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Abstract
Phase resolved optical emission spectroscopy (PROES) measurements combined with 1d3v
particle-in-cell/Monte Carlo collisions (PIC/MCC) simulations are used to study the electron
power absorption and excitation/ionization dynamics in capacitively coupled plasmas (CCPs)
in mixtures of neon and oxygen gases. The study is performed for a geometrically symmetric
CCP reactor with a gap length of 2.5 cm at a driving frequency of 10 MHz and a peak-to-peak
voltage of 350 V. The pressure of the gas mixture is varied between 15 Pa and 500 Pa, while
the neon/oxygen concentration is tuned between 10% and 90%. For all discharge conditions,
the spatio-temporal distributions of the electron-impact excitation rate from the Ne ground
state into the Ne 2p53p0 state measured by PROES and obtained from PIC/MCC simulations
show good qualitative agreement. Based on the emission/excitation patterns, multiple
operation regimes are identi!ed. Localized bright emission features at the bulk boundaries,
caused by local maxima in the electronegativity are found at high pressures and high O2

concentrations. The relative contributions of the ambipolar and the Ohmic electron power
absorption are found to vary strongly with the discharge parameters: the Ohmic power
absorption is enhanced by both the high collisionality at high pressures and the high
electronegativity at low pressures. In the wide parameter regime covered in this study, the
PROES measurements are found to accurately represent the ionization dynamics, i.e. the
discharge operation mode. This work represents also a successful experimental validation of
the discharge model developed for neon–oxygen CCPs.

Keywords: electron power absorption, capacitively coupled plasma, PROES measurement,
electronegative plasma, neon–oxygen plasma, gas heating, PIC simulation

(Some !gures may appear in colour only in the online journal)

∗ Author to whom any correspondence should be addressed.
Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
0963-0252/22/085009+21$33.00 Printed in the UK 1 © 2022 IOP Publishing Ltd

https://doi.org/10.1088/1361-6595/ac7b45
https://orcid.org/0000-0002-8005-5348
https://orcid.org/0000-0003-3572-1310
https://orcid.org/0000-0001-9865-4982
https://orcid.org/0000-0002-2371-2444
https://orcid.org/0000-0003-2384-1243
https://orcid.org/0000-0001-7929-5734
https://orcid.org/0000-0003-1369-6150
mailto:derzsi.aranka@wigner.hu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/ac7b45&domain=pdf&date_stamp=2022-9-14
https://creativecommons.org/licenses/by/4.0/


Plasma Sources Sci. Technol. 31 (2022) 085009 A Derzsi et al

1. Introduction

Capacitively coupled plasmas (CCPs) represent important
reactor types widely used in plasma etching, sputtering, depo-
sition, and cleaning processes providing the basis for semi-
conductor manufacturing and biomedical applications [1–5].
In such plasmas, ef!cient control of the particle properties at
the electrodes (e.g. the "uxes of chemically reactive species
and the ion "ux-energy distribution), which determine the
plasma–surface interaction, is a basic requirement. In order to
achieve improved process control in such systems, a detailed
understanding of the electron power absorption and ionization
dynamics is necessary.

The spatio-temporal distributions of the electron power
absorption and the ionization within the radiofrequency (RF)
period determine the operation mode of the discharge. In low-
pressure CCPs, several different discharge operation modes
can be identi!ed: the α-mode and the γ-mode [6] are typical
in electropositive gases, while the drift-ambipolar (DA) mode
[7] and the striation (STR) mode [8–12] can be observed in
electronegative gases. In the α-mode, the ionization, caused
by energetic electrons accelerated by electric !elds during the
times of sheath expansion, is concentrated at the bulk side
of the expanding sheath edge, while in the γ-mode, the ion-
ization, dominated by secondary electrons (SEs) accelerated
by the strong electric !eld inside the sheaths, is concentrated
within the sheath region. In the DA-mode, ionization can be
observed across the whole bulk region and at the collapsing
sheath edges, as it is generated by fast electrons accelerated
by the strong drift electric !eld in the plasma bulk caused by
the low conductivity of the plasma bulk, and by the ambipolar
electric !elds at the sheath edges caused by the strong gradi-
ents of the electron density. In the STR-mode, which develops
when both positive and negative ions can react to the fast varia-
tion of the RF electric !eld, the ionization, concentrated within
the bulk region, exhibits layered structures called ‘striations’;
these are generated as a result of the formation of alternating
space charges and the modulation of the electric !eld and the
energy gain of electrons in the plasma bulk. The simultaneous
presence of the ionization patterns characteristic of the differ-
ent discharge operation modes can be observed in low-pressure
CCPs under speci!c discharge conditions, as well as transi-
tions between these modes by varying the external control
parameters [13–18].

Experimental observation of the space and time-resolved
plasma emission based on phase resolved optical emission
spectroscopy (PROES) [19–21] provides invaluable informa-
tion on the electron power absorption and excitation/ionization
dynamics in low-pressure CCPs [7, 8]. For PROES mea-
surements, Ne is often used as a tracer gas due to its
favorable spectroscopic properties. By adding Ne in a small
concentration (typically 5%–15%) to the background gas,
and measuring the emission from a carefully selected atomic
transition (e.g. Ne 2p5(2Po

1/2)3p0 → 2p5(2Po
1/2)3s1 with a

wavelength of 585.25 nm) the spatio-temporal electron impact
excitation rate from the ground state into the upper level can be
derived. This way, by selecting an emission line resulting from

an excited state with a high electron impact excitation thresh-
old energy, information about the dynamics of high-energy
electrons (which are typically responsible both for the exci-
tation and the ionization processes in the discharge) can be
obtained, making PROES an effective non-intrusive diagnos-
tic technique. Although PROES provides information about
the spatio-temporal distribution of the electron-impact excita-
tion dynamics from the ground state into the selected excited
atomic state in the discharge, it is generally considered to probe
the discharge operation mode (which, in turn, is determined by
the spatio-temporal distribution of the ionization dynamics) as
well.

Recently, the applicability of PROES to probe the dis-
charge operation mode was investigated in low-pressure CCPs
operated in pure neon [22]. In that work, a detailed com-
parison of computational and experimental results focusing
on the spatio-temporal distributions of the excitation and the
ionization rates in geometrically symmetric single-frequency
neon CCPs has been performed in a wide parameter regime.
Particle-in-Cell/Monte Carlo Collisions (PIC/MCC) simula-
tions [23–34] and PROES measurements were carried out at
driving frequencies ranging from 3.39 MHz to 13.56 MHz and
pressures from 60 Pa to 500 Pa, at a !xed peak-to-peak voltage
of 330 V and an electrode gap of 2.5 cm [22]. At !xed fre-
quencies, transitions of the discharge operation mode from the
α-mode to the γ-mode were observed by increasing the pres-
sure. The electron impact excitation rates from the ground state
into the Ne 2p5(2Po

1/2)3p0 state (for which we will use the sim-
pli!ed notation Ne 3p0) obtained from PROES measurements
and PIC/MCC simulations were in good agreement in all cases.
However, it was found that PROES results do not always probe
the ionization and signi!cant γ-mode ionization can take place
in the discharge even in the cases when this is not seen in the
spatio-temporal distribution of the Ne 3p0 excitation. This was
explained by the difference in the cross sections of the electron
impact excitation into the observed level and the ionization as
a function of the electron energy [22]. Although the thresh-
old energy of the Ne 3p0 excitation process is close to the one
of the ionization, the shapes of the cross sections are different
within the electron energy range of the discharges studied. As
a consequence of this, it is more likely that the highly energetic
SEs within the sheaths induce ionization rather than excitation.

Due to their high relevance in material processing, oxy-
gen CCPs have been studied extensively, both experimen-
tally and by simulations [13, 35–50]. In pure oxygen CCPs,
transitions between the α-mode and the DA-mode have been
found by changing the gas pressure [13, 14], the gap distance
[14, 17], the driving frequency [13, 47], the driving voltage
waveform [13, 15, 18, 46, 51, 52], and the external magnetic
!eld [49]. A transition from a hybrid DA-α mode to a pure
α-mode was observed by increasing the driving frequency at
a constant pressure [47], as well as by increasing the pressure
or the electrode gap [14]. PIC/MCC simulations and PROES
measurements showed a transition from the DA-mode to the
α-mode in oxygen CCPs driven by tailored voltage waveforms
by changing the number of consecutive harmonics included in
the driving voltage waveform at high base frequencies [13].
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In this work, we study the electron power absorption and
excitation/ionization dynamics in CCPs operated in mixtures
of neon and oxygen. PROES measurements are combined
with PIC/MCC simulations in a wide parameter regime. The
study is performed in a geometrically symmetric CCP reac-
tor with a gap length of 2.5 cm, at a driving frequency of
10 MHz and a peak-to-peak voltage of 350 V. The pres-
sure of the gas mixture is varied between 15 Pa and 500 Pa,
while the mixing ratio of neon-to-oxygen is between 10%
and 90%. Transitions between different discharge operation
modes are found to be induced by changing the gas pressure
and varying the neon/oxygen concentration ratio in the dis-
charge, as well as the development of localized bright emis-
sion/excitation features at the edges of the bulk region at high
pressures and high O2 concentrations. The good qualitative
agreement between the PROES results and the PIC/MCC sim-
ulation results supports the validity of the discharge model
developed for neon–oxygen CCPs. While experimental vali-
dation of simulations is of major importance for the reliability
of the simulation results, this has only been done for some
inert gases [22, 53] and electronegative gases [48], but such
efforts are barely found for reactive gas mixtures [15], which
are required for process development.

