp(−18.33/Te) m3 s−1 [11]

e + O(3P) −→ O(1D) + e k14 = 4.5 × 10−15 exp(−2.29/Te) m3 s−1 [23]

O(1D) + O2 −→ O(3P) + O2 k15 = 3.0 × 10−17 m3 s−1 [11]

O(1D) + O(3P) −→ 2O(3P) k16 = 8.1 × 10−18 m3 s−1 [23]

e + O(1D) −→ O+ + 2e k17 = 9 × 10−15T 0.7
e exp(−11.6/Te) m3 s−1 [23]

e + O2 −→ O2(a
1�g) + e k18 = 1.7 × 10−15 exp(−3.1/Te) m3 s−1 [46]

e + O2(a
1�g) −→ O+

2 + 2e k19 = 9.0 × 10−16T 2
e exp(−11.6/Te) m3 s−1 [46]

e + O2(a
1�g) −→ O− + O k20 = 2.28 × 10−16 exp(−2.29/Te) m3 s−1 [30]

e + O2(a
1�g) −→ O2 + e k21 = 5.6 × 10−15 exp(−2.2/Te) m3 s−1 [46]

e + O2(a
1�g) −→ 2O + e k22 = 4.2 × 10−15 exp(−4.6/Te) m3 s−1 [46]

O− + O2(a
1�g) −→ O−

2 + O(3P) k23 = 1.1 × 10−17(300/Tg)
1/2 m3 s−1 [41]

O−
2 + O+

2 −→ O2 k24 = 2.0 × 10−13(300/Tg)
1/2 m3 s−1 [46]

O−
2 + O+ −→ O2 + O(3P) k25 = 2.0 × 10−13(300/Tg)

1/2 m3 s−1 [46]

e + O2 + O2 −→ O−
2 + O2 k26 = 2.26 × 10−42(300/Tg)

1/2 m3 s−1 [48]

O−+ O+ −→ O(3P) + O(1D) k27 = 4.9 × 10−16(300/Tg)
1/2 m3 s−1 [43]

O−
2 + O2(a

1�g) −→ 2O2 + e k28 = 2.7 × 10−17(300/Tg)
1/2 m3 s−1 [41]

O−
2 + O(3P) −→ O− + O2 k29 = 3.31 × 10−16(300/Tg)

1/2 m3 s−1 [11]

e + O3 −→ O− + O2 k30 = 9.3 × 10−16/T 0.62
e m3 s−1 [45]

e + O3 −→ O + O−
2 k31 = 2.0 × 10−16 m3 s−1 [45]

O− + O2 −→ O3 + e k32 = 5.0 × 10−21(300/Tg)
1/2 m3 s−1 [12]

O− + O2(a
1�g) −→ O3 + e k33 = 2.2 × 10−17(300/Tg)

1/2 m3 s−1 [41]

O+ + O3 −→ O+
2 + O2 k34 = 1.0 × 10−17(300/Tg)

1/2 m3 s−1 [46]

O+ O3 −→ 2O2 k35 = 2.0 × 10−17(300/Tg)
1/2 m3 s−1 [46]

O− + O3 −→ O−
3 + O k36 = 5.3 × 10−16(300/Tg)

1/2 m3 s−1 [11]

O−
3 + O(3P) −→ O−

2 + O2 k37 = 3.2 × 10−16(300/Tg)
1/2 m3 s−1 [12]

O−
3 + O(3P) −→ 2O2 + e k38 = 3.0 × 10−16(300/Tg)

1/2 m3 s−1 [12]

O−
3 + O+

2 −→ O2 + O3 k39 = 2 × 10−13(300/Tg)
1/2 m3 s−1 [11]

O−
3 + O+

2 −→ 2O + O3 k40 = 1.01 × 10−13(300/Tg)
1/2 m3 s−1 [11]

O−
2 + O3 −→ O2 + O−

3 k41 = 4 × 10−16(300/Tg)
1/2 m3 s−1 [11]

