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Abstract

This study examines the emergence of an ionization-attachment plasma instability in a
geometrically symmetric capacitively coupled plasma reactor with stainless steel electrodes
operated in oxygen. Periodic fluctuations in optical emission intensity were observed under
varying conditions of pressure and voltage. To interpret the experimental data, a kinetic
(PIC/MCC) simulation approach was employed, with a particular focus on the influence of
external parameters, including the voltage amplitude and the 02+ ion induced secondary electron
emission coefficient (SEEC, ). By varying the y coefficient at fixed pressure and voltage
amplitude, the aim was to achieve the best possible agreement between the measured and
computed oscillation frequencies. The experimentally observed oscillation frequency of fi, =
0.25 kHz at ¢9 = 655 V voltage amplitude (with 13.56 MHz RF excitation) was reproduced in
the simulation with v = 0.0042 at ¢y = 600 V. The results highlight the critical role of these
parameters in the onset and characteristics of plasma instability and correspond to a
computationally assisted diagnostic to determine ion induced secondary electron emission
coefficients.
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1. Introduction

Low temperature capacitively coupled plasmas (CCPs) are
commonly used in various industrial applications including
microelectronics and biomedical applications [1, 2]. In partic-
ular, electronegative gases, including Cl,, CF4, SF¢ and O, are
utilized in industrial processes such as plasma etching, semi-
conductor manufacturing, and gas insulation [3-5]. The pres-
ence of negative ions in a discharge has a marked effect on the
plasma dynamics, giving rise to a variety of instabilities asso-
ciated with the electronegativity of the gas [2, 3, 6-8]. A com-
prehensive understanding of, and ability to control, plasma
instabilities in electronegative gases is essential for optimiz-
ing a wide range of industrial and scientific applications.

Descoeudres et al [7] observed an attachment-induced ion-
ization instability experimentally in O, and CF4 capacitive
RF discharges using time-resolved voltage probe, Langmuir
probe, optical emission, and mass spectrometry measure-
ments. At a gas pressure of 25 Pa, the instability was observed
to occur for peak-to-peak voltages (V,p) between 185 and
480 V in O, discharges, and between 220 and 550 V in CF4
discharges with the frequency of the oscillations in the kilo-
hertz range. The frequency of the oscillations was observed to
be approximately 3.5 kHz in O, and around 80 kHz in CFj. It
was found that the plasma remained stable below 19.5 Pa in
O and 10 Pain CF4 at Vi, =250'V.

The results of the Descoeudres et al [7] for oxygen are in
alignment with those of Katsch ef al [9], wherein the unstable
zone was identified at approximately 30 Pa and 300 V in a
capacitively coupled 13.56 MHz radio frequency (RF) oxygen
discharge in the Gaseous Electronics Conference Reference
Cell. Furthermore, Descoeudres et al observed that the SFg
plasma is stable under all of their experimental conditions
[7]. The observations have been explained by considering
the attachment and ionization cross sections of these gases
and by applying the theoretical instability criterion of Nighan
and Wiegand [8], which showed that O, and CF, plasmas
are unstable at low electron temperature, and that the SFg
plasma is stable due to its particular low-energy attachment
cross section. As in the case of [7], oscillations in the kilo-
hertz (from 0.3 to 3 kHz) range were observed experiment-
ally by Kiillig et al [10] in capacitively coupled RF (13.56
MHz) oxygen plasma. In these systems, the electron attach-
ment and detachment processes have been identified as the
primary sources of instability. Additionally, electron heat-
ing and metastable molecules in electronegative discharges
have been found to play a role in the observed instabilit-
ies. Furthermore, microsecond-scale instability phenomena
were observed in a capacitive CF4/Ar (1:9) plasma driven
at 13.56 MHz at a pressure of 150 mTorr (= 20 Pa) in
[11] using a one-dimensional fluid/Monte Carlo (MC) hybrid
model. Fluctuations were found in the densities and fluxes of

charged particles, the electric field, as well as the rates of elec-
tron impact reactions, particularly in the bulk. The effects of
changes in the gap distance and driving power on the fluctu-
ation amplitudes and instability period were also investigated.
The study noted that in the mixture discharge, the ionization of
Ar metastables and the dissociative attachment of CF, played
a minor role, in contrast to the predominant influence of Ar
ionization and excitation.

Although the focus of our study is on CCPs, inductively
coupled plasmas also exhibit instabilities, but for different
reasons. For instance, Lieberman et al [12] observed plasma
instabilities, i.e. a temporal modulation of the optical emission
and of the charged particle densities at frequencies in the 1—
900 kHz range in an O, and Ar/SF¢ mixture using a planar coil
configuration. For describing these instabilities a global model
was used, which was later improved by Chabert et al [13] for
SFg and Ar/SF¢ mixtures. Similarly, Tuszewski and White [14]
reported instabilities in O, and Ar/SFg discharges created in
a cylindrical inductively coupled configuration driven at 0.46
MHz. They observed self-excited modulations in the ion cur-
rent using a cylindrical Langmuir probe with frequencies in
the range of 1-40 kHz [14]. Reproducible instabilities were
observed in a low-pressure, 13.56 MHz inductively coupled
gaseous electronics conference RF cell operating in oxygen
[15]. In all these studies the instabilities were related to the
transitions between inductive and capacitive modes leading to
modulations of charged particle densities, electron temperat-
ure, and plasma potential.