The paper is structured in the following way. In section 2,
the experimental setup is presented. In section 3, the simulation
method and the neon–oxygen discharge model is described,
including details on the collision processes in section 3.1,
the surface processes in section 3.2, the gas heating mod-
ule in section 3.3, the calculation of the density of O2(a1∆g)
metastable molecules in section 3.4, the study of the elec-
tron power absorption based on the Boltzmann term method
in section 3.5, and the simulation settings in section 3.6. The
results are shown and discussed in section 4. The conclusions
are drawn in section 5.

2. Experimental setup and discharge conditions

The space and time resolved optical emission of the discharge
is measured experimentally, by PROES [19–21], in which the
emitted light from the selected excited atomic/molecular state
is spatio-temporally resolved. From that, the electron impact
excitation rate from the ground state into the observed level,
Rexc(x, t), can be calculated, as introduced in [21]. In order to
perform a successful PROES measurement on a CCP, some
crucial conditions have to be ful!lled [21]: (i) knowledge of
the optical transition rates in the gas is needed. (ii) The con-
tribution of cascades, excitation from metastable levels and
quenching to the population of the measured excited state need
to be negligibly low. (iii) The intensity of the emitted light
at the measured line has to be high enough. (iv) No super-
position with other optical lines is tolerated within the spec-
tral resolution of the measurement. (v) The lifetime of the
relevant excited state has to be short enough to temporally
resolve the RF period (100 ns in the current study). All in
all, the choice of the optical line to measure is critical. A
typical line that satis!es these criteria well and is, therefore,
often applied for PROES is the emission line corresponding to

the Ne 2p5(2Po
1/2)3p0 → 2p5(2Po

1/2)3s1 transition, with a wave-
length of 585.25 nm and lifetime of 16.26 ns [54]. Its threshold
energy for electron impact excitation from the ground state is
18.966 eV [55].

For the measurements, our geometrically symmetric
‘Budapest v.3’ plasma reactor is used, which was !rst intro-
duced in [22]. A sketch of the setup is shown in !gure 1.
The "at disk electrodes made of 304 grade stainless steel with
identical diameters of 14.0 cm are situated within a quartz
cylinder. Their separation is 2.5 cm. The upper electrode is
driven by RF voltage, while the lower one is grounded. There
is no active cooling applied on the electrodes. The chamber
can be evacuated via a turbomolecular and a rotary pump, pro-
viding a base pressure of approximately 10−5 Pa. The experi-
ments are performed in a gas "ow of ≈3 sccm set by two "ow
controllers. The driving voltage is provided by a waveform
generator (Juntek JDS-2900), which is connected to a linear
power ampli!er (RM BLA-300) and an impedance match-
ing box (MFJ-949E). The voltage drop across the discharge
is measured by a high voltage probe (HP 10076A, 100:1)
right at the power feeding point, and the pressure is monitored
by capacitive gauges (Pfeiffer Vacuum CMR264 and MKS
Baratron 631A).

PROES measurements are performed with a fast-gateable
ICCD camera (4 Picos, Stanford Computer Optics). The opti-
cal emission from the Ne 3p0 state with a wavelength of
585.25 nm is measured. In order to limit the measured light to
this speci!c line, an interference !lter is applied with a cen-
tral wavelength of 585 nm and a spectral full width at half
maximum of ∼10 nm. The gate width of the camera is set to
2 ns. The camera is equipped with a Thorlabs MVTC23013
0.128x bi-telecentric lens, by which two-dimensional pictures
can be taken. The spatial resolution is approximately 150 µm.
Due to the lateral uniformity of the plasma, the data are aver-
aged in the direction perpendicular to the discharge axis, which
reduces the noise signi!cantly.

3. Simulation method

The simulations are based on a one dimensional in space
and three dimensional in velocity space (1d3v) PIC/MCC
simulation code [23–34]. This code (named PICit!), recently
developed in our group, is suitable to model geometrically
symmetric capacitively coupled RF discharges in various mix-
tures of electropositive/electronegative gases. The particles
traced in the simulations of neon–oxygen gas mixture plas-
mas are electrons, Ne+ ions, fast Ne atoms (Nef), O+

2 ions,
O− ions and fast O2 molecules (Of

2). The set of collision pro-
cesses taken into account in the neon–oxygen discharge model
is based on the sets of collision processes used previously for
simulation studies of CCP discharges operated in pure neon
[22] and oxygen [13, 17, 50–52, 56], complemented with
‘cross processes’ between oxygen and neon species and col-
lision processes for fast neutrals (see section 3.1). The heating
of the background gas due to elastic collisions of fast neutrals
and ions with thermal (background) atoms/molecules, as well
as heating up of the electrodes due to inelastic collisions of
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Figure 1. Scheme of the experimental setup.

plasma particles with the electrodes [57] is taken into account
in the model (see section 3.3). The complexity of the model
necessitates a relatively detailed description, which we provide
below.

3.1. Collision processes

The elementary collision processes included in the discharge
model are listed in table 1.

Electron collisions: the collision processes between elec-
trons and Ne atoms are elastic scattering (process 1),
excitation (processes 2–10) and ionization (process 11).
Nine electron impact Ne excitation processes are considered,
including the Ne 3p0 excitation from the ground state (process
10), whose population dynamics is captured experimentally by
the PROES measurements. The cross sections for the e− + Ne
collisions are adopted from the Biagi-v7.1 dataset [58] and are
plotted in !gure 2(a).

Collisions between electrons and O2 molecules include
elastic scattering (process 12), rotational and vibrational exci-
tation (processes 13–17), metastable excitation (processes 18
and 19), dissociative attachment (process 20), electronic exci-
tation (process 21), dissociation (processes 22–24), ioniza-
tion (process 25), and dissociative excitation (process 26).
Electron impact detachment of O− ions (process 27) and
dissociative recombination of O+

2 ions (process 28) are also
considered. The e− + O2 process list and cross sections
adopted are largely based on the ‘xpdp1’ set [60]. However, a

few changes have been introduced [51]: we (i) replace the elas-
tic collision (process 12) cross section with the elastic momen-
tum transfer cross section of Biagi [59] and use, accordingly,
isotropic electron scattering, (ii) replace the original ‘xpdp1’
cross sections for the ionization (process 25), electron impact
detachment (process 27) and dissociative recombination (pro-
cess 28) with those recommended by Gudmundsson [33]. The
cross sections for the electron impact collisions with oxy-
gen species are plotted in !gure 2(b) (processes 12–17) and
!gure 2(c) (processes 18–28).

Ion collisions: for Ne+ ions, elastic collisions with Ne
atoms and O2 molecules are taken into account. In case
of Ne+ + Ne collisions, an isotropic channel (process 29)
and a backward scattering channel (process 30) is con-
sidered and the cross sections are taken from [61] in
the functional forms σ29(εcom) = 1.06 × 10−19ε−0.5

com m2 and
σ30(εcom) = 2.8 × 10−19ε−0.15

com (1 + 0.8/εcom)−0.3 m2, where
εcom is the kinetic energy in the ion–atom center-of-mass
reference frame in units of eV.

As Ne+ + O2 collisions, charge transfer (process 31) and
isotropic elastic scattering (process 32) are included in the
model. Process 31 is a non-resonant charge transfer reaction
that is possible as the ionization potential of Ne is higher than
that of O2. The rate coef!cient of this reaction at thermal ener-
gies was reported in [62]. Schlumbohm [64] reported a mea-
surement of this cross section in the energy range of 3–200 eV,
and found it to be between 3.5 ×10−20 m2 and 4 ×10−20 m2.
We use a cross section of constant 3.7 ×10−20 m2 for this
process. Process 32 is treated with its Langevin cross section:
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Table 1. List of collision processes for neon–oxygen mixtures.

