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Abstract
The oopd1 particle-in-cell Monte Carlo collision (PIC-MCC) code is used to simulate a
capacitively coupled discharge in oxygen. oopd1 is a one-dimensional object-oriented PIC-MC
code in which the model system has one spatial dimension and three velocity components. It
contains a model for planar geometry and will contain models for cylindrical and spherical
geometries, and replaces the xpdx1 series, which is not object-oriented. The oopd1 also allows
for different weights of simulation particles and relativistic treatment of electrons. The revised
oxygen model includes, in addition to electrons, the oxygen molecule in the ground state, the
oxygen atom in the ground state, the negative ion O− and the positive ions O+ and O+

2. The
cross sections for the collisions among the oxygen species have been significantly revised from
earlier work using the xpdp1 code and the electron kinematics have been enhanced. Here we
make a benchmark study and compare the oopd1 code to the well-established planar xpdp1
code and discuss the differences using a limited cross section set with O+

2 ions, O− ions and
electrons as the charged particles. We compare the electron energy distribution function, the
electron temperature profile, the density profiles of charged particles and electron heating rates
for a capacitively coupled oxygen discharge at 50 mTorr with electrode separation of 4.5 cm.
Then we explore the effect of adding O atoms and O+ ions on the overall discharge.

(Some figures may appear in colour only in the online journal)

1. Introduction

The particle-in-cell Monte Carlo (PIC-MC) method is a
self-consistent kinetic approach capable of predicting the
electron energy distribution function (EEDF) and ion energy
distribution function (IEDF) for ions arriving at substrates. The
basic idea of PIC simulation is to allow thousands of computer-
simulated particles (superparticles) to represent many more
(1014–1018 m−3) real particles. In a PIC simulation the motion
of each particle is simulated and macro-quantities (such as
particle density, particle flux, current density etc) are calculated
from the position and velocity of these particles [1, 2]. The

4 Author to whom any correspondence should be addressed.

macro-force acting on the particles is calculated from the field
equations. The object-oriented plasma device one (oopd1)
code [3] is a one-dimensional object-oriented PIC code [4].
In 1d-3v PIC codes, such as oopd1, the model system has
one spatial dimension and three velocity components. oopd1
contains a model for planar geometry and will contain models
for cylindrical and spherical geometries, and thus replaces
the xpdx1 series [5], which is not object-oriented. A one-
dimensional description of the system is sufficient when
modeling a capacitively coupled discharge due to the large
ratio of transverse to longitudinal dimensions.

The oxygen discharge is of vital importance in various
material processing applications such as ashing of photoresist,
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etching of polymer films and oxidation and deposition of
thin film oxides. The oxygen chemistry is rather involved,
in particular due to the presence of metastable molecular
and atomic oxygen and detachment processes. The oxygen
chemistry has been explored using global (volume averaged)
models [6–10]. These studies indicate that at low pressures
(�10 mTorr) and in particular at higher absorbed power the
discharge is highly dissociated, oxygen atoms can dominate
the discharge and the O+-ion can be the dominant charged
particle [6, 7]. Furthermore, electron-impact detachment and
ion–ion neutralization dominate the loss of negative ions at
low pressures, while detachment by oxygen atoms dominates at
higher pressures (�20 mTorr). The contribution of detachment
by the metastable molecule O2(a

1�g) is much smaller and
highest, roughly 20%, at 100 mTorr.

The Monte Carlo collision (MCC) model for the oxygen
discharge was described by Vahedi and Surendra [11] and
applied to explore the density profiles of charged particles in
an oxygen discharge which was also compared with theoretical
prediction [12]. One-dimensional (1D) PIC-MCC simulations
of various configurations of oxygen and Ar/O2 discharges,
both symmetrical and asymmetrical, over a range of pressures
using the xpdx1 series have been compared with experimental
findings, showing good agreement [13]. Babaeva et al [14]
explored the formation of the IEDF in an O2/Ar mixture in
an asymmetric capacitively coupled discharge using a 1D
cylindrical model (xpdc1). Roberto et al [15] used the xpdp1
code to investigate the influence of the secondary electron
emission on the density profiles and the EEDF. Other 1D
PIC-MCC codes have been developed to explore the oxygen
discharge. Bronold et al [16] applied a 1D PIC-MCC model,
which includes the metastable oxygen molecule O2(a