Furthermore, the presence of dust particles was observed
to induce instabilities, as documented in [16]. The underlying
mechanism of this phenomenon also linked to the attachment-
induced ionization instability, which has been previously
observed in electronegative plasmas [7, 8]. This suggests that
dust particles may act as a substitute for negative ions in these
systems.

The underlying physical processes of the ionization-
attachment instability formation are based on an initial
increase in electron density, n., during natural fluctuations.
In general, this increase results in a reduction in the elec-
tron temperature, T, due to an increase of the plasma con-
ductivity and a decrease of the electric field required to drive
the current through the plasma. The impact of this reduction
in temperature varies depending on the specific characterist-
ics of the gas in question. Generally, in electropositive gases
where attachment processes are absent, the primary sources
of electrons and ions are electron impact ionization, while the
primary loss mechanisms are only diffusion to the walls and
recombination. A reduction in electron temperature results in
a decrease in ionization, which subsequently leads to a decline
in electron density. Consequently, the initial increase in elec-
tron density is met with a subsequent decrease, resulting in a
balanced fluctuation and the prevention of instability through
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the establishment of a negative feedback loop. In contrast, in
electronegative gases, electrons are additionally lost due to
attachment, and the efficiency of this process is dependent
upon the electron temperature. A reduction in electron tem-
perature, accompanied by a lesser decline in attachment than
ionization, results in a decrease in electron density. This is
analogous to the stabilization of a perturbation observed in an
electropositive gas. However, a reduction in electron temperat-
ure will result in an effective increase in electron density, if the
attachment rate declines more rapidly than the ionization rate.
This generates a positive feedback loop, leading to instability.
In this type of instability, the primary sources of these oscil-
lations are n and 7., which in turn give rise to fluctuations of
other plasma parameters.

This study examines the development of plasma instabil-
ity through the investigation of periodic fluctuations in emit-
ted light intensity in a CCP reactor. The reactor is geometric-
ally symmetric and operated in oxygen gas under varying con-
ditions of pressure and voltage. Furthermore, a 1d3v electro-
static particle-in-cell with Monte Carlo collisions (PIC/MCC)
simulation approach is employed to interpret the experimental
data and to elucidate the impact of system parameters, includ-
ing the voltage amplitude and the O;“ ion induced secondary
electron emission coefficient (SEEC, ), on the emergence of
the plasma instability. To achieve optimal agreement between
the observed and calculated oscillation frequencies, the -y coef-
ficient is adjusted while maintaining fixed pressure and voltage
amplitude. The characteristics of oxygen CCPs depend on sev-
eral surface coefficients such as the quenching coefficient of
oxygen metastable molecules, the secondary electron emis-
sion yield, as well as the reflection coefficient of the elec-
trons at the electrodes. As values for the quenching coeffi-
cient and the electron reflection became relatively well estab-
lished for stainless steel surfaces [17, 18], we handle the (ion-
induced) secondary electron yield in our work as an unknown
quantity, more precisely as a fitting parameter. In this way ~
can be determined and the proposed method corresponds to a
computationally assisted diagnostic to measure such surface
coefficients.

The paper is structured as follows: section 2 outlines the
investigative methods, including the experimental setup and
the simulation method. Section 3 presents and discusses the
results of the measurements and simulations. Finally, section 4
offers a conclusion to this study.

2. Methods

2.1. Experimental setup

In the course of our investigation, we employ the geometrically
symmetric Budapest v.3 plasma reactor [19]. A schematic rep-
resentation of the experimental setup is provided in figure 1.
The flat disk electrodes, composed of 304-grade stainless steel
with identical diameters of d = 140 mm, are positioned within
a quartz cylinder at a distance of 25 mm. No active cooling
is applied to the electrodes. The chamber is evacuated via a

turbomolecular and a rotary pump, resulting in a base pres-
sure of approximately 1073 Pa. The experiments are conduc-
ted with O, gas of 4.5 purity, delivered at a steady flow rate
of approximately 1.5 sccm, regulated by a mass flow control-
ler. A needle valve in the pump line enables precise control
of the gas pressure within the chamber. The pressure is mon-
itored by capacitive gauges (Pfeiffer Vacuum CMR264 and
MKS Baratron 631A).

The upper electrode is driven by an RF power gener-
ator (Tokyo Hi-Power RF-150, 13.56 MHz generator), via an
impedance matching box (MB-300). The lower electrode is
grounded. The voltage drop across the discharge is monitored
by a high voltage probe (Agilent 10076A) connected to an
oscilloscope (Hewlett Packard 54 602B).

The monitoring of light intensity emitted from the cent-
ral region of the discharge is conducted using a ThorLabs
APD130A2/M avalanche photodetector (50 MHz bandwidth,
200-1000 nm spectral sensitivity) and a PicoScope 6403B
USB oscilloscope (350 MHz bandwidth). The PicoScope is
linked to a computer for data acquisition, storage, and analysis.
Furthermore, a charge-coupled device (CCD) camera (Allied
Vision Prosilica GX1050) equipped with a bi-telecentric lens
(ThorLabs MVTC23005) is utilized for the capture of the axial
distribution of the emitted light intensity. For the above both
optical diagnostics no optical filters are used, i.e. wavelength
integrated measurements are performed.