O−
2 + O(3P) −→ O3 + e k42 = 3.01 × 10−16(300/Tg)

1/2 m3 s−1 [11]

e + O3 −→ O(3P) + O2 + e k43 = 1 × 10−14(300/Tg)
1/2 m3 s−1 [11]

2O2 + O(3P) −→ O3 + O2 k44 = 6.9 × 10−40(300/Tg)
−1.25 [O2] m3 s−1 [11]

O−
2 + 2O(3P) −→ O3 + O(3P) k45 = 3.82 × 10−40 [O] m3 s−1 [11]

e + O(3P) + O2 −→ O−
2 + O(3P) k46 = 1 × 10−43 m6 s−1 [11]

e + O(3P) + O2 −→ O− + O2 k47 = 1 × 10−43 m6 s−1 [11]

e + O+
2 −→ O(1D) + O(3P) k48 = 2.11 × 10−13(300/Tg)

0.7 m3 s−1 [11]

O+
2 + O(1D) −→ O2(a

1�g) + O(3P) k49 = 1.0 × 10−18(300/Tg)
0.5 m3 s−1 [11]

Tg (K)
Te (eV)
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Table 2. The interaction of atomic and molecular oxygen with the reactor walls.

Reaction γ Rate coefficient

O+(g) −→ O(3P)(g) k50 = 2uB,O+(R2hL + RLhR)/R2L s−1

O+
2(g) −→ O2(g) k51 = 2uB,O+

2
(R2hL + RLhR)/R2L s−1

O(3P)(g) −→ 1
2 O2(g) γO = 0.17 [35] k52 =

[
�2

0
DO

+ 2V (2−γO)

AvOγO

]−1

s−1

O(1D)(g) −→ 1
2 O2(g) γO∗ = 0.17 [35] k53 =

[
�2

0
DO∗ + 2V (2−γO∗ )

AvO∗ γO∗

]−1

s−1

OM
2 (g) −→ O2(g) γOM

2
= 0.007 [37] k54 =

[
�2

0
DO∗

2

+
2V (2−γO∗

2
)

Av
OM

2
γ

OM
2

]−1

s−1

where DO is the neutral diffusion coefficient given by

DO = eTgλi

vOmO
. (5)

vO = (8eTg/πmO)
1/2 is the mean neutral speed, γO is the

sticking coefficient for atomic oxygen on the wall surface,
V and A are the volume and the wall surface area of the
reactor chamber, respectively, and λi is the mean free path.
The effective diffusion length of each of the neutral species is
given by [32]

�O =
[(π

L

)2
+

(
2.405

R

)2
]−1/2

. (6)

The effective loss-rate coefficients for neutrals and positive
ions are listed in table 2.

2.1. Effective surface area

The effective area of a cylindrical discharge is defined as [22]

Aeff = 2πR (RhL + LhR) (7)

where hL and hR are the axial and radial sheath edge
densities, respectively, normalized to the bulk density. In
weakly electronegative discharges, the plasma is generally
divided into two regions: an electronegative core and an
electropositive edge [14]. Furthermore, there is a sheath
between the plasma and an external wall. The electronegative
core consists primarily of positive and negative ions, with a
smaller component of electrons. In the electropositive edge,
negative ion density is negligible. At the sheath edge, the
positive ions reach the Bohm velocity and the concentration is
ns+. The ratio of the positive ion sheath edge density ns+ to the
electron density at the axial boundary with the electronegative
region ne0 is given by [33]

hL = ns+

ne0
=
(

1 + χ3/2
0

1 + χ3/2
s

)1/3

(8)

where χ is a non-dimensional electric field and the subscripts
0 and s refer to the electronegative region boundary and the
sheath boundary, respectively. The non-dimensional electric
field at the sheath edge is

χs = β−2/3

(∑
j

cj
π(#p − #−)