1�g),
to a capacitively coupled rf discharge in oxygen and used
it to determine the IEDF [17]. Schüngel et al [18] used
a 1D PIC-MCC code to explore the electrical asymmetry
effect in a capacitively coupled oxygen discharge. Bera et al
[19, 20] used a PIC-MCC hybrid model to explore the low-
pressure capacitively coupled rf discharge, in particular the
electron power absorption and the influence of pressure on
the energetics and particle densities. In all of these works
only electrons, the positive ion O+

2, and the negative ion O−

are treated kinetically and the positive ion O+ is neglected.
Here we add O atoms and O+ ions to the discharge model
for oxygen, including reactions for electron-impact ionization
and excitation of the oxygen atom, charge exchange with
the oxygen atom and molecule and mutual neutralization
with the negative ion O−. The purpose of this work is
to introduce the new oopd1 code, describe its features and
benchmark it against the well-established xpdp1 code. The
oopd1, like the xpdp1 code, is a general plasma device
simulation tool capable of simulating various types of plasmas,
including processing discharges, accelerators and beams, and
breakdown. Thus relativistic treatment of electrons has been
implemented. Particle weight is the number of real particles
each superparticle represents, i.e. the ratio of the number of
physical particles to computational particles. In oopd1 the
particles can have different weights. As the neutral gas density
is much higher than the densities of charged species, different

weights allow us to treat both charged particles and neutral
particles kinetically. In this work we discuss the revised
reaction set in section 2. We briefly describe the difference
between xpdp1 and oopd1 in section 3 and then compare the
simulation results using the oopd1 code and the xpdp1 code
using both the revised cross section set and revised electron
kinematics in section 4. Then we demonstrate the oopd1 code
using the complete revised reaction set including O atoms and
O+ ions in section 5.

2. The oxygen reaction set

The cross sections for the collisions among the oxygen species
have been significantly revised from the earlier work of Vahedi
and Surendra [11], used in the xpdx1 series. The reaction set
for oxygen is shown in table 1. The reactions included in xpdp1
are marked by x. The cross section used for elastic scattering of
electrons off of the oxygen molecule is the one recommended
by Itikawa [21]. The cross section for the metastable
excitation O2(A

3�+
u , A′ 3�u, c

1�−
u ) is taken from Shyn and

Sweeney [22] and Green et al [23] as recommended by Itikawa
[21]. Other cross sections for electron-impact excitation and
dissociation of the oxygen molecule are the same as used by
Vahedi and Surendra [11] and originate from Phelps et al
[24, 25]. The dissociation of the oxygen molecule is treated
as an excitation of the oxygen molecule, which subsequently
breaks into fragments. The electron transition is assumed to
be rapid on a nuclear timescale. The excitation to the 6.12 eV
level leads to dissociation into O(3P) + O(3P), excitation to
the 8.4 eV level leads to dissociation into O(3P) + O(1D), and
excitation to the 9.97 eV level leads to dissociation into O(1D) +
O(1D), and the released energy to each pair of heavy fragments
is 1.03 eV, 1.27 eV and 0.88 eV, respectively. The cross
section for electron-impact ionization of the oxygen molecule
was measured by Krishnakumar and Srivastava [26] and the
ionization potential is 12.06 V. The cross sections for electron
scattering, electron-impact ionization and electron-impact
excitation to the metastable states O2(A

3�+
u , A′ 3�u, c

1�−
u )

and the electron-impact excitation to the dissociative levels of
the oxygen molecule are shown in figure 1. The rotational,
vibrational and electronic excitations are included to serve as
an additional energy loss mechanism for electrons. Rotational
excitation has been found to be relatively unimportant while
vibrational excitations are found to considerably influence the
shape of the EEDF [11]. The cross sections for electron-
impact excitation of the rotational and vibrational states and
electron-impact excitation to the metastable a 1�g and b 1�+

g
states of the oxygen molecule are shown in figure 2. For
the dissociative attachment from the ground state oxygen
molecule, the cross section is taken from Rapp and Briglia [27].
The threshold energy is 4.2 eV and the incident electron loses
its energy which is absorbed by the oxygen molecule to form
O−

2 which subsequently dissociates to form the fragments O
and O−. The electron transition is assumed to be rapid on
a nuclear timescale, and the energy of the ejected fragments
can be calculated applying the Frank–Condon principle. The
potential energy for the O + O− pair is 3.63 eV above the
ground state potential for O2. The remaining incident electron
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Table 1. The reaction set for oxygen used in the oopd1 code.