The experiments are conducted at a fixed driving frequency
of 13.56 MHz, at pressures between 50 Pa and 350 Pa, and
voltage amplitudes, ¢g, between 250 V and 700 V.

2.2. Computational method

The numerical results are obtained from a 1d3v PIC/MCC
code, which has been introduced in detail in [20]. The spe-
cies traced in the simulations are e, O;“ ions, and O~ ions.
The model includes 23 elementary collision processes, which
are listed in table 1.

Collisions between electrons and O, molecules include
elastic scattering, rotational and vibrational excitation, meta-
stable excitation, dissociative attachment, electronic excita-
tion, dissociation, ionization, and dissociative excitation as
well as electron impact detachment of O™ ions and dissociat-
ive recombination of O} ions are also taken into account. The
e~ + O, process list and cross sections adopted are largely
based on the ‘xpdpl’ set [22]. More details of the model can
be found in [20].

The O;r ions can collide with the background gas molecules
elastically, resulting in either isotropic scattering or charge
exchange. The cross sections for these processes are taken
from Gudmundsson’s work [23]. In case of the O~ + O, col-
lisions elastic scattering and detachment are considered [23].
Mutual neutralization of O~ and O5 ions and associative
detachment between O~ ions and O (a' A,) singlet delta oxy-
gen molecules are also included in the model. The metastable
molecules are not traced in the simulation, however, their
density is calculated based on a diffusion balance equation (see



Plasma Sources Sci. Technol. 34 (2025) 045017

Oscilloscope

probe—>

1

Matching box

T

VA

Waveform
generator

]
— I Bi-Telecentric lens
Photodetector 3
C
) s - ccp
N >
S
3
(o4
— —]
L | T Y i I Computer
Gate
valve pressure
gauge
= = QO =
| —{1 T™P FC =D 4"@".
Flow controller
R 0,
otary
Pump Dh Needle valve 55 o0
><] On/off valve PicoScope
—/
Figure 1. Scheme of the experimental setup.
Table 1. List of collision processes for oxygen CCPs.
# Reaction Process References
1 e +0, —0r+e” Elastic scattering [21]
2 e +02(r=0) — e~ +02(r>0) Rotational excitation (0.02 eV) [22]
3 e +03(v=0)—e” +0,(v=1) Vibrational excitation (0.19 eV) [22]
4 e 4+02(v=0)—e” +02(v=2) Vibrational excitation (0.38 eV) [22]
5 e” +02(v=0) — e~ +0(v=3) Vibrational excitation (0.57 eV) [22]
6 e 4+0,(v=0)—e +0,(v=4) Vibrational excitation (0.75 eV) [22]
7 e +0,—e +0, (alAg) Metastable excitation (0.98 eV) [22]
8 e +0,—e + Oz(blEg) Metastable excitation (1.63 eV) [22]
9 e +0, —0+0" Dissociative attachment (4.2 eV) [22]
10 e +0,—e 402 Excitation (4.5 eV) [22]
11 e +0,—0FP)+0(P)+e" Dissociation (6.0 eV) [22]
12 e 4+0,— OCP)+0('D)+e~ Dissociation (8.4 eV) [22]
13 e +0,—0('D)+0('D)+e~  Dissociation (9.97 eV) [22]
14 e +0, — O;' +e +e” Ionization (12.06 eV) [23]
15 e +0,—e” +0+ O(3p3P) Dissociative excitation (14.7 eV) [22]
16 e +0° —e +e +0 Electron impact detachment [23]
17 e +0 — O(P)+0('D) Dissociative recombination [23]
18 O;‘ +0; — 02+ O;‘ Elastic scattering: charge exchange  [23]
19 O; +0; — 02+ 02+ Elastic scattering: isotropic part [23]
20 OO +0, — 0" +0, Elastic scattering [23]
21 OO +0, —0+0,+e” Detachment [23]
22 0 +0f —0+0, Mutual neutralization [23]
23 07 4+ 0,(a Ag) — O3 +¢~ Associative detachment [24]
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Figure 2. The cross sections of the ionization, dissociative
attachment and associative detachment processes.

details in [20]). The Oa(a'A,) creation term is the electron-
impact metastable excitation rate, which is directly obtained
from the simulation, and the loss term corresponds to quench-
ing at the electrodes. Moreover, the O, (a! A, ) metastables can
also be lost in the associative detachment of O~ ions, however,
this channel is negligible in comparison with the surface loss
[25]. The cross sections of the ionization, dissociative attach-
ment and associative detachment processes are presented in
figure 2, because these processes play an important role in the
instability phenomenon studied. Based on previous investiga-
tions of the ion composition of the plasma [26-29], although
these were carried out at somewhat lower gas pressures, O™
is believed to be the dominant negative ion in the plasma, and
the concentrations of O; and O5 are significantly lower than
that of O~

The surface loss rate of Ox(a'A,) is governed by the
quenching probability, o, which is an input parameter to the
simulation. The value of this parameter varies widely for dif-
ferent surface materials [30-33] and has a significant impact
on charged particle densities and the electronegativity of the
discharge [17, 34, 35]. In this study, an « value of 6 X
1073 is used, as it has previously shown to yield good agree-
ment between experimental and simulation results for various
plasma parameters in studies of oxygen CCPs operated with
stainless steel electrodes [17, 20, 25, 36].