# Reaction Process References

1 e− + Ne → e− + Ne Elastic scattering [58]
2 e− + Ne → e− + Ne 2p5(2Po

3/2)3s2 excitation [58]
3 e− + Ne → e− + Ne 2p5(2Po

3/2)3s1 excitation [58]
4 e− + Ne → e− + Ne 2p5(2Po

1/2)3s0 excitation [58]
5 e− + Ne → e− + Ne 2p5(2Po

1/2)3s1 excitation [58]
6 e− + Ne → e− + Ne

∑
2p53p excitation [58]

7 e− + Ne → e− + Ne
∑

2p54s excitation [58]
8 e− + Ne → e− + Ne

∑
2p53d excitation [58]

9 e− + Ne → e− + Ne
∑

2p54p excitation [58]
10 e− + Ne → e− + Ne 2p5(2Po

1/2)3p0 excitation [58]
11 e− + Ne → 2e− + Ne+ Ionization [58]
12 e− + O2 → O2 + e− Elastic scattering [59]
13 e− + O2(r = 0) → e− + O2(r > 0) Rotational excitation [60]
14 e− + O2(v = 0) → e− + O2(v = 1) Vibrational excitation [60]
15 e− + O2(v = 0) → e− + O2(v = 2) Vibrational excitation [60]
16 e− + O2(v = 0) → e− + O2(v = 3) Vibrational excitation [60]
17 e− + O2(v = 0) → e− + O2(v = 4) Vibrational excitation [60]
18 e− + O2 → e− + O2(a1∆g) Metastable excitation (0.98 eV) [60]
19 e− + O2 → e− + O2(b1Σg) Metastable excitation (1.63 eV) [60]
20 e− + O2 → O + O− Dissociative attachment [60]
21 e− + O2 → e− + O2 Excitation (4.5 eV) [60]
22 e− + O2 → O(3P) + O(3P) + e− Dissociation (6.0 eV) [60]
23 e− + O2 → O(3P) + O(1D) + e− Dissociation (8.4 eV) [60]
24 e− + O2 → O(1D) + O(1D) + e− Dissociation (9.97 eV) [60]
25 e− + O2 → O+

2 + e− + e− Ionization [33]
26 e− + O2 → e− + O + O(3p3P) Dissociative excitation (14.7 eV) [60]
27 e− + O− → e− + e− + O Electron impact detachment [33]
28 e− + O+

2 → O(3P) + O(1D) Dissociative recombination [33]

29 Ne+ + Ne → Ne+ + Ne Isotropic scattering [61]
30 Ne+ + Ne → Ne+ + Ne Backscattering [61]
31 Ne+ + O2 → Ne + O+

2 Charge transfer [62]
32 Ne+ + O2 → Ne+ + O2 Isotropic elastic scattering [63]
33 O+

2 + O2 → O2 + O+
2 Elastic scattering: charge exchange [33]

34 O+
2 + O2 → O2 + O+

2 Elastic scattering: isotropic part [33]
35 O+

2 + Ne→ O+
2 + Ne Isotropic elastic scattering [63]

36 O− + O2 → O− + O2 Elastic scattering [33]
37 O− + O2 → O + O2 + e− Detachment [33]
38 O− + O+

2 → O + O2 Mutual neutralization [33]
39 O− + O2(a1∆g) → O3 + e− Associative detachment [35]
40 O− + Ne → O− + Ne Isotropic elastic scattering [63]
41 O− + Ne+ → O + Ne Mutual neutralisation [33]

42 Nef + Ne → Nef + Ne Elastic scattering
43 Of

2 + O2 → Of
2 + O2 Elastic scattering

44 Nef + O2 → Nef + O2 Elastic scattering
45 Of

2 + Ne → Of
2 + Ne Elastic scattering

σL =

√
α∗πe2

ε0µ

1
g

=

√
α∗πe
2ε0

ε−1/2
com , (1)

where µ is the reduced mass, α∗ is the polarizibility of
the target, g is the relative velocity and εcom is kinetic
energy in the centre-of-mass frame in units of eV. The
polarizability values for oxygen and neon (to be used later)
are: α∗(O2) = 1.562 ×10−30 m3 and α∗(Ne) = 0.381 ×
10−30 m3 [65]. The cross sections of the collision processes
used for Ne+ ions are shown in !gure 3(a).

The O+
2 + O2 collisions can result in charge exchange

or isotropic elastic scattering (processes 33 and 34, respec-
tively). The cross sections for these processes are taken from
Gudmundsson’s work [33]. Between O+

2 ions and Ne atoms
isotropic elastic scattering (process 35) is considered. Simi-
larly to process 32, this process is treated with its Langevin
cross section. The cross sections of the collision processes used
for O+

2 ions are included in !gure 3(a).
For O− + O2 collisions elastic scattering (process 36) and

detachment (process 37) are considered. Mutual neutralization
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Figure 2. Cross sections of electron collisions listed in table 1
(processes 1–28) as a function of the kinetic energy: (a) elastic
scattering between electrons and Ne atoms (processes 1), electron
impact excitation (processes 2–10) and ionization (process 11) of
Ne. The red curve (process 10) in panel (a) corresponds to the
excitation from the ground state into the Ne 3p0 state. (b) Elastic
scattering between electrons and O2 molecules (processes 12),
electron impact rotational excitation (process 13) and vibrational
excitation (processes 14–17) of O2. (c) Metastable excitation
(processes 18 and 19), dissociative attachment (process 20),
electronic excitation (process 21), dissociation (processes 22–24),
ionization (process 25) and dissociative excitation (process 26)
between electrons and O2 molecules, as well as detachment with O−

(process 27) and dissociative recombination with O+
2 (process 28).

of O− and O+
2 ions (process 38) and associative detach-

ment between O− ions and O2(a1∆g) singlet delta oxygen
molecules (process 39) are also included in the model. The

Figure 3. Cross sections of the collision processes for Ne+, O+
2 and

O− ions, listed in table 1 (processes 29–41), as a function of the
kinetic energy (considered in the center-of-mass frame): (a)
isotropic and backward elastic scattering between Ne+ ions and Ne
atoms (processes 29 and 30, respectively), Ne+ ions and O2
molecules (processes 32 and 31, respectively), O+

2 ions and O2
molecules (processes 33 and 34, respectively), and isotropic elastic
scattering between O+

2 ions and Ne atoms (process 35).
(b) Elastic scattering (process 36) and detachment (process 37)
between O− ions and O2 molecules, mutual neutralization of O−

with O+
2 (process 38) and Ne+ (process 41), associative detachment

of O− with O2(a1∆g) (process 39) and isotropic elastic scattering
with Ne atoms (process 40). Note that the cross sections overlap in
case of processes 38 and 41.

metastable O2(a1∆g) singlet delta oxygen molecules are not
traced in the simulation, however, their density is calculated
self-consistently based on the balance of their creation, de-
excitation, and diffusive transport as discussed in section 3.4
below. The cross sections of processes 36–38 are from [33],
for process 39 the cross section is taken from [35]. As ‘cross-
process’ between O− ions and Ne species, isotropic elastic
scattering with Ne atoms (process 40) and mutual neutralisa-
tion with Ne+ ions (process 41) are considered. Process 40 is
treated with its Langevin cross section. Process 41 is treated in
a similar way as the mutual neutralisation O− + O+

2 →O + O2

(process 38). Due to the lack of cross section data for
O− + Ne+ → O + Ne neutralization, we use the same cross
section for process 41 as that used for process 38. The cross
sections of the collision processes used for O− ions are plotted
in !gure 3(b).
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Fast neutral collisions: a background gas atom or molecule
acquiring a kinetic energy greater than a threshold energy
of Ethr = 9 · 3

2 kBTgas after a collision with a charged/neutral
heavy particle is considered to be a fast neutral, and is traced
in the simulation until its energy drops below Ethr. Thermal-
ization of fast neutrals due to collisions with atoms/molecules
of the background gas contributes to the heating of the gas
(see section 3.3). Elastic collisions of fast Ne atoms (Nef)
and fast O2 molecules (Of

2) with background O2 molecules
and Ne atoms (processes 42–45) are considered in the model
in the following way: (i) the scattering cross sections are
derived from σV, the viscosity cross section and (ii) isotropic
scattering in the COM frame is assumed. As reliable cross
section data for Nef and Of

2 for neon–oxygen mixture are
not available in the literature, the cross sections are cal-
culated for processes 42–45 based on the pair-potential
between the particles, for which the Lennard-Jones (LJ) type is
assumed:

φ(r) = 4εLJ

[(
r
σLJ

)−12

−
(

r
σLJ

)−6
]

, (2)

where the energy εLJ and the characteristic length σLJ can be
found in tables, e.g. in [66]. The calculation of the cross section
starts with computing the scattering angleχ as a function of the
impact parameter b. This is done as described in [67]. Hav-
ing obtained the χ(b) function for a given LJ potential, the
viscosity cross section is computed as [68]:

σV =

∫ ∞

0
sin2(χ)b db. (3)

The χ(b) function is computed for a set of energies (in the
COM frame) and the above integral is evaluated for all these
energy values, resulting in the energy-dependent elastic scat-
tering cross section σfast(ε) = 3

2σV(ε). To obtain the LJ param-
eters for the Ne–O2 ‘cross collisions’, the Lorentz–Berthelot
combining rule is used [69]:

σab
LJ =

σaa
LJ + σbb

LJ

2
, (4)

εab
LJ =

√
εaa

LJ ε
bb
LJ, (5)

where a and b denote the interacting species. The a ↔ b sym-
metry of these equations results in the same cross sections
for Nef + O2 and Of

2 + Ne collisions. These computed cross
sections (for processes 42–45) are plotted in !gure 4. The
calculation of the cross sections of fast neutrals was vali-
dated by comparing our results for argon gas with those given
in [68].