2λi,j

)(∑
j

cj

)−1

(9)

where the electropositive region extends from #−, the edge of
the electronegative region, to #p > #− the plasma sheath edge.
Here

cj = νiz,j

(
πmi,j

2eλi,j

)1/2

(10)

and

β =
∑
j

(
π(#p − #−)

2λi,j

)1/2
νiz,j (#p − #−)

uB0,j
(11)

where uB0,j = (eTe/mi,j )
1/2 is the Bohm velocity, νiz,j =

ng,j kiz,j is the ionization rate, ng,j is the neutral density, kiz,j is
the rate coefficient for the ionization reaction which produces
the j th ion and λi,j is the ion-neutral mean free path

λi,j = 1

ng,j σi,j
(12)

where ng,j refers to neutral species of the j th ion and σi,j

is the ion-neutral scattering cross section for the j th neutral.
The total ionic momentum transfer cross section for atomic
oxygen is σi = 7.5 × 10−19 m2 [34]. We assume the ionic
momentum transfer cross section for molecular oxygen to be
σi = 7.5 × 10−19 m2 as well.

The electric field at the electronegative region boundary
is obtained as

χ0 = β−2/3π(#p − #−)
2λi,j

w2
j (13)

where wj = uin,j /uB,j , uin,j is the velocity of the j th positive
ion entering the electropositive region and uB,j is the Bohm
velocity of the positive ion j . As long as the diffusion flux
is negligible in comparison to the mobility flux, w2

j /λi,j , is
the same for all positive species and we can use any wj in
equation (13). This is due to the fact that the ion drift velocity
is determined by the electric field alone. However, inside the
negative core there is a diffusion flux contribution that is of
same order as the mobility contribution in the electropositive
edge.

As an approximation we find a density averaged value for
w2
j /λi,j

(
w2
j /λi,j

)
=
∑N+

l=0 n+,l
(
uin,l/uB,l

)2
/λi,l∑N+

l=0 n+,l

(14)

whereN+ is the total number of positive ion species considered
in the discharge. Assuming that, for a weakly electronegative
discharge, drift-diffusion dominates the positive–negative ion
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Table 3. The diffusion coefficients for positive oxygen ions and
neutrals in a stainless steel cylindrical discharge with radius
R = 15.2 cm, length L = 7.6 cm, an applied power of 500 W, a
flow rate q = 50 sccm and a neutral gas temperature of Tg = 600 K.

1 mTorr 10 mTorr

DO+
(
m2 s−1

)
14.7 2.1

DO+
2

(
m2 s−1

)
10.0 1.4

DO

(
m2 s−1

)
8.8 1.2

DO2

(
m2 s−1

)
6.3 0.84

recombination flux in the electronegative core, the positive ions
enter the electropositive region at velocity

uin,j = 2D̄a,j α0

L
(15)

where ᾱ = ∑N−
i=1 n−,i/ne, α0 = 3

2 ᾱ = n−0/ne0 and
Da,j is the ambipolar diffusion coefficient for species j in
an arbitrary mixture of charged particles. For the volume
averaged discharge

D̄a,j ≈ Dj

1 + γ + 2γ ᾱ

1 + γ ᾱ
(16)

where γ = Te/Tj ,Dj = eTj/(mjνj ) = vTj λi,j where νj is the
total momentum transfer collision frequency, Tj is the species
temperature in volts and vTj = (eTj/mj )

1/2. Unfortunately,
no solution exists for the normalized radial sheath edge density
of a weakly electronegative plasma so we assume hR = hL in
this study. This is reasonable for a short cylindrical discharge,
L < 2R, which we treat below.