The PIC/MCC simulation considers a one-dimensional
spatial geometry: the plasma forms between two plane and
parallel electrodes separated by a distance L =25mm. The
electrode at x = 0 is powered by a single-frequency (f =
13.56 MHz) sinusoidal voltage waveform, while the other
electrode at x = L is grounded. The driving voltage amplitude,

¢y, is varied between 500 V and 700 V, while the gas pres-
sure is kept constant at 100 Pa. The gas temperature is fixed
at 350 K. For the elastic reflection of impinging electrons we
adopt the probability of R =0.7, based on the findings of [18].
The SEEC, 7, is used as a fitting parameter for finding the best
agreement between the experimental and modeling results.

The PIC/MCC code employs an equidistant numer-
ical grid of Ny =400 points with a spatial resolution of
Ax=L/(Ng—1) for the calculation of the electric poten-
tial and the densities of the charged species. These quantit-
ies are computed at discrete values of the time, separated by
At = T/N, where N is the number of time steps within an RF
period T=1/f. We use N; = 12800 time steps to ensure that
the probability of the collisions of the charged species dur-
ing each time step is kept at a low value. While electrons are
advanced at each time step, ions are advanced only in every
20th time step ("ion subcycling’), i.e. At; = 20A¢,. Following
the observation of a significant dependence of the oscillation
frequency of the instability on the number of superparticles
within the typical range of approximately 103, the simulation
is implemented on GPU architecture utilizing the CUDA par-
allel computing platform. This enables the number of super-
particles to be increased to approximately 10°. In this regime,
the instability frequency is found to be independent of the
number of superparticles. These simulation settings fulfill the
stability and accuracy criteria of the PIC/MCC scheme.

The model has been validated experimentally under dif-
ferent discharge conditions resulting in a good agreement
between simulation and experiments [17, 20, 25, 36-38].

3. Results

3.1. Experimental results

The instability is identified by the appearance of oscillations in
the total light emission from the discharge, as detected by the
photodetector. These oscillations appear as a periodic signal in
the photodetector output and indicate a periodic modulation
of plasma properties. When such oscillations are observed,
the corresponding voltage and pressure values are recorded.
The detailed experimental conditions and parameters are given
below.

The measurements were performed at a fixed frequency of
f = 13.56 MHz and a gap length of L=2.5 cm, varying the
pressure in the range of p =50 Pa to 350 Pa and the voltage
amplitude values in the range of ¢y = 250 V to 700 V.

During the experiments, at each pressure setting, the
voltage amplitude was increased until a periodic signal was
observed at the output of the photodetector situated in prox-
imity to the discharge cell. The voltage was subsequently
increased until the oscillation frequency reached f;,, its max-
imum value. Upon further increasing the voltage, the periodic
variation of the light intensity ceased at a specific value of ¢.
This procedure was repeated for a series of pressures, and the
resulting data are illustrated in figure 3(a). The figure shows
the domain where the instability occurs in the pressure-voltage
(p — ¢o) plane. No instability was observed below p < 50 Pa.
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Figure 3. (a) Voltage region of instability and (b) maximum
oscillation frequency, fin, as a function of the pressure in the center
of the instability region. The dashed line in panel (a) indicates the
voltage at which the oscillation frequency is maximum.

The limiting voltages of the instability region were found to
be independent of the rate of voltage variation, no hysteresis
was observed.

The frequency of the photodetector signal (fi,) at ¢g, cor-
responding to the maximum value of the oscillation frequency,
is observed to exhibit a strong dependence on the gas pres-
sure, as illustrated in figure 3(b). The frequency decreases
with increasing pressure, which can be attributed to the rise
in electron density as the pressure is elevated, as will be dis-
cussed later.
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Figure 4. Time evolution of the light emission at different
background gas pressures in the center of the instability region as
shown in figure 3(a).

Figure 4 depicts the oscillograms at the maximum
oscillation frequency for a series of gas pressures. In addi-
tion to the frequency variation with the gas pressure, the time
evolution of the total light emission exhibits distinct char-
acteristics. Following the rapid low- to high-intensity trans-
ition, characterized by a sharp overshoot, the intensity relaxes
more rapidly towards a steady plateau level with increasing
pressure. However, a similarly sharp intensity variation in the
case of high- to low-intensity transitions (falling edge) is only
observed at low pressures. For 150 Pa we observe a slow relax-
ation in the low-intensity domain, with the addition of a small
narrow low-intensity peak near the onset of the transition,
showing up consistently at higher pressures too.

Figure 5 shows the spatial dependence of the light intensity
between the electrodes at a pressure of p = 100 Pa for voltages
within the range of ¢y = 250 V to 700 V. Note that the ¢y =
600 V case is located below the instability region, while the
case of ¢g = 700 V is above it (see figure 3(a)). As illustrated
in figure 5(a), the light emission intensity increases monoton-
ically with increasing discharge voltage at every position. For
voltages ¢o > 400 V, an additional maximum emerges in the
intensity profile at (or in close proximity to) the electrode sur-
faces. The position of this peak is independent of both voltage
and pressure. The origin of this feature can be attributed to
the dissociative excitation of atomic oxygen due to collisions
between energetic O;r ions and neutral O, molecules, as con-
cluded by Dittmann et al [39].
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Figure 5. Axial light intensity distributions at p = 100 Pa pressure
and different voltages. (a) intensities, (b) distributions scaled to have
a common peak value.