3.2. Surface processes

The surface processes taken into account in the discharge
model are electron re"ection, secondary electron emission

Figure 4. Cross sections of the collision processes for fast Ne atoms
(Nef) and fast O2 molecules (Of

2), listed in table 1 (processes
42–45), as a function of the kinetic energy (considered in the
center-of-mass frame): elastic scattering between Nef and Ne
atoms/O2 molecules (process 42/44) and elastic scattering between
Of

2 and O2 molecules/Ne atoms (process 43/45). Note, that the cross
section of processes 44 and 45 are the same (see text).

(SEE) induced by O+
2 ions and Ne+ ions, and surface quench-

ing of O2(a1∆g) metastable molecules. Constant surface
coef!cients are speci!ed for these processes. At the electrode
surfaces, electrons are elastically re"ected with a probability of
ηe = 0.7. This value is adopted based on the !ndings of Schu-
lenberg et al [53]. For O+

2 ions, a SEE coef!cient of 0.015 is
considered, while for Ne+ ions the SEE coef!cient is set to
0.1 [70]. The value of the surface quenching probability (sur-
face destruction probability), which controls the loss rate of
O2(a1∆g) metastable molecules, is set to α = 8 × 10−4 in this
study (see discussion in section 3.4).

3.3. Gas heating

The collision frequency of elementary processes is strongly
dependent on the local gas temperature (through the depen-
dence on the background gas density). In order to cover the
wide range of discharge parameters properly, gas heating
needs to be included in the model. The coupling of the input RF
electric power to the gas heating is realised by two processes:
(i) in the gas phase, ions are accelerated by the electric !eld and
energy is transferred to the background gas atoms/molecules
through collisions, mediated by fast neutrals, and (ii) at the
surfaces, the "ux of particles interacting with the electrodes
causes them to heat up.

Heat transfer: the thermal power density, P(x), accumulates
the excess energy transferred to the background gas, originat-
ing from the particles accelerated by the electric !eld, per unit
time and volume [71]. It acts as the source term in the steady-
state heat equation, that is included in the model to calculate
the equilibrium temperature distribution in the discharge gap:
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∂2Tgas(x)
∂x2 = − 1

κ
P(x), (6)

were κ is the thermal conductivity speci!c to the gas mixture.
Analogously to the linear particle shape function in the PIC

method, if a collision with the background gas happens within
the ith grid cell, it contributes to P(x) at the neighboring grid
points in the following way:

dPi =
W f∆E

A∆x∆tH

(
(i + 1) − x

∆x

)
, (7)

dPi+1 =
W f∆E

A∆x∆tH

( x
∆x

− i
)

,

where A is the surface of the electrodes, W f is the weight
of fast neutrals, ∆x is the length of the grid cell normal to
the electrodes, and ∆tH is the time of data collection (sev-
eral RF cycles). ∆E is the energy gain of a background gas
atom/molecule due to the collision. Collisions of ions, as well
as fast neutrals with the background gas, contribute to P(x).
When thermalized, the neutrals deposit all their energy to the
P(x) thermal power.

Boundary condition: in order to solve equation (6), the
boundary values of the temperature distribution have to be
de!ned. In regimes with Knudsen number (Kn) close but
below unity the ‘slip "ow’ approximation can be applied [72].
The Knudsen number is de!ned as Kn = l/Λ, where l is the
molecular mean free path and Λ is the characteristic size of
the system, i.e. the length of the discharge gap in our case. The
resulting boundary condition is of the third kind, introducing
a temperature jump at the electrodes as described in [73, 74]:

Tgas(x = 0/L) = Twall + λ

∣∣∣∣
∂Tgas

∂x

∣∣∣∣
x=0/L

, (8)

where Twall is the temperature of the walls (i.e. the electrodes).
λ is called the temperature jump distance, and is proportional
to the mean free path perpendicular to the electrodes, and
it depends on the gas mixture. For further details see [73].
Note that equation (8) imposes conditions on the slope of the
temperature distribution at the boundaries. To satisfy these,
the following iterative method is used: (i) initially the tem-
perature jump is neglected and wall temperatures (Twall) are
used as boundary values for the Thomas algorithm which
solves equation (6). (ii) Since the resulting temperature dis-
tribution does not satisfy equation (8), the right-hand side of
equation (8) is set as new boundary values to solve equation (6)
again. (iii) Step (ii) is repeated until condition (8) is ful!lled
within pre-de!ned tolerance limits. The convergence of this
method was demonstrated in [73].

Heat convection at the electrodes: the heating of the elec-
trode surfaces is caused by inelastic collisions of plasma par-
ticles with the electrodes. In order to accurately describe the
experimental system, this change of wall (electrode) temper-
ature must be accounted for in the gas heating module, as
it enters directly in equation (8). The equilibrium wall tem-
perature is determined by the balance of heat in"ux at the
plasma side, thermal conduction of the electrode assembly, and
heat dissipation to the environment at the outer surface of the

Figure 5. Simpli!ed geometry assumed in the model for heat
convection at the electrodes, showing the relevant quantities and a
sketch of the temperature pro!le.

system. In our calculations, we consider a simpli!ed geometry
of the electrode arrangement, as compared to the experimental
realisation (consisting of the electrodes, spacers, and "anges),
which is shown in !gure 5. This simpli!cation is permissible
because of the use of a calibration procedure for the effective
heat conductivity of the setting, to be revealed below. Let q̇0

denote the heat "ux originating from the discharge reaching
the electrode and T∞ the room temperature. k and Le are the
thermal conductivity and the width of the electrode, respec-
tively. h is the convection heat transfer coef!cient of air. For
the model system of !gure 5, the steady-state homogeneous
heat equation inside the electrode and its boundary conditions
read:

d2Telec.(x)
dx2 = 0 for 0 < x < Le, (9)

−k
dTelec.(0)

dx
= q̇0, (10)

−k
dTelec.(Le)

dx
= h[Telec.(Le) − T∞], (11)

where x = 0 represents the plasma side and x = Le the exter-
nal surface of the electrode assembly. Equations (10) and (11)
are boundary conditions for boundaries at point (1.) and (2.) in
!gure 5. The solution of equation (9) yields the wall tempera-
ture in terms of the heat "ux from the plasma, assuming equal
q̇0, k, and Le values for both electrodes:

Twall = Telec.(0) = T∞ + q̇0

(
Le

k
+

1
h

)
. (12)

The value of q̇0 could, in principle, be calculated tracing
individual particle–surface interactions, however, an even sim-
pler and more precise estimation can be achieved by assuming
that, in equilibrium, all electric power absorbed by the plasma
(charged plasma particles only) from the RF !eld becomes
!nally absorbed by the electrodes and is dissipated in form of
heat. This means that the heat "ux reaching one electrode is
the time average (〈. . .〉) of the half of the total electrical input
power per unit area:

q̇0 =
1

2A

〈
∑

i

qiWi(Ei · vi)

〉
, (13)
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where the sum runs over all charged particles i with charge
qi, weight factor Wi, velocity vi and electric !eld at the
particles’ position Ei. Having calculated this quantity, the wall
temperature can readily be obtained from equation (12), if
(Le/k + 1/h) is known. While this factor (that consists of three
components, each characterizing different aspects of the over-
all heat dissipation) could be approximated based on the exact
dimensions and material properties of the electrode construc-
tions, we have chosen an alternative way to determine it, using
a calibration technique. Tunable diode laser absorption spec-
troscopy measurements were performed in pure Ar discharges
in the same experimental system. The details of this technique
are described in [53]. The measured gas temperature was then
compared with PIC/MCC results obtained for different values
of the (Le/k + 1/h) coef!cient, and its value giving the best
agreement was determined and used throughout this study.

3.4. Oxygen metastable balance

Previous studies on oxygen CCPs have shown that at low pres-
sures the discharge contains more O− ions than electrons, thus
it is electronegative [46, 48, 50], which is quanti!ed by the
global parameter β = 〈nO−〉/〈ne〉, i.e. the global electroneg-
ativity of the discharge. The O− ion density is determined by
the balance of O− creation (by means of electron impact disso-
ciative attachment of O2 molecules, process 20 in table 1) and
the primary loss in the gas phase due to associative detachment
in collisions with O2(a1∆g) metastable molecules (process 39
in table 1). In order to accurately compute the O− ion den-
sity distribution, it is important to determine the density of the
O2(a1∆g) metastable species self-consistently. This is done by
modeling the balance of creation, transport, and surface de-
excitation of the O2(a1∆g) molecules, which are incorporated
as continuum species, described by the stationary diffusion
equation

D
∂2nm(x)
∂x2 = Sm(x), (14)

where D is the diffusion coef!cient, nm(x) and Sm(x) are the
density and time averaged (over several RF cycles) source rate
distributions of the O2(a1∆g) metastables. Like in the gas tem-
perature calculation module, here we aim only for the station-
ary solution of the transport equation and assume that it does
not depend on the actual time-evolution, which, on the other
hand, can be signi!cantly slower than the relaxation of other
plasma parameters. The source term in equation (14) is calcu-
lated analogously to the thermal power input in equation (7)
but with the microscopic contribution of process 18 in table 1
for every electron in each time step. The contribution of gas
phase losses of metastables (through process 39 in table 1) is
not considered in the metastable density balance calculation.
The validity of this simpli!cation is supported by the colli-
sion statistical analysis, showing that the average probability of
associative detachment is <1% of the probability of metastable
excitation for all conditions.