2.2. Wall sticking coefficient

The densities of the atomic oxygen and metastable oxygen
molecule are largely determined by their interactions with
the wall. Using a global (volume averaged) model Lee and
Lieberman [24] showed that the fractional dissociation, and
thus the ionic composition in oxygen discharges, depend
strongly on the wall recombination coefficient. Booth and
Sadeghi [31] estimate the wall sticking coefficient for atomic
oxygen in pure oxygen plasma on stainless steel wall to be
γO ≈ 0.5. Similarly Granier et al [10] propose γO to be in the
range 0.1 < γO < 1 for stainless steel. In this work we use the
measured recombination coefficient of O radicals on stainless
steel walls of γO = 0.17 ± 0.02 at 300 K from Singh et al
[35]. However, we should note that a significant portion of
the surface area of an inductive discharge is a quartz window.
Greaves and Linnett [36] give a recombination coefficient of
1.8 × 10−4 for quartz at 300 K. The effective recombination
coefficient in a typical inductive discharge is thus somewhat
lower than the 0.17 assumed here.

The importance of the metastable oxygen molecule
O2(a

1�g) is known to depend heavily on the surface sticking
coefficient [17]. Sharpless and Slanger [37] measured the
quenching of O2(a

1�g) on metal surfaces and report a value
γOM

2
= 0.007 for an Fe surface and γOM

2
� 10−3 for an

aluminium surface. We assume the surface sticking coefficient
for ozone O3 to be zero.

0.0001

0.001

0.01

0.1

1

1 10 100

k3
k8
k11
k13

k
i=
(k
3

+
k
8

+
k
1
1

+
k
1
3
)

p [mTorr]

Figure 1. Relative contribution of various dissociation channels for
electron impact dissociation of molecular oxygen in the
ground-state O2(

3�−
g ) to form oxygen atom in the ground-state

O(3P), dissociative attachment k3 (e + O2 −→ O(3P) + O−),
dissociation k8 (e + O2 −→ 2O(3P) + e) and k13 (e + O2 −→ O(3P)
+ O(1D) + e) and dissociative ionization k11 (e + O2 −→ O(3P) +
O+ 2e), versus the discharge pressure at 500 W and a flow rate of
50 sccm. We assume a cylindrical stainless steel chamber with
L = 7.6 cm and R = 15.2 cm.

3. Discussion

We apply the global (volume averaged) model to a cylindrical
discharge in a stainless steel chamber with radiusR = 15.2 cm
and length L = 7.6 cm. We assume an applied power of
500 W, a flow rate q = 50 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 calculated diffusion coefficents for positive
ions and neutrals used in the model are listed in table 3 for
discharge operated at 1 mTorr and 10 mTorr.

Atomic oxygen is produced mainly by dissociative
excitation of oxygen molecules by electron impact and by
dissociative attachment. In figure 1 we compare the relative
contributions of various dissociation channels for electron
impact dissociation of molecular oxygen in the ground-state
O2(

3�−
g ) to form oxygen atoms in the ground-state O(3P).

We compare the ratio of the rate constants for dissociative
attachment k3 (e + O2 −→ O(3P) + O−), dissociation k8

(e + O2 −→ 2O(3P) + e) and k13 (e + O2 −→ O(3P) + O(1D) + e)
and dissociative ionization k11 (e + O2 −→ O(3P)+O+ + 2e).
Figure 1 shows the ratio of k3, k8, k11 and k13 to the sum
(k3 + k8 + k11 + k13) versus the discharge pressure. We
see that the majority of dissociation (>99%) occurs through
the 8.4 and 6.0 eV excited states (reactions 8 and 13).
We note that reaction 13 is the dominating dissociation
channel for discharge pressure below 5 mTorr but reaction 8
is the dominating dissociation channel for higher pressure.
Thus, lower pressure favours the creation of the metastable
oxygen atom O(1D). The rates of dissociative attachment
(reaction 3) and dissociative ionization (reaction 11) are
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Figure 2. The electron temperature Te and the plasma potential Vpl

versus discharge pressure at 100, 500 and 1500 W. We assume a
flow rate of 50 sccm and a cylindrical stainless steel chamber with
L = 7.6 cm and R = 15.2 cm.

found to be insignificant dissociation channels. Another
effective channel for the creation of the metastable oxygen
atom O(1D) is through electron excitation of the ground-state
oxygen atom (reaction 14). We find the reaction rate ratio
nenO2k13/(nenOk14) to be roughly 0.5 in the pressure range
of interest. The lowest threshold energy for dissociation of
the oxygen molecule is 4.5 eV. However, the lowest lying
metastable state of the oxygen molecule O2(a