The data are presented in a normalized form in panel 5(b),
with the intensity profiles scaled to have a common peak value.
The relative intensities of the various regions (near-electrode
peak, main peak, and bulk emission) exhibit disparate vari-
ations with increasing voltage. The near-electrode peak shows
an increase in relative intensity while the bulk emission dis-
plays a decrease in comparison to the main peak intensity.
As will be demonstrated later, the overall electronegativity of

the discharge decreases with increasing voltage, resulting in
a decreased relative contribution of light intensity within the
bulk region at higher voltages.

In addition to the stationary axial light emission distribu-
tions recorded at conditions outside the instability region, a
series of video sequences were recorded at the center of the
instability region. The exposure time for each frame was set
to 1 ms, which is sufficiently short to allow for the resolution
of the different phases of the oscillation. Following the ana-
lysis of each frame, the intensity profiles were sorted into two
groups, designated as ‘high bulk intensity’ (HB) and ‘low bulk
intensity’ (LB) modes. As demonstrated in [6], with increasing
voltage amplitude the plasma transitions to a ‘low electroneg-
ativity mode at higher RF power’, which is characterized by
a reduced bulk electric field and an elevated sheath poten-
tial. This aligns with the observed variations in the intensit-
ies within the bulk and near the electrodes. Figure 6 illustrates
representative examples of instantaneous light emission pro-
files during the instability. It appears that during the period of
instability, the discharge alternates periodically between these
two states. At 100 Pa, the HB and LB states differ primarily
in the intensities of the bulk and the main peak, which vary in
phase. At the higher pressure of 200 Pa, the main peak intens-
ity remains unmodulated; however, the near-electrode peak
and the bulk intensities vary considerably but in antiphase.

The observed variations in the spatial distribution of the
emitted light during the instability can be understood by con-
sidering the following factors. The conductivity of the bulk
region increases with decreasing electronegativity, which res-
ults in lower bulk emission and smaller potential drop across
the bulk region. A smaller potential drop over the bulk results
in a larger sheath potential drop at the same applied voltage.
The higher sheath voltage accelerates O;r ions to higher ener-
gies, peaking at the electrode surface, thereby favoring the
excitation of atomic oxygen through the dissociative excitation
of O, molecules by Oj ions. At higher pressures (200 Pa in
this case), the sheath is narrower compared to the 100 Pa case,
resulting in an even higher time-averaged sheath electric field.
The momentum transfer cross section of O5 ions in O, gas
decreases with increasing ion energy; therefore, elevated gas
pressure does not hinder the ions from gaining higher energies
in the higher electric field, which enhances the near-electrode
light emission.

3.2. Simulation results

PIC/MCC simulations were conducted at a fixed pressure of
p = 100 Pa, a frequency of f = 13.56 MHz, and a gap length
of L=2.5 cm for a series of voltage amplitudes, ¢¢. The first
objective is to match the voltage limits and the oscillation fre-
quency of the instability at this pressure. While all model input
parameters are subject to some degree of uncertainty, we have
identified the O5 ion induced secondary electron emission
yield () as the parameter with the highest degree of uncer-
tainty. Other surface process yields, such as electron reflec-
tion (R) and O (a' A,) metastable quenching (), have already
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Figure 6. Axial light emission distribution snapshots of oxygen
CCPs from the period of instability, at (a) 100 Pa and 663 V, (b)
200 Pa and 650 V. CCD exposure time was set to 1 ms.

been benchmarked against experimental data [18, 20], and the
values that yielded the most consistent results were adopted
here and were kept unchanged. In contrast, the v parameter is
treated as a free parameter that has been varied within a phys-
ically reasonable range [40].

Figure 7 shows the computed location of the instability
region in the v and ¢y parameter space. The black negat-
ive and red positive signs indicate points of stable operation
and the presence of instability, respectively. During the sim-
ulations, the number of superparticles for each species was
recorded after each RF cycle. In cases of stable discharge
operation, a smooth convergence of the superparticle number
to a stationary value was observed, exhibiting only minimal
and uncorrelated statistical fluctuations. At values of (v, o)

~—n

0.003 q1
0.004 11

Figure 7. Simulation result of the ‘phase diagram’ of the instability
as a function of voltage amplitude, ¢ and O; ion induced
secondary electron emission coefficient, . The black minus and red
plus signs indicate the regions of stability and instability,
respectively. Discharge conditions: p = 100 Pa, L =2.5cm, f =
13.56 MHz, R=0.7, ¢ = 6 x 10°.

corresponding to the instability phase, the time evolution of
the number of superparticles in the simulation showed very
pronounced quasi-periodic oscillations.