Reaction Process In xpdp1 Reference

Electron-impact O2

e + O2 −→ O2 + e Elastic scattering x [21]
e + O2(r = 0) −→ e + O2(r > 0) Rotational excitation x [25]
e + O2(v = 0) −→ e + O2(v > 0) Vibrational excitation x [25]
e + O2 −→ e + O2(a

1�g) Metastable excitation (0.98 V) x [25]
e + O2 −→ e + O2(b

1�+
g ) Metastable excitation (1.63 V) x [25]

e + O2 −→ e + O2(A
3�+

u , A′ 3�u, c
1�−

u ) Metastable excitation (4.05 V) x [21–23]
e + O2 −→ O(3P) + O(3P) + e Dissociation (6.12 V) x [25]
e + O2 −→ O(3P) + O(1D) + e Dissociation (8.4 V) x [25]
e + O2 −→ O(1D) + O(1D) + e Dissociation (9.97 V) x [25]
e + O2 −→ O+

2 + 2e Electron-impact ionization (12.06 V) x [26]
e + O2 −→ e + O + O(3p3P) Dissociative excitation (14.7 V) x [25]
e + O2 −→ O + O− Dissociative attachment x [27]
e + O2 −→ O+ + O− + e Polar dissociation [27]
e + O2 −→ O+ + O + 2e Dissociative ionization [26]

Electron-impact O
e + O −→ O + e Elastic scattering [29, 30]
e + O(3P) −→ O(1D) + e Excitation to 1D (1.96 eV) [31]
e + O(3P) −→ O(1S) + e Excitation to 1S (4.18 eV) [31]
e + O(3P) −→ O(3P0) + e Excitation to 3P0 (15.65 eV) [31]
e + O(3P) −→ O(5S0) + e Excitation to 5S0 (9.14 eV) [31]
e + O(3P) −→ O(3S0) + e Excitation to 3S0 (9.51 eV) [31]
e + O −→ O+ + 2e Ionization (13.62 eV) [32]

Detachment
e + O− −→ O + 2e Electron-impact detachment x [39]
O− + O2 −→ O + O2 + e Detachment by oxygen molecule x [40]
O− + O −→ O2 + e Detachment by oxygen atom [41]

Recombination
e + O+

2 −→ O(3P) + O(1D) Dissociative recombination x [33, 34]
O− + O+

2 −→ O + O2 Mutual neutralization x [37, 36]
O+ + O− −→ O + O Mutual neutralization [37, 38]

Charge exchange
O+

2 + O2 −→ O2 + O+
2 Charge exchange x [42–44]

O+ + O2 −→ O + O+
2 Charge exchange [46]

O+ + O −→ O + O+ Charge exchange [47]
O+

2 + O −→ O2 + O+ Charge exchange (1.56 eV) [48, 51]
O+

2 + O2 −→ O+ + O + O2 Fragmentation by energetic O+
2 See text

Scattering
O− + O2 −→ O− + O2 Scattering x [49]
O + O2 −→ O + O2 Scattering x [45]
O+

2 + O2 −→ O+
2 + O2 Scattering x See text

O+ + O2 −→ O+ + O2 Scattering See text
O2 + O2 −→ O2 + O2 Scattering [45]
O + O −→ O + O Scattering See text

energy (Einc − 3.63 eV) is divided between the fragments.
The cross section for dissociative ionization is taken from
the measurement of Krishnakumar and Srivastava [26]. The
ionization potential for dissociative ionization is 18.73 V [28].
The cross section for polar dissociation is taken from the
measurements of Rapp and Briglia [27]. The cross sections
for electron-impact polar dissociation, dissociative attachment
and dissociative ionization of the oxygen molecule are shown
in figure 3. To include O+ ions a number of reactions had to be
added. The cross section for elastic collisions of electrons with
oxygen atoms is assembled from the theoretical calculations
by Thomas and Nesbet [29] for E < 2 eV and from the
review by Itikawa and Ichimura [30] for E > 2 eV. The cross
sections for electron-impact excitation of atomic oxygen to
the 1D, 1S, 3P0, 5S0 and 3S0 states are taken from the review
by Laher and Gilmore [31]. The cross section for electron-

impact ionization is taken from the theoretical work of Kim
and Desclaux [32]. The ionization potential is 13.62 V. The
cross sections for elastic scattering off the oxygen atom and
electron-impact excitation and ionization of the oxygen atom
are shown in figure 4.