To obtain proper pressure, temperature, and gas compo-
sition dependent diffusion coef!cients we utilize the predic-
tions of the Chapman–Enskog theory [75, 76], resulting in the

general form

D ≈ D0
p0

p

(
Tgas

T0

)3/2

, (15)

where D0 is the gas composition dependent diffusion coef-
!cient at a reference pressure p0 = 1 Pa and reference tem-
perature T0 = 300 K. The values of D0 for O2 molecules in
pure O2 and Ne gases are estimated as DO2

0 = 2.07 m2 s−1

and DNe
0 = 3.29 m2 s−1. Values for arbitrary mixing ratios

are calculated by linear interpolation between these two
extremes.

The dominant loss process of O2(a1∆g) metastables is the
de-excitation at the electrodes, which is incorporated in the
boundary conditions. Similarly to the gas heating calculation,
due to the low pressure condition, where the collision mean
free path is comparable to the characteristic size of the sys-
tem, the boundary condition is of the third kind, relating the
boundary value with its gradient as

nm(x = 0/L)
κ

=

∣∣∣∣
∂nm

∂x

∣∣∣∣
x=0/L

, (16)

with κ = l(2 − α)/(
√

3α), where l is the collision mean
free path of O2 molecules, and α = 8 × 10−4 is the sur-
face destruction (de-excitation or quenching) probability.
The mean free path is calculated from the diffusion coef!-
cient using the formula derived from the kinetic theory of
gases [77]

l =
4√
3π

(
m

3kBTgas

)1/2

D. (17)

With all terms evaluated equation (14) is solved using the
Thomas tridiagonal algorithm, the metastable density values
at the boundaries nm(x = 0/L) are adjusted, and the solution
is iterated until the boundary conditions (16) are met.

3.5. Electron power absorption

The characteristics of the electron power absorption have
been investigated using the Boltzmann term method. This
method, which provides spatio-temporally resolved informa-
tion about the electric !eld and the power absorbed by the
electrons, has been thoroughly described in earlier works
[50, 56, 78]. Therefore, here only a short overview is given.
The Boltzmann term analysis is based on the electron momen-
tum balance equation, which can be rearranged for the electric
!eld, which then can be divided into various terms, given by
Etot = Ein + E∇p + EOhm [56], where

Ein = − me

nee

[
∂

∂t
(neue) +

∂

∂x
(neu2

e)
]

,

E∇p = − 1
nee

∂

∂x
p‖,

EOhm = −Πc

nee
. (18)

Here me and e are the electron mass and charge, respec-
tively, ne is the electron density, ue is the mean velocity, Πc

9



Plasma Sources Sci. Technol. 31 (2022) 085009 A Derzsi et al

Table 2. Physical and numerical parameters of the discharges studied.

Physical parameters:
Gas pressure p 15 Pa 31 Pa 62 Pa 125 Pa 250 Pa 500 Pa
O2 concentration range (%) 50–90 10–90 10–90 10–90 10–90 10–70
Electrode separation L 2.5 cm
Environment temperature T∞ 295 K
Peak-to-peak voltage Vpp 350 V
Frequency f 10 MHz (TRF = 1/ f = 100 ns)

Numerical parameters:
Cell size ∆x L/511
Nominal electrode area A 1 cm2

Time step size ∆t TRF/6000 TRF/6000 TRF/8000 TRF/12 000 TRF/20 000 TRF/30 000
Electron and Ne+ ion weight factor We 1500 2500 4000 4000 8000 10 000
O+

2 and O− ion weight factor WO 60 000 50 000 40 000 40 000 64 000 50 000
Of

2 molecule weight factor WOf
2

120 000 75 000 40 000 12 000 8000 50 000

Nef atom weight factor WNef 60 000 20 000 12 000 4000 8000 10 000

is the electron momentum loss and p‖ denotes the diagonal
element of the pressure tensor. Each of these electric !eld
terms corresponds to a distinct physical mechanism: Ein is
the electric !eld term originating from inertial effects; EOhm,
the Ohmic electric !eld, is a consequence of electrons col-
liding with the particles of the background gas, and E∇p is
due to pressure effects. This electric !eld term can be split
into two additional terms, according to E∇p = E∇n + E∇T,
where

E∇n = − T‖

nee
∂ne

∂x
,

E∇T = −1
e
∂T‖

∂x
, (19)

where T‖ = p‖/ne is the parallel electron temperature. E∇n

is, in regions where quasineutrality holds, identical to the
‘classical ambipolar’ electric !eld [79] and E∇T originates
from the spatial gradient of the electron temperature. From
the electric !eld terms the corresponding power absorption
terms can be easily calculated by multiplying each of these
terms with the spatio-temporally resolved electron conduction
current density, jc.

3.6. Simulation parameters

Table 2 lists the most important physical and numerical param-
eters of the simulations grouped according to the gas pres-
sure. The physical parameters were chosen to cover a low
to intermediate pressure regime and a wide mixing range.
The numerical parameters were chosen to ensure the ful-
!llment of the usual stability and accuracy requirements
imposed on the explicit electrostatic PIC/MCC scheme. For
a recent detailed discussion on these criteria and the effect
of different numerical parameters on the simulation results
see e.g. [80].

Further parameters speci!c to surface processes, heat con-
ductivity, and metastable molecule diffusion are introduced in
the previous sections.

4. Results and discussion

4.1. Experimental results

Figure 6 shows the spatio-temporal distribution of the elec-
tron impact excitation rate from the ground state into the Ne
3p0 state measured by PROES at six different pressures: 15 Pa
(!rst row), 31 Pa (second row), 62 Pa (third row), 125 Pa
(fourth row), 250 Pa (!fth row) and 500 Pa (sixth row). At
a given pressure (panels in a given row), results obtained for
different neon/oxygen concentration of the background gas
mixture (with decreasing O2 concentration in panels from
left to right) are shown: 10% Ne–90% O2 (!rst column),
30% Ne–70% O2 (second column), 50% Ne–50% O2 (third
column), 70% Ne–30% O2 (fourth column), 90% Ne–10% O2

(!fth column). All panels of !gure 6 cover one RF period on
the horizontal axes, and the vertical axes show the distance
from the powered electrode.

At the lowest pressure of 15 Pa (!rst row), excitation at
both the expanding and the collapsing sheath edges can be
observed, as well as in the bulk region. The strongest exci-
tation is found at the bulk side of the collapsing sheath edge
at both electrodes. At this pressure, measurements have been
performed for O2 concentrations between 50% and 90% in
the background gas mixture. For all cases, the spatio-temporal
distribution of the excitation rate exhibits similar patterns
(panels (a1)–(c1)), independently of the Ne/O2 mixing ratio,
suggesting hybridα-DA discharge operation mode (with dom-
inant electron power absorption and excitation due to the DA-
mode). The main excitation patterns observed at this pressure
are labeled in panel (b1): (I.) indicates the excitation peak at
the expanding sheath edge (α-peak), (II.) denotes the excita-
tion in the central bulk region (drift feature), and (III.) signals
the excitation at the collapsing sheath edge (ambipolar peak).

At 31 Pa (second row), for O2 concentrations decreasing
from 90% to 30% (panels (a2)–(d2)), strong excitation at the
expanding sheath edge (α-peak, (I.)) and signi!cant excitation
in the bulk region (drift feature, (II.)) with a weak excitation
peak at the collapsing sheath edge (ambipolar peak, (III.)) are
found, suggesting a hybrid α-DA discharge operation mode
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Figure 6. Spatio-temporal plots of the electron impact excitation rate from the ground state into the Ne 3p0 state measured by PROES (a.u.)
in Ne–O2 CCPs at different neutral gas pressures: 15 Pa (!rst row), 31 Pa (second row), 62 Pa (third row), 125 Pa (fourth row), 250 Pa (!fth
row) and 500 Pa (sixth row), for different neon/oxygen concentration of the background gas mixture: 10% Ne–90% O2 (!rst column),
30% Ne–70% O2 (second column), 50% Ne–50% O2 (third column), 70% Ne–30% O2 (fourth column), 90% Ne–10% O2 (!fth column).
The powered electrode is located at x/L = 0, while the grounded electrode is at x/L = 1. The labels (I.)–(VI.) in panels (b1) and (b5)
indicate the different excitation features explained in the text. Discharge conditions: L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

(with dominant α-mode). By decreasing the O2 concentration
at this pressure, the α-peak (I.) at the expanding sheath edge is
enhanced. At the lowest O2 concentration of 10%, the ambipo-
lar peak (III.) at the collapsing sheath edge vanishes and the
excitation plot suggests discharge operation in pure α-mode
(see panel (e2)).

At 62 Pa (third row), the excitation is concentrated at the
expanding sheath edges, a strong α-peak (I.) is exhibited, sug-
gesting a dominant α-mode for all Ne–O2 mixtures. Weak
excitation in the bulk region (drift feature, (II.)) is visible only
in the case of the highest O2 concentration (see panel (a3)).