1�g) has a
threshold energy of 0.98 eV above the ground state and has
a lifetime of ∼ 4400 s [38]. The density of the metastable
oxygen molecule O2(a

1�g) is generally considered to be
significant in oxygen discharges and simple calculations show
that it is roughly 12 % of the ground-state O2(

3�−
g ) density

at 10 mTorr and γO = 0.5 [28]. Figure 2 shows the
electron temperature and plasma potential versus pressure.
The electron temperature decreases with increasing pressure
but is roughly independent of applied power. The plasma
potential Vpl, however, depends on the applied power and is
shown versus pressure for 100, 500 and 1500 W. The change
in the plasma potential Vpl with power is due to the change in
the mix of ions escaping to the walls and the electronegativity
ratio n−/ne with power.

Figure 3 shows the density of neutral oxygen atoms in
the ground-state O(3P) and ground-state oxygen molecules
O2(

3�−
g ) as well as the lowest excited states of oxygen atoms

O(1D) and oxygen molecules O2(a
1�g). We notice that

the density of the metastable oxygen molecule O2(a
1�g) is

significant. This is consistent with what has commonly been
observed for capacitive rf discharges [17,18] and dc discharges
[21]. At low pressure, below 2 mTorr, the ground-state
oxygen atom O(3P) is the dominating neutral. With increasing
pressure the ground-state oxygen molecule O2(

3�−
g ) becomes

the dominating neutral. In the pressure range of interest for
low-pressure high-density oxygen discharges (<20 mTorr)
there is a significant density of ground-state atomic oxygen
in the discharge. The density of the metastable oxygen atom
O(1D) is significant at low pressure (<3 mTorr) but decreases
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Figure 3. The neutral densities of atomic and molecular oxygen as
well as the lowest excited states versus discharge pressure at 500 W
and a flow rate of 50 sccm. We assume a cylindrical stainless steel
chamber with L = 7.6 cm and R = 15.2 cm.

with increasing pressure and is negligible for pressures above
10 mTorr. The ozone O3 density is negligible compared to the
other neutrals in the discharge in the pressure range of interest,
roughly 1014 m−3 at 1 mTorr and 1017 m−3 at 100 mTorr.

3.1. Comparison with experiments

In a separate publication [26] we compared global model
calculations for an oxygen discharge (assuming fewer species
and reactions) to measurements of electron density and
effective electron temperature measured by a Langmuir probe
and to relative densities of positive ions measured by a mass
spectrometer. Fuller et al [39] report on measurements of
the densities of the ground-state atomic and molecular oxygen
and the O(1D) and O(1S) metastable species of atomic oxygen
in an inductively coupled plasma source measured by optical
emission actinometry. Here, in figure 4, we compare the
densities of ground-state atomic and molecular oxygen and
the metastable atomic oxygen O(1D) calculated by the global
model to their measurements. The cylindrical stainless-steel
chamber was 36 cm inside diameter and 22 cm in height. The
operating pressure was 10 mTorr and the O2 flow rate was
95 sccm. We see that the global model calculations give fairly
good estimates of the neutral densities.

3.2. Positive ions

The densities of the positive ions in oxygen discharge are
shown versus discharge pressure in figure 5 for applied powers
of 100 and 500 W. Below roughly 8 mTorr, O+ dominates as a
positive ion, and above 10 mTorr O+

2 dominates for an applied
power of 500 W. At 100 W the O+

2 ion is the dominant positive
ion in the pressure range of interest. We note that the density
of the O+