The cross section for dissociative recombination

e + O+
2 −→ O(3P) + O(1D)

is taken by combining the measurement data of Mul and
McGowan [33] and Peverall et al [34]. Dissociative
recombination is assumed to create O(3P) and O(1D) in equal
amounts [35]. The cross section for mutual neutralization
of O− and O+

2 is taken from a measurement by Padgett and
Peart [36] and combined with the measurement of Olson [37]
which we scale down by a factor of 5 to fit the more recent work.
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Figure 1. Cross sections for electron scattering, electron-impact
ionization and electron-impact excitation to the metastable states
O2(A

3�+
u , A′ 3�u, c

1�−
u ) and the dissociative levels of the oxygen

molecule.
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Figure 3. Cross sections for electron-impact polar dissociation,
dissociative attachment and dissociative ionization of the oxygen
molecule.

Similarly the cross section for mutual neutralization of O− and
O+ is taken from a measurement by Olson [37] and scaled down
by a factor of 6.4 to fit the more recent measurements of Hayton
and Peart [38]. The cross sections for mutual neutralization
and dissociative recombination are shown in figure 5.
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Figure 4. Cross sections for elastic scattering off the oxygen atom
and electron-impact excitation and ionization of the oxygen atom.
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Figure 5. Cross sections for mutual neutralization (at the center of
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The cross section for electron-impact detachment is
taken from a measurement by Vejby-Christensen et al [39].
The threshold energy is 1.46 eV. The cross section for the
detachment from the negative oxygen ion by the oxygen
molecule was measured by Comer and Schulz [40]. The
cross section for detachment by the oxygen atom is calculated
from the rate coefficient measured at room temperature by
Belostotsky et al [41] and it is allowed to scale with 1/

√
E

for ion energy below 184 meV. Above 184 meV the cross
section is set to a constant value of 1.09 × 10−19 m2. The
cross sections for detachment by electrons, oxygen atoms and
oxygen molecules are shown in figure 6.

For the charge exchange

O+
2 + O2 −→ O + O+

2

the cross section is assembled from the cross section given by
Ellis et al [42] for the energy range 25.9–350 meV, measured
by Baer et al [43] for the energy range 1–40 eV and measured
by Wilcox and Moran [44] for the energy range 0.8–3 keV. The
cross section for the elastic scattering of O+

2 off O2 is assumed
to be half the cross section for charge exchange. The cross
section for the scattering of the oxygen atom by the oxygen
molecule is taken from Brunetti et al [45]. For the charge
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Figure 6. Cross sections for detachment by electrons, oxygen atoms
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exchange
O+ + O2 −→ O + O+

2

the cross section is taken from a fit given by Lindsay and
Stebbings [46]. The cross section for the elastic scattering
of O+ off O2 is assumed to be half the cross section for charge
exchange. For the cross section for the charge exchange

O+ + O −→ O + O+

a fit given by Stebbings et al [47] is used. The cross section
for the charge exchange

O+
2 + O −→ O2 + O+

was measured by Stebbings et al [48]. This cross section was
measured in the energy range 80–6000 eV but we extrapolate
the data using the form

σ = σ0

(
1 − EThr

E

)
(1)

and assume the process has a threshold energy of 1.56 eV. For
the elastic scattering of the negative ion O− off O2 the cross
section is taken from the measurements of Muschlitz [49].
The charge transfer of O− on O2 has a threshold energy of
∼1.0 eV, which is much higher than the thermal energy of
heavy particles; hence this process is considered unimportant,
and neglected. High energy O+

2 ions can collide with oxygen
molecules and fragment into O+, O, and O2 or

O+
2 + O2 −→ O2 + O+ + O

where we assume a cross section given by equation (1) where
σ0 = 4.9×10−19 m2 is the gas kinetic cross section for O2 [50,
p 312]. The potential energy required to form the O+ + O pair
is 6.9 eV and we assume this process to have threshold energy
that is twice this value, or 13.8 eV. The remaining energy
difference is split between the fragments. The cross sections
for charge exchange and fragmentation by energetic molecular
ions are shown in figure 7 and the cross sections for scattering
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Figure 7. Cross sections for charge exchange and fragmentation
involving positive ions. In all cases the cross section is shown in the
rest frame of the target (the neutral) versus the energy of the ion as
the projectile.
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Figure 8. Cross sections for scattering among the heavy charged
particles. In all cases the cross section is shown in the rest frame of
the target (the neutral) versus the energy of the ion as the projectile.

of heavy particles are shown in figure 8. The cross section
for scattering of O2 molecules by O2 molecules is taken from
Brunetti et al [45] and extrapolated to high and lower energy
assuming a constant cross section. Scattering of O atoms by O
atoms is assumed to be half of the cross section for scattering
of O atoms by O2 molecules measured by Brunetti et al [45].