At 125 Pa (fourth row), similarly to the results obtained
at 62 Pa, strong α excitation peaks (I.) at the expanding
sheath edges can be observed for all Ne–O2 mixtures. At this
pressure, excitation in the bulk region (drift feature, (II.)) is
also present, for O2 concentrations above 50% (see panels

(a4)–(c4)). By increasing the O2 concentration in the mixture,
the excitation in the bulk gets more and more pronounced.

At 250 Pa (!fth row), the excitation at the expanding sheath
edges (α-peak, (I.)) is present for all Ne–O2 mixtures. Up
to 50% O2 concentration this is the dominant excitation pat-
tern (see panels (c5)–(e5)). Starting from 50% O2 concentra-
tion, the excitation in the bulk region is enhanced with the
increasing O2 content of the mixture (see panels (a5)–(c5)),
and two distinct excitation peaks develop in the bulk. For
10% Ne–90% O2 (panel (a5)) and 30% Ne–70% O2 (panel
(b5)), the strongest excitation can be observed in these pat-
terns, labeled as (IV.) and (V.) in panel (b5), in the bulk region.
At the highest O2 concentration, the excitation is dominated by
these new features (panel (a5)), which are different from the
excitation patterns characteristic of the DA-mode. At 250 Pa
pressure, at high O2 concentrations, at both electrodes, there
are two distinct excitation peaks ((I.) and (V.)) close to each
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Figure 7. Time averaged particle density distributions obtained for different pressures and neon/oxygen concentrations of the background
gas mixture: (a) 15 Pa, 30% Ne–70% O2, (b) 31 Pa, 30% Ne–70% O2, (c) 500 Pa, 30% Ne–70% O2, and (d) 500 Pa, 90% Ne–10% O2.
Discharge conditions: L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

other at the bulk side of the expanding sheath edge and one
excitation peak (IV.) at the collapsing sheath edge. Under these
conditions, the spatio-temporal distribution of the electron
impact excitation rate to the Ne 3p0 state indicates the pres-
ence of the α-mode in combination with some electron power
absorption dynamics resulting in the formation of the two bulk
excitation patterns ((IV.) and (V.)), the origin of which will be
clari!ed later. For high O2 concentrations, weak excitation at
the phase of maximum sheath expansion at both electrodes can
be also observed (see panels (a5) and (b5)), which suggests the
presence of the γ-mode. The corresponding excitation pattern
is labeled as (VI.) in panel (b5).

At the highest pressure of 500 Pa (sixth row), measure-
ments have been carried out for up to 70% O2 concentration.
At the lowest O2 concentration of 10%, a single excitation
peak is seen at both electrodes at the expanding sheath edge
(α-peak, (I.)), indicating discharge operation in pure α-mode
(panel (e6)). Excitation in the bulk and development of two
additional excitation peaks ((IV.) and (V.)) is visible starting
from 30% O2 concentration (see panels (b6)–(d6)). Compared
to the 250 Pa case, at this high pressure, the development of
patterns (IV.) and (V.) starts at a lower O2 concentration (30%
vs 50% at 250 Pa). These two excitation patterns are intensi-
!ed as the O2 concentration is increased, clearly dominating
the excitation at 70% and 50% O2 concentrations (panels (b6)
and (d6)), while only weak excitation in the close vicinity of

the expanding sheath edge (α-peak, (I.)) can be observed in
these cases.

The observed mode transitions as a function of the pressure
and O2 admixture are related to changes of the electronega-
tivity of the discharge, which will be discussed in detail later
based on the simulation results.

In summary, at the lowest pressure, weak α-peak, strong
ambipolar peak, and weak drift features are found in the exci-
tation rate. With increasing pressure, the α-peak and the drift
feature are enhanced, while the ambipolar peak is reduced. At
intermediate pressures, the α-peak is the dominant excitation
pattern in all mixtures. A further increase of the pressure leads
to the formation of two distinct excitation peaks at the edges
of the bulk region, which dominate the excitation at high O2

concentrations. At the highest pressure, these excitation peaks
are enhanced and the development of these features is found
also in mixtures with lower O2 concentration.

4.2. Simulation results

In order to reveal the physics behind the formation of the dif-
ferent excitation patterns observed experimentally by PROES
in the wide pressure range and gas mixing range presented
above, especially those found at high pressures and high O2

concentrations in the bulk region, PIC/MCC simulations have
been performed. The PIC/MCC simulations covered the whole
parameter regime studied by PROES, i.e. pressures between
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15 Pa and 500 Pa, and Ne/O2 concentrations between 10% and
90%, at 10 MHz and 350 V peak-to-peak voltage.

Figure 7 shows PIC/MCC simulation results on the
time averaged density distributions of charged particles
and fast neutrals traced in the simulations for exemplary
cases from the wide parameter regime. Panels of !gure 7
show results obtained for different neutral gas pressures
and different neon/oxygen concentration of the background
gas mixture: (a) 15 Pa, 30% Ne–70% O2, (b) 31 Pa,
30% Ne–70% O2, (c) 500 Pa, 30% Ne–70% O2, and
(d) 500 Pa, 90% Ne–10% O2. (Note that the PROES results
corresponding to these cases are shown in panels (b1), (b2),
(b6), and (e6) of !gure 6, respectively.) At 15 Pa, 30%
Ne–70% O2 mixture (panel (a)), the time averaged electron
density exhibits local maxima at the edges of the narrow bulk
region, and it is signi!cantly lower than the density of nega-
tive O− ions in the bulk. The electronegativity is very high in
the discharge center, the ratio of the negative ion density and
electron density is about 100 (!gure 8(a)). The global elec-
tronegativity (the ratio of the density of negative ions and elec-
trons averaged over the electrode gap) is about 30 under these
conditions (see !gure 8(b)). The density of Ne+ ions is about
three orders of magnitude lower than the density of O+

2 ions in
the discharge center and the density of fast neutral species is
high over the whole discharge gap. In this gas mixture, local
maxima in the time averaged electron density distribution at
the edges of the bulk region and the high negative ion den-
sity in the bulk are found also at a higher pressure of 31 Pa
(panel (b)). However, at 31 Pa the electron density is enhanced
in the discharge center compared to the 15 Pa case, while the
density of Ne+ ions, as well as the density of fast neutrals,
decreases in the bulk. The electronegativity is maximum in the
discharge center (!gure 8(a)), the global electronegativity of
the discharge is about 25 (!gure 8(b)). By increasing the pres-
sure to 500 Pa for the 30% Ne–70% O2 mixture (panel (c)),
the time averaged electron density exhibits its maximum in the
discharge center and local minima at the bulk edges. The den-
sity of Ne+ ions as well as the density of fast neutrals drops in
the bulk. The bulk region is wide at this high pressure. The O−

density pro!le has a local minimum in the discharge center and
local maxima near the edges of the bulk region. Consequently,
the electronegativity has a local minimum in the center and
local maxima at the bulk-sheath boundary (!gure 8(a)). In the
discharge center, the density of negative ions is about one order
of magnitude higher than the electron density. The global elec-
tronegativity is about 8 under these conditions (!gure 8(b)). By
decreasing the O2 concentration in the mixture to 10% at this
high pressure (!gure 7(d)), the density of electrons increases,
while the O− density remains high in the bulk region. The
O− density is about four times higher than the electron den-
sity in the discharge center. The global electronegativity has a
low value of about 2 under these conditions, i.e. the discharge
remains electronegative also in case of the lowest O2 concen-
tration of 10% in the mixture. As it can be seen in !gure 8(b),
the global electronegativity decreases with increasing the pres-
sure in all mixtures. For O2 concentrations above 30% the
electronegativity does not depend on the Ne/O2 concentration
ratio in the background gas mixture.

Figure 8. (a) Time averaged ratio of the negative ion (O−) density
and electron density (local electronegativity, β(x)) for different
pressures and neon/oxygen concentrations of the background gas
mixture (for the same discharge conditions as those in !gure 7).
(b) Global electronegativity of the discharge, β as a function of
pressure for different neon/oxygen concentrations of the background
gas mixture. Discharge conditions: L = 2.5 cm, f = 10 MHz,
Vpp = 350 V.

The simulation results show that the self-consistently cal-
culated density of singlet delta oxygen metastable molecules
increases with the pressure. However, the O2(a1∆g) density
remains low in all cases, below 3% of the density of back-
ground O2 molecules. Figure 9 shows the time averaged den-
sity distribution of O2(a1∆g) molecules in the gap as a function
of pressure for 30% Ne–70% O2 gas mixture. At low pres-
sures, the metastable density pro!les are "at, while at high
pressures, pro!les with peak metastable density in the center of
the discharge are obtained. This is due to the pressure depen-
dence of the diffusion coef!cient (see equation (14), at high
pressure the diffusion slows down).