2 ion remains relatively independent of power and
pressure in the range investigated. For an applied power of
500 W it is 2.8 × 1016 m−3 at 1 mTorr, 5.7 × 1016 m−3 at
10 mTorr and 4.5 × 1016 m−3 at 100 mTorr, and for an applied
power of 100 W it is 2.9×1016 m−3 at 10 mTorr and 2.0×1016

m−3 at 100 mTorr.
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Figure 4. The neutral densities of atomic and molecular oxygen as
well as the lowest excited states versus absorbed power. The
measurements by Fuller et al [39] were made in an inductively
coupled discharge in a cylindrical stainless steel chamber with
R = 18 cm and L = 22 cm. The operating pressure was 10 mTorr.
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2,

versus discharge pressure at 500 W and a flow rate of 50 sccm for a
cylindrical stainless steel chamber with L = 7.6 cm and
R = 15.2 cm.

3.3. Negative ions

Figure 6 shows the densities of the negative ions versus
discharge pressure. The O− ion is the dominant negative ion
in an oxygen discharge, the density of the negative ion O−

2 is
small and the density of O−

3 is negligible, in the pressure range
of interest.

At 100 mTorr the ratio of the density of the negative
oxygen molecule O−

2 to the density of the negative oxygen atom
O− is [O−

2 ]/[O−] ≈ 0.04, at 10 mTorr [O−
2 ]/[O−] ≈ 0.007

and at 1 mTorr [O−
2 ]/[O−] ≈ 0.0005. The importance of O−

2
increases with increasing pressure. Measurements of negative
ion densities in a capacitive rf discharge in the pressure range
70–350 mTorr indicate that O−

2 ions are less than 2% of all
negative ions [19].

The electronegativity of an oxygen discharge is shown
versus pressure in figure 7. The electronegativity α = nO−/ne,
as predicted by the global model, decreases with increased
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Figure 6. The densities of electrons ne and negative oxygen ions,
O−, O−

2 , and O−
3 , versus discharge pressure at 500 W and a flow rate

of 50 sccm for a cylindrical stainless steel chamber with L = 7.6 cm
and R = 15.2 cm.
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Figure 7. The electronegativity ne/(n− + n2− + n3−) at 100, 500 and
1500 W versus discharge pressure. We assume a flow rate of
50 sccm and a cylindrical stainless steel chamber with L = 7.6 cm
and R = 15.2 cm.

power and increases with increased pressure as shown in
figure 7 and is in the range 0.005–5 for the range of powers
and pressures studied. This is qualitatively consistent with the
measurements by Tuszewski [40], and it is also consistent with
the diffusion model that we have assumed, in which the plasma
contains both an electronegative core and an electropositive
edge [33].

3.4. The negative ion O−

Since the negative ions are trapped within the discharge,
creation and destruction of negative ions is through reactions
within the volume. In figure 8 we compare the reaction ratesR
for creation and destruction of the negative oxygen ion O−. In
figure 8(a) the reaction rates for creation of the negative oxygen
ion O− are plotted versus pressure. Dissociative attachment of
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Figure 8. The reaction rates R for (a) creation of the oxygen ion O−

and (b) destruction of the oxygen ion O− versus discharge pressure
at 500 W and a flow rate of 50 sccm for a cylindrical stainless steel
chamber with L = 7.6 cm and R = 15.2 cm.

the oxygen molecule in ground-state O2(
3�−

g )

e + O2(
3�−

g ) −→ O(3P) + O− (Reaction 3)

with reaction rate R3 = k3nenO2 and dissociative attachment
of the metastable oxygen molecule O2(a

1�g)

e + O2(a
1�g) −→ O(3P) + O− (Reaction 20)

with reaction rateR20 = k20nenOM
2

are the dominating channels
for the creation of the O− ion in the pressure range investigated.
The rate coefficient for the dissociative attachment of the
metastable oxygen molecule k20 was calculated from the
cross section measured by Burrow [30] and is valid for
1 < Te < 4.5 eV. The contributions from other channels, such
as polar dissociation (reaction 10) and detachment by O−

2
collisions with O(3P) (reaction 29), are an order of magnitude
smaller.