As illustrated in the figure, an increase in the secondary
electron emission coefficient results in a shift towards lower
voltage amplitude in the region of instability. The criteria for
instability, as outlined in [7, 8], can be described as twofold:
(i) electrons having energies such that the dissociative attach-
ment rate decreases faster than the ionization rate as the elec-
tron temperature decreases, and (ii) the negative ion and elec-
tron densities are of the same order of magnitude. For a given
value of +, if the voltage amplitude is low, the discharge is
highly electronegative, and thus requirement (ii) is not sat-
isfied. However, at sufficiently high voltage amplitudes, the
mean energy of electrons increases to a level that prevents
the instability from occurring. As the coefficient of secondary
electron emission increases, the lower limit of voltage amp-
litude will decrease, since the additional source of electrons
provided by the process will decrease the electronegativity.
Similarly, the upper limit of the voltage amplitude will also
be smaller, given that secondary electrons acquire high ener-
gies as a result of their acceleration by the sheath electric
field.

Figure 8 displays the oscillation frequencies within the
instability region, which were determined by tracking the tem-
poral variations in the number of superparticles. The frequen-
cies, which fall within the range of fi, = 0.5 kHz..3 kHz, are
in agreement with the findings of previous simulation and
experimental studies [6, 7], as well as the experimental results
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Figure 8. Simulation results of the oscillation frequency, fi,, as a
function of the voltage amplitude, ¢, for various secondary electron
emission coefficient values, . Discharge conditions: p = 100 Pa, L
=25cm,f=13.56 MHz, R=0.7,a=6 x 107> .

presented above. However, there are slight discrepancies in the
specific values observed.

In particular, the oscillation frequency was observed to be
fin = 0.25 kHz in the case of an applied voltage of ¢g =655
V, while the lowest oscillation frequency observed in the sim-
ulation was approximately f;, = 0.8 kHz, as illustrated in the
figure. Upon increasing the secondary electron emission coef-
ficient at this voltage amplitude, the instability was no longer
observed. To achieve matching frequencies, a reduced voltage
amplitude of ¢y =600 V was chosen, allowing the experi-
mentally observed oscillation frequency to be reproduced by
adjusting the parameter . This modification may appear arbit-
rary at first glance. However, a 10% uncertainty in the voltage
measurement is not an unreasonable estimation when con-
sidering the potential inaccuracy of the voltage probe and
the possibility of a voltage difference between the measure-
ment point (outside the vacuum chamber) and the electrode
surface due to electromagnetic effects governing RF power
transmission.

This comparison of the experimental and simulation res-
ults is presented in figure 9, wherein the experimental value
is reproduced at a secondary electron emission coefficient of
v =10.0042, which is consistent with the range of secondary
electron emission coefficients reported in the literature for
comparable conditions [40, 41]. This result indicates that in
principle v can be determined by measuring f;, and reprodu-
cing it computationally under variation of this surface coef-
ficient, with the assumption that all other model parameters
have a reasonably high accuracy.

To gain further insight into the underlying physical pro-
cesses, simulation results will be presented in the following
section using this value of v and ¢9 = 600 V. Figure 10(a)
shows the temporal dependence of the mean species densit-
ies (where mean denotes the spatial average over the simu-
lated domain and temporal average over one RF cycle) over
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Figure 9. Simulation results of the oscillation frequency, fi, as a
function of the secondary electron emission coefficient, v at a fixed
voltage amplitude of ¢o = 600 V. The horizontal purple line presents
the experimental value of 0.25 kHz at p = 100 Pa, voltage amplitude
is ¢o = 655V (see figure 3). Discharge conditions: p = 100 Pa,
L=2.5cm, f =13.56 MHz, ¢ =600V, R=0.7, a« = 0.006.

multiple periods of the instability. As illustrated in the figure,
all charged particle species undergo a gradual decline through-
out the instability, followed by a sudden increase. In panel (a),
two time instances were selected for further analysis: #1, which
represents an ‘intermediate’ point in the instability period, and
1>, which is situated in proximity to the aforementioned rapid
change in densities. It is noteworthy that the oxygen meta-
stable density exhibits an opposite behavior displaying an ini-
tial increase that abruptly declines right after peaking at time
t,. However, this decline is not monotonic. As illustrated in
figure 10(b), which depicts the temporal dynamics of the dens-
ities in the vicinity of #, with enhanced resolution, the oxygen
metastable density exhibits two local maxima near #,.

This behavior can be understood with the aid of figure 11,
which shows the mean values of three important reaction rates
(S): (1) ionization, (ii) dissociative attachment, and (iii) associ-
ative detachment in panel (a), and the corresponding rate coef-
ficients, k (defined as the rates normalized by the mean dens-
ities of the collision partners) in panel (b) in the vicinity of #,.
For reference, the electron density and electron temperature
are also shown in panel (c) (based on figure 10). The electron
temperature is computed from the mean of the particles’ kin-
etic energy € as T, = (2/3)&. As the electron density declines
gradually until the time instance f,, the electron temperature
rises as shown in panel (c), thereby increasing the rate of dis-
sociative attachment (which has an energy threshold of 4.2 eV)
and, among others, the excitation of molecular oxygen leading
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Figure 10. (a) Temporal dependence of mean species densities and
(b) their behavior in the vicinity of the rapid increase in charged
particle densities. The vertical dashed black lines in the panels
indicate moments selected for further analysis. Discharge
conditions: p =100 Pa, ¢p =600V, L=2.5cm, f = 13.56 MHz,
~v=0.0042, R=0.7, o= 0.006.