The change of the wall temperature as a function of pres-
sure for various Ne/O2 concentrations of the background gas
mixture is shown in !gure 10(a). The wall temperature, Twall,
increases signi!cantly compared to the initial wall temperature
(which was set to 300 K in the simulations) with increasing the
pressure. At a given pressure, Twall decreases with decreasing
the O2 content in the gas mixture. This is due to the different
ef!ciency of the power absorption of Ne and O2 at identical
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Figure 9. Time averaged O2(a1∆g) singlet delta oxygen metastable
molecule concentration obtained for 30% Ne–70% O2 gas mixture
at different pressures. Discharge conditions: L = 2.5 cm,
f = 10 MHz, Vpp = 350 V.

discharge conditions. In panel (b) of !gure 10 the spatial dis-
tribution of the gas temperature with respect to the wall tem-
perature (left vertical axis) and the power input !eld (right
vertical axis) are shown at three different pressures for the
30% Ne–70% O2 case. The temperature pro!les show the
maximum gas temperature in the discharge center at all pres-
sures, which is only slightly higher than the temperature of the
electrodes. Compared to the wall temperature, an increase by
only about 1.5 K in the discharge center is found at the high-
est pressure. The simulations revealed that at the low electrical
power levels of the present setup, being only a few Watts, the
increased temperature of the gas is mainly due to the increased
temperature of the electrodes, and the gas temperature does not
signi!cantly change within the gap.

Figure 11 shows the spatio-temporal distribution of the
electron impact excitation rate from the ground state into the
Ne 3p0 state obtained from PIC/MCC simulations for dis-
charge conditions identical to those presented in !gure 6. Simi-
larly to !gure 6, panels in a given row show the results obtained
for a given pressure, for different Ne–O2 mixtures, for decreas-
ing O2 concentration in panels from left to right. At the lowest
pressure of 15 Pa (!rst row), the spatio-temporal distribution
of the electron impact excitation rate measured by PROES is
well reproduced by the simulations for all mixtures, the excita-
tion patterns (I.)–(III.) observed by PROES at this pressure can
be identi!ed in the simulation results as well. At 31 Pa (sec-
ond row), in agreement with the PROES results, the strongest
excitation is found at the expanding sheath edges (pattern (I.))
in all mixtures. At 62 Pa and 125 Pa (third and fourth rows),
the simulation results are in good agreement with the PROES
results in all cases. At 250 Pa (!fth row), the formation of
the two distinct excitation patterns at the edges of the bulk
region ((IV.) and (V.)) observed in the PROES results are also
captured in the simulations, as well as the presence of the
additional excitation pattern (VI.) at the phase of maximum
sheath expansion at both electrodes. At the highest pressure
of 500 Pa (sixth row), the main excitation patterns revealed

Figure 10. (a) Wall temperature, Twall as a function of pressure for
different Ne–O2 concentrations of the background gas mixture.
(b) Spatial distribution of the gas temperature with respect to the
wall temperature (solid lines; left vertical axis), and spatial
distribution of the thermal power input density, P(x) (dashed lines;
right vertical axis) for three different pressure values in case of
30% Ne–70% O2 gas mixture. Discharge conditions: L = 2.5 cm,
f = 10 MHz, Vpp = 350 V.

by PROES are reproduced by the simulations (including their
relative intensity).

In the following, the simulation results are ana-
lyzed in detail in four representative cases: (i) 15 Pa,
30% Ne–70% O2, (ii) 31 Pa, 30% Ne–70% O2, (iii) 500 Pa,
30% Ne–70% O2, and (iv) 500 Pa, 90% Ne–10% O2. For
these cases, the spatio-temporal plots of the electron-impact
excitation rate from the ground state into the Ne 3p0 state are
shown in panels (b1), (b2), (b6), and (e6) of !gure 6 (PROES)
and !gure 11 (PIC/MCC simulation), respectively. Under
these conditions, the main excitation patterns identi!ed above
(labeled (I.)–(VI.) in !gure 6) are exhibited. The time aver-
aged particle density distributions and the electronegativity
obtained for these four cases were presented in !gures 7 and
8(a), respectively, and discussed above.

Figure 12 shows PIC/MCC simulation results for vari-
ous discharge characteristics obtained for 30% Ne–70% O2

gas mixture at 15 Pa. The spatio-temporal distribution of the
electron-impact excitation rate from the ground state into the
Ne 3p0 state, Sexc, is shown in panel (a) (not normalized, oth-
erwise same as panel (b1) of !gure 11), while that of the elec-
tron density, ne is shown in panel (b). In panel (b), four time
instances within the RF period are marked with vertical dashed
lines in different colors. The electron densities in the discharge
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Figure 11. Spatio-temporal plots of the electron-impact excitation rate (a.u.) from the ground state into the Ne 3p0 state obtained from
PIC/MCC simulations of in Ne–O2 CCPs at different neutral gas pressures: 15 Pa (!rst row), 31 Pa (second row), 62 Pa (third row), 125 Pa
(fourth row), 250 Pa (!fth row) and 500 Pa (sixth row), for different neon/oxygen concentration of the background gas mixture:
10% Ne–90% O2 (!rst column), 30% Ne–70% O2 (second column), 50% Ne–50% O2 (third column), 70% Ne–30% O2 (fourth column),
90% Ne–10% O2 (!fth column). The powered electrode is located at x/L = 0, while the grounded electrode is at x/L = 1. Discharge
conditions: L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

gap corresponding to these time instances are shown in panel
(c), where the colors of the solid curves identify the respec-
tive time instances in panel (b). At all selected time instances,
sharp electron density peaks can be seen at the edges of the
bulk region (one peak at the powered/grounded electrode side
at t/TRF values of 0 and 0.5; peaks at both sides at t/TRF values
of 0.25 and 0.75), while the electron density is low in the dis-
charge center. In panel (c) the temporally averaged negative ion
(O−) density divided by a factor of 50 is also included (dashed
black line) to illustrate that the density of O− ions is much
higher than the electron density in the bulk region. As it can
be seen in !gure 7(a), the time averaged O− density is about
two orders of magnitude higher than the time averaged elec-
tron density in the discharge center. As a consequence of this,
the ratio of the O− ion and electron density, i.e. the electroneg-
ativity is high (about 100) in the discharge center (!gure 8(a)).
Under these conditions the ratio of negative ions and electrons

averaged over the electrode gap, i.e. the global electronegativ-
ity is also high (about 30, see !gure 8(b)). The spatio-temporal
plots of the Ohmic power absorption, POhm, and the ambipo-
lar power absorption, P∇n, are shown in panels (d) and (e),
respectively. Due to the high electronegativity in the discharge
center, the conductivity of the plasma is low in the bulk region.
Consequently, the Ohmic power absorption, POhm, peaks in the
discharge center at the times of maximum RF current within
the RF period, as it can be seen in panel (d). The ambipolar
power absorption, P∇n, peaks at the edges of the bulk region
at the time of sheath collapse at both electrodes (see panel (e))
due to the local maximum of the electron density and the corre-
sponding large gradients in the electron density (panels (b) and
(c)). Under these conditions, the ambipolar power absorption
is the dominant power absorption mechanism. Panel (f) shows
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Figure 12. Spatio-temporal plot of the electron-impact excitation rate, Sexc (a), the electron density, ne (b), temporal snapshots of the
electron density (solid color curves) as well as the temporally averaged negative ion (O−) density (dashed black curve) divided by a factor of
50 (c), spatio-temporal plot of the Ohmic power absorption, POhm (d), of the ambipolar power absorption, P∇n (d) as well as temporal
snapshots of the Ohmic and the ambipolar electric !eld, EOhm and E∇n, respectively (f) for 15 Pa and 30% Ne–70% O2 gas mixture. The
colors of the curves in panel (c) denote the respective time instances in panel (b). The vertical dashed black lines in panels ((d) and (e))
indicate the time instances at which data in panel (f) are plotted. The horizontal dashed magenta lines indicate the edges of the masked
regions in panel (f). The powered electrode is located at x/L = 0, while the grounded electrode is at x/L = 1. Discharge conditions:
L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

Figure 13. Various discharge characteristics—same as those presented in !gure 12—obtained for 31 Pa and 30% Ne–70% O2 gas mixture.
Discharge conditions: L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

temporal snapshots of the Ohmic and ambipolar electric !eld,
EOhm and E∇p, respectively, at a selected time instance indi-
cated by black vertical dashed lines in panels (d) and (e). At
this time, the Ohmic electric !eld has a negative sign in the

bulk, while the ambipolar electric !eld changes the sign three
times. The sum of these two terms results in a strong electric
!eld at the grounded electrode side of the bulk (at the instanta-
neous collapsing sheath side) and a weak, almost zero electric
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Figure 14. Various discharge characteristics—same as those presented in !gure 12—obtained for 500 Pa and 30% Ne–70% O2 gas
mixture. Discharge conditions: L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

Figure 15. Various discharge characteristics—same as those presented in !gure 12—obtained for 500 Pa and 90% Ne–10% O2 gas
mixture. Discharge conditions: L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

!eld at the powered electrode side of the bulk (at the instanta-
neous expanding sheath side). Electrons accelerated by these
electric !elds induce strong excitation (III.) at the collapsing
sheath edge and weaker excitation (II.) in the discharge center
(see panel (a)). Weak excitation at the expanding sheath edge
(I.) can be also observed. These are excitation patterns char-
acteristic of a hybrid α-DA discharge operation mode with
dominant DA-mode, speci!c to electronegative discharges
(panel (a)).