In figure 8(b) we show the reaction rates for destruction
of the negative ion O− versus discharge pressure. The main
loss mechanism at low pressure (<5 mTorr) is recombination

O− + O+ −→ O(3P) + O(3P) (Reaction 6)

with reaction rate R6 = k6nO−nO+ . There is also a significant
contribution from detachment by O− collisions with O(3P)

O(3P) + O− −→ e + O2(
3�−

g ) (Reaction 9)

with reaction rate R9 = k9nOnO− , which becomes the
dominating loss mechanism at higher pressure (>5 mTorr).
This is consistent with the findings of Ivanov et al [21].
Detachment by electron impact from the negative ion O−

e + O− −→ O(3P) + 2e (Reaction 7)

with reaction rate R7 = k7nenO− , also contributes to the loss
of O− ions in particular at low pressure. Recombination

O− + O+
2 −→ O(3P) + O2(

3�−
g ) (Reaction 5)

with reaction rateR5 = k5nO+
2
nO− , is of less importance but its

importance increases with increasing pressure.
Commonly O2(a

1�g) is suggested to be the main loss
partner for O− ions in parallel plate reactors [18, 19], but our
results indicate that the metastable oxygen molecule O2(a

1�g)

plays a minor role in the loss of O− ions below 100 mTorr.
The rate coefficients for detachment by collision of the oxygen
ion O− with metastable oxygen molecules are taken from the
measured values for the reaction O−+O2(a

1�g) −→ products,
given as 3.3 × 10−17 m3 s−1 [41]. This recent measurement
is considered to have an uncertainty of +100%/−50% and is
about a factor of ten lower than previous measurements by
Fehsenfeld et al in 1969 [42]. These previous measurements
were accompanied by a factor of ten uncertainty. Consistent
with earlier results, we assume one part producing O−

2 + O and
two parts producing O3 + e. Thus

O− + O2(a
1�g) −→ O−

2 + O

k23 = 1.1 × 10−17(300/Tg)
1/2 m3 s−1

and [41]

O− + O2(a
1�g) −→ O3 + e

k33 = 2.2 × 10−17(300/Tg)
1/2 m3 s−1.

The rate coefficient for the detachment by collision of the
oxygen molecular ion O−

2 with metastable oxygen molecules
is [41]

O−
2 + O2(a

1�g) −→ 2O2 + e

k28 = 2.7 × 10−17(300/Tg)
1/2 m3 s−1.

As seen in figure 8(b) the effects of detachment by O−

collisions with the metastable oxygen molecule O2(a
1�g)

(reactions 23 and 33) are small in the pressure range usually
applied in low-pressure high-density discharge, 1–20 mTorr.
But the importance of these detachment processes increases
with increasing pressure. At 300 mTorr recombination is still
the dominating loss channel for O− ions but the detachment
processes (reactions 23 and 33) account for a significant
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fraction, roughly 1/3 of the loss of O− ions. Separately
we investigated the effect of neglecting the detachment on
the metastable molecular oxygen on the density of negative
oxygen ions [28]. The O− density is a factor of 1.2 higher at
100 mTorr if the detachment (reaction 23 and 33) is neglected
than if the detachment is included. The effect of neglecting
the detachment on the O− negative ion density is smaller as
we approach the pressure range commonly employed for high-
density discharges and is a factor of 1.09 higher at 20 mTorr
and negligible at 1 mTorr [28].

Recently, Hayashi and Kadota [43] reported on efficient
production of O− in the afterglow of a low-pressure high-
density oxygen plasma and explained the enhancement
of the O− production by dissociative electron attachment
from the excited metastable states of the oxygen molecule
O2(A

3�+
u , A

′3�u, c
1�−

u ) that are located 4–5 eV above the
ground state [44]. We neglect these higher metastable states
in this work.