to the generation of oxygen metastables. It is interesting to note
that the ionization rate remains nearly constant over this period
of time, given that the ionization threshold energy is relatively
high, approximately 12 eV. As dissociative attachment repres-
ents a loss channel for electrons and a source for negative ions,
the electron density decreases at an even faster rate, while the
negative ion density and, consequently, the electronegativity
of the discharge increase. The high electronegativity enhances
the efficiency of ionization within the bulk, thereby increasing
the overall rate, as illustrated in panel (a). Concurrently, the
elevated mean energy of the electrons gives rise to an enhance-
ment in the dissociative attachment rate, which in turn gives
rise to an increase in the negative ion density. This increase
will then result in the local minimum in the metastable density,

as observed in figure 10(b), due to associative detachment.
As illustrated in figure 11(a), following #,, associative detach-
ment will become the primary electron source. As the elec-
tron density increases, the temperature declines, and the meta-
stable density begins to rise once more. The rapid increase
of the electron density, resulting from the attachment-induced
instability, is illustrated in figure 11(b). Shortly after #,, a time
window emerges where the electron density rises (and, con-
sequently, the electron temperature decreases), yet the rate
coefficient of ionization decreases to a smaller extent than that
of dissociative attachment. Therefore, despite the decline in
temperature, the electron production rate exceeds the loss rate,
establishing a positive feedback loop that rapidly enhances the
electron density [8].

For a comparison, data obtained at stable operation at
somewhat higher voltage amplitude of ¢y = 625 V (with all
other conditions unchanged), are also included in figure 11(as
dashed lines). Except for the electron impact creation of Oj
ions, the rates in this stable operation case are near the lower
bounds of the time-dependent rates observed in the presence
of the instability (see figure 11(a)). Similarly, this is also the
case for the rate coefficients shown in figure 11(b) and also
for the electron temperature displayed in figure 11(c). The only
quantity that exhibits an opposite behavior is the electron dens-
ity, which in the absence of instability is always higher than
in the presence of the instability. This is the consequence of
the fact that at the higher voltage the discharge operates under
lower electronegativity, when there is less creation of negat-
ive ions and when the electron temperature is low due to the
appreciable electron density in the bulk that results in a high
conductivity.

This positive feedback loop is confined to a particular inter-
val of electron energy, and thus the increase in electron density
will cease when the electron temperature reaches a sufficiently
low level. At this point, all particle densities begin to decline
gradually until the electron density falls to a level that permits
reinitiation of the feedback loop.

Although this zero-dimensional picture can provide an
explanation for the underlying causes of instability, it is of
interest to observe the effect of the slow temporal change of
the instability on the spatio-temporal dynamics of the plasma.
To this end, figure 12 shows the species densities temporally
averaged over one RF-cycle for (a) #; and (b) #,. As seen in
panel (a), at t;, when the electron and negative ion densities
are comparable, the plasma exhibits an ‘electropositive core’
[42], with the negative ion density peaking near the edges of
the bulk region, while in the center of the discharge, the elec-
tron density is maximum. This phenomenon occurs as a result
of the creation of negative ions through dissociative attach-
ment from electrons that are accelerated by the electric field in
the vicinity of the sheath edges. In the absence of the instabil-
ity, these negative ions would undergo diffusion towards the
bulk, leading to an increase in electronegativity and the form-
ation of a characteristic electronegative core and electroposit-
ive edge, as observed in such discharges [43]. This behavior is
observed in panel (b) near t,, where the negative ions are the
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Figure 11. (a) Temporal dependence of the rates S, corresponding to ionization, dissociative attachment, and associative detachment,
averaged over space and one RF-cycle near the time instance #,; (b) the corresponding rate coefficients k, defined as the rates divided by the
mean densities of the colliding species; (c) the mean electron density (left axis) and mean electron temperature (right axis), averaged over
space and one RF-cycle near the time instance #,, in units of eV. The horizontal dashed lines in all panels represent the corresponding values
of these physical quantities for the case where instability is not observed at ¢9 = 625 V. Other discharge conditions remain the same as in the
case of instability except the ¢9 = 600 V. Discharge conditions: p = 100 Pa, L = 2.5 cm, f = 13.56 MHz, v = 0.0042, R = 0.7, a = 0.006.
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Figure 12. Spatial distribution of the time averaged species
densities, n, at (a) f; and (b) 1, as indicated in figure 10. Discharge
conditions: p = 100 Pa, ¢o = 600 V, L = 2.5 cm, f = 13.56 MHz, ~
=0.0042, R = 0.7, o = 0.006.

dominant negative species in the bulk region. However, due to
the instability, the electron density will rapidly increase in the
bulk, resulting in the electropositive core observed in panel (a).

As a consequence of the periodic alteration in electroneg-
ativity over the timescale of the instability, the discharge will
undergo a periodic transition between different power absorp-
tion modes. To elucidate this, figure 13 shows the spatio-
temporal distribution of the electric field at times (a) #; and
(b) 1, as well as (c) the electron energy probability functions,
Jfeepr, which have been computed in the center of the discharge
at these time instances.