3. The simulation

For the simulation we assume that the plasma is sustained
between two parallel plates. One of the electrodes is driven by
a voltage source

V (t) = V0 sin(ωt), (2)

where V0 is the voltage amplitude. For the benchmark study
we assume the discharge to be operated at a single frequency
of 13.56 MHz at 50 mTorr and V0 = 222 V with an electrode
separation of 4.5 cm. We assume a large capacitor of 1 F in
series with the voltage source. These are the same parameters
as explored in Lichtenberg et al [12] using the xpdp1 code
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except there the discharge was driven by 0.4 A rf current source.
In this work we neglect secondary electron emission. As
the neutral gas density is much higher than the densities of
charged species, the neutral gas was treated as a background
with fixed density and temperature. Here it is assumed that the
oxygen gas (the neutral gas species O and O2) is maintained
uniformly in space, i.e. the neutral particles are not followed as
particles unless their energy exceeds a preset threshold value.
However, in some electron–neutral collisions, the target neutral
particles gain some energy or leave the collision in an excited
state. But the most common electron–neutral collision will
be between electrons and the background low temperature
gas particles if the population of the energetic and/or excited
neutrals is low. The neutral background species are assumed to
have a Maxwellian velocity distribution at the gas temperature
(e.g. Tn = 26 mV). We choose a sub-cycling factor of 16
for the heavy particles and assume parabolic initial density
profiles [52].

The time step �t and the grid spacing �x are chosen
to resolve the electron plasma frequency accurately and the
electron Debye length of the low-energy electrons or

ωpe�t < 0.2 (3)

where ωpe is the electron plasma frequency. The simulation
grid is uniform and consists of 1000 cells. The electron time
step is chosen to be 3.68 × 10−11 s. The simulation was run
for 11 × 106 time steps or 5500 rf cycles.

There are some differences between xpdp1 and oopd1.
Particle weight is the number of real particles each
superparticle represents, i.e. the ratio of the number of physical
particles to computational particles. In xpdp1 all the simulated
particles have the same weight; in oopd1 the particles can have
different weights [53, 54]. The collisions of particles with
different weights were implemented in oopd1 [53] following
the method suggested by Miller and Combi [55]. Another
difference is that oopd1 and xpdp1 use different algorithms
for the scattering of the incident and ejected electrons. In
particular xpdp1 uses a non-relativistic algorithm for electron
scattering and electron-impact excitation and ionization [11]
while oopd1 uses a relativistic algorithm [54]. Furthermore,

xpdp1 does not transform electron collisions into the rest frame
of the neutral. A relativistic collision model was developed
and implemented into the 2D object-oriented xoopic code [56].
These were later implemented to the oopd1 code with improved
kinematic calculations and more accurate differential cross
sections for calculation of scattering angles and ionization
secondary electron energy [54]. For the non-relativistic case
xpdp1 uses the non-isotropic differential cross section as
described by Vahedi and Surendra [11] and Surendra et al [57]
while the oopd1 uses the revised differential cross sections for
electron scattering given by Okhrimovskyy et al [58] where
the electron scattering angle χ is found from

cos χ = 1 − 2R

1 + 8ε(1 − R)
, (4)

where ε = Einc/E0, Einc is the energy of the electron before the
collision, E0 is the atomic unit of energy (E0 = 27.21 eV),
and R is a random number uniformly distributed in the
interval [0,1].

In oopd1 the velocity and scattering angle are calculated
by a relativistic algorithm. However, even though the
relativistic kinetic energy equation is valid for the entire
energy range, it is more computationally intensive than
the classical approximation. Therefore, a criterion is used
to determine if relativistic calculations are needed, i.e. if
1
2mev

2
e > (γ − 1)mec

2, where me is the electron mass, γ =
(1 − β2)−1/2 is the Lorentz factor, β = ve/c and ve is
the velocity of the incoming electron, and c is the speed of
light. The relativistic collision model modifies the velocity
and scattering angle of the charged particles after a collision
[54]. This applies to collisions between charged particles
and neutral background gas, in particular the electron–neutral
collisions: elastic scattering, electron-impact ionization and
electron-impact excitation, but not for ion–neutral collisions.
For calculation of the scattering angle, the Monte Carlo method
is used with a relativistic differential cross section as the
distribution function. For relativistic elastic collisions the
Wentzel model is used to find the energy of the scattered
electron and the scattering angle [54, 59, 60]. Then the
differential cross section is obtained from the first Born
approximation as

dσ(χ)

d	
= (ZZ′e2)2

(pβc)2

1

(2A + 1 − cos χ)2
(5)

for elastic scattering of particles with charge Z′e by atoms of
atomic number Z where p is the momentum and the angular
distribution function is

f (χ) = 1

π

A(1 + A)