Discharge characteristics obtained from the simulations
performed for the same gas mixture as in case of !gure 12, i.e.
30% Ne–70% O2, but at a higher pressure of 31 Pa, are shown
in !gure 13. In this case, the spatio-temporal distribution of
the excitation rate is dominated by the α-peaks (I.) in combi-
nation with drift features (II.) in the bulk and ambipolar peaks
(III.) at the collapsing sheath edges. Similarly to the 15 Pa case,
the electron density pro!les plotted at different time instances
show strong peaks at the edges of the bulk region (panel (c)).
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Figure 16. Spatio-temporal plots of the oxygen ionization rate (a.u.) obtained from PIC/MCC simulations of Ne–O2 CCPs at different
neutral gas pressures: 15 Pa (!rst row), 31 Pa (second row), 62 Pa (third row), 125 Pa (fourth row), 250 Pa (!fth row) and 500 Pa (sixth row),
for different neon/oxygen concentration of the background gas mixture: 10% Ne–90% O2 (!rst column), 30% Ne–70% O2 (second
column), 50% Ne–50% O2 (third column), 70% Ne–30% O2 (fourth column), 90% Ne–10% O2 (!fth column). The powered electrode is
located at x/L = 0, while the grounded electrode is at x/L = 1. Discharge conditions: L = 2.5 cm, f = 10 MHz, Vpp = 350 V.

The electron density is low in the bulk (panels (b) and (c)),
however it is enhanced in the discharge center compared to the
15 Pa case. Similarly to the 15 Pa case, the electronegativity is
maximum in the discharge center (!gure 8(a)) and the global
electronegativity has a high value of about 25 (!gure 8(b)). The
Ohmic power absorption peaks in the discharge center (panel
(d)) and its magnitude is similar to that obtained at 15 Pa. The
ambipolar power absorption peaks at the edges of the bulk
region (panel (e)) and its magnitude is signi!cantly reduced
compared to the 15 Pa case. The superposition of the Ohmic
electric !eld and the ambipolar electric !eld at the selected
time instance (panel (f)) results in a strong electric !eld at
the powered electrode side of the bulk (at the instantaneous
expanding sheath side) as well as at the grounded electrode
side of the bulk (at the instantaneous collapsing sheath side).
The electrons accelerated by these electric !elds induce the
strong excitation peak (I.) at the expanding sheath edge and

the weaker excitation peak (III.) at the collapsing sheath edge.
The nonzero electric !eld in the discharge center leads to
excitation in the central bulk region (feature (II.)). These are
excitation patterns characteristic of a hybrid α-DA discharge
operation mode with dominant α-mode (panel (a)).

The discharge characteristics obtained at the high pressure
of 500 Pa in 30% Ne–70% O2 gas mixture are shown in
!gure 14. Under these conditions a weak α-peak (I.) and two
additional excitation peaks ((IV.) and (V.)) in about the same
time interval are found in both halves of the RF period, as well
as weak excitation patterns (VI.) in the sheaths (panel (a)). The
electron density distributions at different time instances show
a local minimum close to the bulk edges, at about the position
of maximum sheath expansion at both electrodes and maxi-
mum in the center of the discharge (panels (b) and (c)). The
time averaged density of negative ions has a local minimum
in the center and local maxima at the borders of the sheath
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region (note that the time averaged O− density is divided by
50 in panel (c)). The reason for this is the increasing local-
ity of the charged particle transport as a function of pressure.
During sheath expansion, energetic electrons are created at
the expanding sheath edge, which induce a local formation
of O− ions via high-energy threshold dissociative attachment
(reaction 20 in table 1). At low pressures, these processes are
not localized at the sheath edge. As a consequence of these
characteristics, the electronegativity has a local maximum at
about the positions of local minima in the electron density
(!gure 8(a)), which leads to the development of drift electric
!elds in these regions. These are enhanced by the bulk electric
!eld induced by the high collisionality of the plasma at this
high pressure. Therefore, both the collisionality due to the
high pressure and the electronegativity of the discharge con-
tribute to the Ohmic power absorption term. As a result of the
superposition of these two effects, the Ohmic power absorption
peaks at the edges of the bulk (panel (d)), in the same regions
where the excitation patterns (IV.) and (V.) are found. Com-
pared to the Ohmic power absorption, the ambipolar power
absorption (panel (e)) is less signi!cant under these conditions.
This can be seen also in panel (f) which shows the Ohmic
and ambipolar electric !elds at the selected time instance:
the ambipolar electric !eld is weak compared to the Ohmic
!eld. The Ohmic !eld plotted at the time instance indicated
in panel (d) shows local maxima at the bulk edges which are
responsible for the excitation peaks (IV.) and (V.) at the bulk
edges.

The simulation results obtained at the highest pressure of
500 Pa by increasing the Ne concentration to 90%, i.e. for the
90% Ne–10% O2 gas mixture, are shown in !gure 15. Under
these conditions strong excitation is found only at the expand-
ing sheath edges (pattern (I.)) at both electrodes (panel (a)).
The electron density pro!les for the different time instances
show only small local minima at the edges of the bulk region
(panel (c)). The time averaged O− density has a local minimum
in the center and local maxima at the borders of the sheath
region. The discharge remains electronegative (the global elec-
tronegativity is about 2, see !gure 8(b)). The spatio-temporal
distribution of the Ohmic power absorption (panel (d)) shows
peaks at the edges of the bulk, but these are less pronounced
compared to the case of high O2 concentration at the same
pressure. The ambipolar power absorption (panel (e)) is mainly
concentrated at the expanding sheath edges and has about the
same magnitude as the Ohmic power absorption. At this low
O2 concentration of 10% in the mixture, there are no local
maxima in the Ohmic electric !eld at the bulk edges at the
selected time instance, and the ambipolar electric !eld exhibits
only slight modulation in the gap (panel (f)). Under these
conditions, the discharge operates in α-mode.

In summary, based on the PIC/MCC simulation results, the
mechanisms behind the development of the various excita-
tion features revealed by the PROES measurements in Ne–O2

CCPs in the wide pressure range for different gas mixing ratios
have been successfully explained.

Finally, !gure 16 shows the spatio-temporal distribution of
the electron impact ionization rate of oxygen obtained from
PIC/MCC simulations for different pressures and different

Ne–O2 mixtures (for the same conditions as those covered in
case of the PROES results presented in !gure 6 and the excita-
tion rates in !gure 11). The ionization patterns seen in the pan-
els of !gure 16 re"ect the excitation patterns of !gure 11. This
means that the PROES measurement results in mixtures of Ne
and O2 under the conditions studied probe both the excitation
and the ionization dynamics in the discharge. Under these con-
ditions, the PROES measurements provide correct information
on the discharge operation mode.

5. Conclusions

We have performed PROES measurements combined with
1d3v PIC/MCC simulations in low-pressure capacitively cou-
pled neon–oxygen gas mixture plasmas. This study covered
a wide pressure range and a wide mixing range of Ne and
O2 gases for a geometrically symmetric plasma reactor with
a gap length of 2.5 cm, operated at a driving frequency of
10 MHz and a peak-to-peak voltage of 350 V. The pressure of
the gas mixture was varied between 15 Pa and 500 Pa, while
the neon/oxygen concentration was changed between 10%
and 90%.

For all discharge conditions, the spatio-temporal distribu-
tion of the electron-impact excitation rate from the Ne ground
state into the Ne 3p0 state was recorded by PROES. The mea-
sured electron-impact excitation rate from the Ne ground state
into the Ne 3p0 state was compared to the PIC/MCC simulation
results on the Ne excitation rate, resulting in a good qualitative
agreement in the whole parameter regime. At the lowest pres-
sure, a weak α-peak at the expanding sheath edge, a strong
ambipolar peak, and a weak drift feature in the bulk region
were found in the excitation rates. With increasing pressure,
the α-peak and the drift feature were found to be enhanced,
while the ambipolar peak was reduced. At intermediate pres-
sures, the α-peak was found to be the dominant excitation pat-
tern in all mixtures. Further increase of the pressure resulted
in the formation of two distinct excitation peaks at the edges
of the bulk region, which dominated the excitation at high O2

concentrations.
Based on the emission/excitation patterns, multiple dis-

charge operation regimes were identi!ed. It was found that
the localized bright emission features at the bulk bound-
aries at high pressures and high O2 concentrations are caused
by local maxima in the electronegativity. The relative con-
tributions of the ambipolar and the Ohmic electron power
absorption were found to vary strongly with the discharge
parameters: the Ohmic power absorption was enhanced by
both the high collisionality at high pressures and the high elec-
tronegativity at low pressures. In the wide parameter regime
covered in this study, the PROES measurements were found
to accurately probe the ionization dynamics in the discharge,
i.e. the discharge operation mode.

The simulation revealed that the temperature of the elec-
trodes increases signi!cantly compared to the initial wall tem-
perature with increasing the gas pressure. It was found that the
power deposition within the gas causes only a slight increase
of the gas temperature above the temperature of the electrodes,
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which was, however, found to be signi!cant due to the heat-
ing of the electrodes by the particles from the plasma. This
!nding points out the importance of the thermal balance of
the electrode construction in determining the electrode and gas
temperatures under operating conditions at moderate electrical
power levels.
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