3.5. The negative ion O−
2

The reaction ratesR for creation and destruction of the oxygen
ion O−

2 versus discharge pressure are shown in figures 9(a)
and (b) respectively. The creation of O−

2 is mainly through
dissociative attachment of ozone O3

e + O3 −→ O(3P) + O−
2 (Reaction 31)

with reaction rate R31 = k31nenO3 . The reaction rate
coefficient for the dissociative attachment of ozone is estimated
from the cross-section data of Senn et al [45]. Ozone is almost
entirely created through detachment by the collision of O− with
the metastable oxygen molecule O2(a

1�g) (reaction 33). The
creation of O−

2 is thus greatly influenced by this detachment
process, and neglecting the detachment has a significant
influence on the density of O−

2 ; the density decreases by
five orders of magnitude [28]. The creation of O−

2 through
detachment by the collision of O− with the metastable
oxygen molecule O2(a

1�g) (reaction 23) and detachment by
the collision of O−

3 with ground-state oxygen atom O(3P)
(reaction 37) are important processes at higher pressure but
negligible at lower pressure (<10 mTorr).

At low pressure the O−
2 ion is mainly lost through

recombination

O−
2 + O+ −→ O2(

3�−
g ) + O(3P) (Reaction 25)

with reaction rate R25 = k25nO−
2
nO+ while at higher pressure

(>10 mTorr) charge transfer

O−
2 + O(3P) −→ O2(

3�−
g ) + O− (Reaction 29)

with reaction rate R29 = k29nO−
2
nO is the main loss

process. The non-dissociative three-body electron attachment
to molecular oxygen in the ground-state O2(

3�−
g ) (reaction

26), detachment by collision of O−
2 with the metastable oxygen

molecule O2(a
1�g) (reaction 28) and ozone (reaction 41)

and recombination involving O−
2 and O+

2 (reaction 24) play
a smaller role in the loss of O−

2 ions.
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Figure 9. The reaction rates R for (a) creation of the oxygen ion O−
2

and (b) destruction of the oxygen ion O−
2 versus discharge pressure

at 500 W and a flow rate of 50 sccm for a cylindrical stainless steel
chamber with L = 7.6 cm and R = 15.2 cm.

4. Conclusion

We applied a global (volume averaged) model to investigate the
presence of negative ions in low-pressure high-density oxygen
discharges. We formulate the normalized axial edge density
for weakly electronegative discharge and multiple positive ion
species. The negative oxygen ion O− is found to be the
dominant negative ion in the discharge. The density of the
negative ion O−

2 is small and the density of the negative ion O−
3

is negligible in the pressure range investigated. Dissociative
attachments of the oxygen molecule in the ground-state
O2(

3�−
g ) and the metastable oxygen molecule O2(a

1�g) are
the dominant channels for creation of the negative oxygen ion
O−. At low pressure (<5 mTorr) recombination involving O−

and O+ ions is the dominating loss channel for O− ions. At
higher pressure detachment on O(3P) becomes the main loss
channel for the O− ion.
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The creation of O−
2 is mainly through dissociative

attachment of ozone O3. Ozone is almost entirely created
through detachment by collision of O− with the metastable
oxygen molecule O2(a

1�g). The creation of O−
2 is thus

greatly influenced by this detachment process and neglecting
the detachment has significant influence on the density of O−

2 .
At low pressure (<10 mTorr) the O−

2 ion is mainly lost through
recombination while, at higher pressure, charge transfer is the
dominating loss process.

The metastable O2(a
1�g) molecule is thus of great

importance in determining the negative ion density in an
oxygen discharge at high pressures. However, at the low
pressures (1–20 mTorr) commonly employed for high-density
materials processing discharges, its role is minimal.

The model allows us to determine which reactions
determine the discharge properties. In this work we
investigate which reactions are important in the creation
and destruction of negative oxygen ions. Many reactions
included in this model have negligible influence on the
discharge may not be worthwhile keeping in future modelling.
Due to crude assumptions, including Maxwellian electron
energy distribution, cross-section uncertainties, wall sticking
coefficients and spatial uniformity, the global model is not
meant to give accurate values of the plasma parameters.
However, it can give an indication of how one parameter
depends on another and which reactions among the species
are important.
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