(2A + 1 − cos χ)2
(6)

and the Molière screening parameter A is given as

A = 1

4

(
h

p

)2

(0.885Z−1/3a0)
−2(1.13 + 3.76(αZ/β)2) (7)

where h is Planck’s constant, p is the momentum, a0 is the Bohr
radius, Z is the atomic number of the target, and α = 1/137

6
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is the fine-structure constant. The cumulative distribution
function gives the scattering angle

cos χ = 2A + 1 +
2A(A + 1)

R − A − 1
. (8)

Note that the scattering angle given by equation (8) is with
respect to the direction of incident electron and thus we need
to transform it into the laboratory frame, using a geometric
coordinate transformation.

Excitation is treated like elastic collision with a reduced
energy. It is assumed that the incident particle transfers energy
to the neutral atom in order excite it, so the energy loss of the
incident particles is equal to the excitation threshold and the
energy of the scattered electron is

Escat = Einc − Eex, (9)

where Einc is the energy of the incident electron, and Eex is the
excitation threshold. For electron-impact ionization collisions
an electron–ion pair is created and the energy balance becomes

Escat + Eej + Ei = Einc + EN − Eiz, (10)

where Eej is the energy of the ejected electron, Eiz is the
ionization threshold, EN is the energy of the target neutral atom
and Ei is the energy of the created ion. Due to the large ion-
to-electron mass ratio, we can assume that the momentum of
the incident electron is much less than the momentum of the
neutral atoms. So the incident electron strips an electron off
the neutral, and the neutral becomes an ion, continuing on its
trajectory virtually undisturbed and

Ei = EN. (11)

This assumption allows us to rewrite the above energy balance
equation as

Escat + Eej = Einc + Eiz. (12)

To find the energy of the ejected electron Eej we use the
differential ionization cross section σ(Einc, Eej, Eiz) and write

R =
∫ Eej

0 σ(Einc, Eej, Eiz) dEej∫ Eej−Eiz
2

0 σ(Einc, Eej, Eiz) dEej

, (13)

where R is a random number [0,1]. This equation is solved
for Eej by inverting the distribution function. Since the
ionization threshold energy and the incident electron energy
are known and the ejected electron energy is calculated
from equation (13), equation (12) gives the scattered electron
energy. Once the scattered electron energy is found the
scattering angle of incident electron and that for the created
electron is calculated in a manner similar to that of an elastic
collision. However, obtaining the scattering angle requires
a doubly differential cross section for relativistic collisions
[54]. It should be noted that the relativistic treatment has
negligible effect in typical processing plasmas as discussed
here.
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Figure 10. Potential profile for a parallel plate capacitively coupled
oxygen discharge at 50 mTorr with a gap separation of 4.5 cm by a
222 V voltage source at 13.56 MHz.
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Figure 11. Electron temperature profile for a parallel plate
capacitively coupled oxygen discharge at 50 mTorr with a gap
separation of 4.5 cm by a 222 V voltage source at 13.56 MHz.

4. Comparison of xpdp1 and oopd1

To benchmark the code we first compare the first four cases
listed in table 2. Case 1 uses the xpdp1 code with the xpdp1
cross section set and fully non-relativistic electron scattering
algorithm as described by Vahedi and Surendra [11]. Case
2 uses the oopd1 code but with the xpdp1 cross section set
and non-relativistic electron scattering algorithm as described
by Vahedi and Surendra [11]. Case 3 uses the oopd1 code
with the xpdp1 cross section set and the revised algorithm for
electron scattering as well as relativistic treatment if needed as
described by Lim [54]. Case 4 is using the oopd1 code but with
the revised cross section set, but including only the reactions
that were included in xpdp1, marked with an x in table 1 and the
revised algorithm for electron scattering as well as relativistic
treatment for electron scattering, if needed. Note that for these
four cases only O+

2 ions, O− ions and electrons are followed as
charged particles. In all cases the particle weight, i.e. the ratio
of the number of physical particles to computational particles,
is set to be 107 for all particles.

The potential profile for the four cases explored is shown
in figure 10. The potential profile is almost the same for

7
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Table 2. The cases explored and numerical values of selected plasma parameters at the center of the discharge.