In the presence of the electropositive core, the electric
field in the bulk is relatively weak, while an electric field
reversal occurs near the collapsing sheath to ensure flux con-
servation. As the electron density decreases, increasing the
electronegativity, the characteristic bulk field forms due to
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Figure 13. Spatio-temporal distribution of the electric field, E, in
the bulk region of the plasma, in units of kV m~', at (a) #; and (b) 12,
as indicated in figure 10, and (c) electron energy probability
functions, f(¢), in the centre of the discharge at #; and #,. Discharge
conditions: p = 100 Pa, ¢ = 600 V, L = 2.5 cm, f = 13.56 MHz, ~y
=0.0042, R = 0.7, a = 0.006.

the decreased conductivity, as seen in panel (b). This elec-
tric field then increases the energy of the electrons, which
ultimately leads to the instability described above. This phe-
nomenon is also visible in panel (c), which shows that while
at t; the EEPF exhibits a depleted high-energy tail and a dom-
inant low-energy region, the increased electronegativity of the
discharge and the corresponding bulk electric field accelerate
the electrons, resulting in the EEPF acquiring a pronounced
high-energy tail allowing an enhanced number of inelastic
processes.

The temporal variation of the power absorption mode of
the discharge as a consequence of changes in electronegativ-
ity is particularly evident when examining figure 14, which
shows the spatio-temporal distribution of the three key reac-
tion rates at times #; (left column) and #, (right column),
namely (a, b) ionization, Sj,,, (c, d) dissociative attachment,
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Figure 14. Spatio-temporal distributions of (a), (b) the ionization rate, Sion, (¢), (d) dissociative attachment rate, Sgiss . and (e), (f)
associative detachment rate, Sass det. at #1 (left column) and #, (right column) as indicated in figure 10. Discharge conditions: p = 100 Pa,
¢o=600V, L=2.5cm, f =13.56 MHz, v =0.0042, R=0.7, o = 0.006.

Saiss.at. and (e, f) associative detachment, S,g ger.. The ioniz-
ation rate at time point ¢, indicates that the discharge is in a
detachment-induced (DI) mode [44]. Apart from the « peak,
there is a local maximum of the rate near the region of max-
imum sheath expansion. This can be attributed to the presence
of secondary electrons and negative ions created by dissoci-
ative attachment near the electrodes, which are then acceler-
ated by the sheath electric field, producing electrons through
detachment, and contributing to the ionization peak observed
in panels (a) and (d) [44]. Given the weak electric field in

the bulk, at this time instance, dissociative attachment is only
dominant near the sheath edge, as shown in panel (c). In the
interior of the electropositive core, this process is insignific-
ant. The local maxima of the negative ion density near the
sheath edges are also the reason why associative detachment
(figure 14(e)) is only dominant near the location of maximum
sheath expansion, which does not exhibit any temporal vari-
ation within one RF-period as negative ions are stationary over
this timescale. At time ,, when the electronegativity of the dis-
charge is increased, the ionization rate is elevated in the bulk
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due to the low electron conductivity, which is characteristic
of the Drift-Ambipolar (DA) mode [3, 25, 45]. This leads to
the increased rate of dissociative attachment in the bulk (panel
(d)), which generates negative ions and causes a rise in the
associative detachment rate (panel (f)) compared to the situ-
ation at ¢;. Consequently, the attachment-induced instability
gives rise to a periodic alteration in the electron power absorp-
tion mode, oscillating between DA and DI modes on a times-
cale of approximately 500 RF cycles.

4. Conclusion

The phenomenon of plasma instability was investigated in
a geometrically symmetric CCP in oxygen. Periodic fluc-
tuations in optical emission intensity were observed under
varying conditions of pressure and voltage. To interpret the
experimental data, a 1d3v PIC/MCC simulation approach
was employed, with a particular focus on the impact of sys-
tem parameters, including voltage amplitude and the O;r ion
induced secondary electron emission coefficient (SEEC, ), on
plasma instability. The  coefficient was varied at fixed pres-
sure and voltage amplitude in order to achieve the best agree-
ment between the measured and computed oscillation frequen-
cies. This opens a way towards the determination of the ~y sur-
face coefficient.

The experimental results demonstrated that the instability
occurs within a defined range of voltage amplitudes and pres-
sures exceeding 50 Pa. No instability was observed in the
pressure range below 50 Pa. Furthermore, the voltage inter-
val of the instability region exhibited a broadening trend and
a gradual decline in its central value with increasing pressure.
The oscillation frequency of the emitted light intensity exhib-
ited a pronounced dependence on the gas pressure, displaying
a decline with increasing pressure. The spatial distribution of
light emission also exhibited variation with voltage, display-
ing distinctive characteristics in the vicinity of the electrodes,
which is associated with the dissociative excitation of atomic
oxygen, and within the bulk region.

The experimentally observed oscillation frequency of f;, =
0.25 kHz at ¢9 = 655 V was reproduced in the simulation
with 7 = 0.0042, at a voltage amplitude of ¢y = 600 V. It
was observed that increasing ~y shifted the region of instabil-
ity towards lower voltage amplitudes, indicating the influence
of surface properties on discharge stability. Furthermore, the
simulations indicated that plasma instability leads to periodic
changes between different electron power absorption modes,
characterized by variations in electronegativity and associated
shifts in reaction rates, such as ionization, dissociative attach-
ment, and associative detachment.
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