Case Code Cross section set Electron kinematics φ0 ne0 (m−3) n− (m−3) n+ (m−3) Teff0 (V) α0

1 xpdp1 xpdp1 xpdp1 101.30 2.43 × 1014 1.17 × 1016 1.20 × 1016 2.83 48.3
2 oopd1 xpdp1 xpdp1 101.25 2.29 × 1014 1.21 × 1016 1.23 × 1016 2.98 52.8
3 oopd1 xpdp1 oopd1 101.75 2.18 × 1014 1.19 × 1016 1.20 × 1016 2.98 54.5
4 oopd1 oopd1 limited oopd1 103.11 1.55 × 1014 1.75 × 1016 1.78 × 1016 3.59 113.2
5 oopd1 oopd1 full oopd1 102.55 1.65 × 1014 1.70 × 1016 1.71 × 1016 3.43 102.9
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Figure 12. EEPF at the center of a parallel plate capacitively
coupled oxygen discharge at 50 mTorr with a gap separation of
4.5 cm by a 222 V voltage source at 13.56 MHz.

case 1, case 2 and case 3, that is for both xpdp1 and oopd1
using the xpdp1 cross sections for both the relativistic and
non-relativistic kinematics. When the limited revised cross
section set is used, case 4, the potential profile becomes slightly
narrower and the center potential increases slightly. Figure 11
shows the effective electron temperature profile for the four
cases explored. The effective electron temperature is lower
when using xpdp1 than using oopd1 with the xpdp1 cross
sections. The effective electron temperature at the center of
the discharge is 2.83 V for case 1 and 2.98 V for cases 2
and 3. The center effective electron temperature increases
to 3.59 V when using the revised cross section set as seen
with case 4. Table 2 also shows numerical values of selected
plasma parameters at the center of the discharge. Figure 12
shows the electron energy probability function (EEPF). The
EEPF is almost the same for case 1, case 2 and case 3, that is
for both xpdp1 and oopd1 using the xpdp1 cross sections for
both the relativistic and non-relativistic kinematics. There is a
slightly higher density of low-energy electrons when the xpdp1
code is used (case 1) than when the oopd1 code is used. This
may explain the slightly lower effective electron temperature
observed when using xpdp1 and seen in figure 11. In addition
to the differences between xpdp1 and oopdp1 discussed in
section 3, xpdp1 uses the electron velocity rather than the
relative velocity between incident and target particles for the
electron–neutral collisions. Also xpdp1 smoothes the particle
densities by passing them through a one-two-one filter [61].
This is carried out to reduce numerical heating by getting rid of
high wave-vector components. This has not been implemented
in oopd1. This can explain some of the differences between
cases 1 and 2. There is an increase in the density of high-energy
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Figure 13. Electron heating rate for a parallel plate capacitively
coupled oxygen discharge at 50 mTorr with a gap separation of
4.5 cm by a 222 V voltage source at 13.56 MHz.

electrons and slightly lower density of low-energy electrons
when the revised cross section set is used in the simulation
(case 4).

There are two main heating mechanisms in capacitively
coupled discharges: ohmic heating due to electron–neutral
collisions and stochastic heating at the plasma edge due to
momentum transfer from the moving sheaths. The electron
heating rate profile is shown in figure 13. The peaks in the
electron heating rates near the plasma–sheath boundaries are
mainly due to stochastic heating while the electron heating in
the bulk is primarily due to ohmic heating of slow electrons
in the bulk plasma. As seen in figure 13, the enhanced
treatment of the collision kinematics in oopd1 leads to an
increase in the ohmic heating and decrease in the stochastic
heating. The revised cross section set further increases the
ohmic heating in the bulk plasma and decreases the stochastic
heating.

Figure 14 shows the density profiles for O− ions, O+
2 ions

and electrons for the four cases explored here. The negative
ion profile seen in figure 14(a) is almost the same for case 1,
case 2 and case 3, that is for both xpdp1 and oopd1 using the
xpdp1 cross sections. When the limited revised cross section
set is used, case 4, the negative ion density profile becomes
slightly narrower and the peak density at the discharge center
is higher. The same applies to the positive ion density seen in
figure 14(b). The peak positive ion density is 1.2 × 1016 m−3

for cases 1, 2 and 3, that is for oopd1 using the xpdp1 cross
sections regardless of the electron kinematics. The revised
cross section set gives higher positive ion density at the center
of the discharge or 1.8 × 1016 m−3, for case 4. The electron
density profile is almost the same for case 1, case 2 and case 3
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Figure 14. (a) O− ion density profile, (b) O+
2 ion density profile and

(c) electron density profile for a parallel plate capacitively coupled
oxygen discharge at 50 mTorr with a gap separation of 4.5 cm by a
222 V voltage source at 13.56 MHz.

while for case 4 it is narrower and the center density is lower
for the revised cross section set. The center electron density
is 2.4 × 1014 m−3 for case 1, and 2.3 × 1014 m−3 for case 2.
With the revised reaction set the center electron density drops
slightly to 1.6 × 1014 m−3 and the profile becomes narrower.
Thus here are some differences especially in the effective
electron temperature, O+

2-ion, O−-ion, and electron densities,
due to the different reaction dynamics and cross sections used.
For example the center electronegativity α0 increases from
about 48 to about 113 when the new cross sections and reaction
kinematics are used.
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Figure 15. Density profiles for a parallel plate capacitively coupled
oxygen discharge at 50 mTorr with a gap separation of 4.5 cm by a
222 V voltage source at 13.56 MHz simulated using the full reaction
set (case 5).

5. The influence of O atoms

In case 5 we use a full reaction set for oxygen as listed in
table 1. We assume that the electrodes are circular, each having
a diameter of 14.36 cm. The power absorbed in the discharge is
1 W and this power is used in the global model to calculate the
density ratio of neutral O2 molecules and and O atoms in the
discharge [62]. For the given dimensions, discharge pressure
and absorbed power the global model calculations give a partial
pressure due to O atoms of 0.087%. So for case 5 we assume
99.913% of the initial background gas is due to O2 molecules
and 0.087% is due to O atoms. The dynamics of the charged
particles (electrons, O+

2, O+ and O− ions) was followed as
well as the O atoms when their energy exceeds 100 meV. In
all cases the particle weight for the charged particles is set
to be 107 and for the high energy O atoms it is 109. This
corresponds to about 8 electrons and roughly 420 O+

2 and O−

ions per cell. As the O atom hits the electrode it returns as a
thermal O atom with a 50% probability, or two O atoms can
return as a thermal O2 with a 50% probability. The profile
of O atoms with energy above 100 meV is relatively flat at
roughly 6 × 1014 m−3. The secondary electron emission yield
is assumed to be zero for both O+ and O+

2 ions hitting the
electrode. Figure 15 shows the density profiles for the charged
particles when simulating the capacitively coupled oxygen
discharge at 50 mTorr and electrode separation of 4.5 cm using
the full reaction set listed in table 1. The density profiles
for O− ions, O+

2 ions and electrons are almost the same as
shown in figures 14(a)–(c), respectively, for case 4. The
electronegativity at the discharge center is 102.9 for case 5
compared with 113.2 for case 4. Note that the oxygen atom
density is roughly 1.4 × 1018 m−3 so for the given condition
the presence of oxygen atoms and O+ ions does not have much
influence on the overall discharge. The density of O atoms
with energy exceeding 100 mV is about 1.5 × 1017 m−3. So
for these conditions the use of the simplified oxygen reaction
set used in many studies [11, 12] is fully justified. The
electron heating rate for a parallel plate capacitively coupled
oxygen discharge using the full reaction set is also shown in
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figure 13. When the oxygen atom is present the ohmic heating
in the bulk plasma decreases slightly and the stochastic heating
increases slightly compared with neglecting oxygen atoms and
O+ ions. This is also seen in the effective electron temperature
profile seen in figure 11. There is a slight decrease in the
electron temperature when oxygen atoms are included in the
simulation. This decrease in electron temperature is due to a
slight decrease in the density of high-energy electrons as seen
by comparing the EEPF at the center of the discharge for cases 4
and 5.

6. Conclusion

We demonstrated a newly developed 1d-3v PIC-MCC code
oopd1 for simulations of capacitively coupled rf discharges
in oxygen. The code includes significantly revised cross
section database for collisional processes in oxygen, as well
as the addition of O atoms and O+ ions and the relevant
reactions and cross sections. The oopd1 also uses a relativistic
algorithm to calculate the electron kinematics in electron
scattering, and electron-impact excitation and ionization. We
benchmarked the planar model of the oopd1 code against the
well-established xpdp1 code. The difference between the two
codes is almost entirely due to the revised cross section set
used. The addition of O atoms and O+ ions can have a
significant influence on the overall discharge. However, for
the case studied here, due to the low density of O atoms,
the influence is negligible. Detachment by O atoms and the
metastable O2(a

1�g) molecule is known to be an important
loss channel for negative ions in oxygen discharges and has
significant influence on electronegativity and the electron
heating process. Future work will incorporate the metastable
O2(a

1�g) molecule and its contribution to ionization and
detachment.
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