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Abstract

We present a combined experimental and numerical investigation of the plasma properties in an
asymmetric capacitively coupled radio frequency plasma source using argon discharge. Besides
driving the system in the conventional way, which results in a high negative self-bias voltage
Vpc due to the asymmetric configuration, we also connect a ‘quarter-wavelength filter’ to the
powered electrode, which lifts its DC potential to zero. At the powered side of the plasma, we
employ electrodes with conducting and insulating surfaces, as well as electrodes combining
both in different proportions (‘hybrid electrodes’). Measurements are carried out for the plasma
potential, the electron density and temperature in the bulk plasma, as well as for the flux-energy
distribution of the ions at the grounded surface of the system. The nature of the surface of the
powered electrode as well as the presence of the quarter-wavelength filter are found to highly
influence the plasma potential, V,,. For the electrode with a conducting surface V,, ~ 20 V and
~150 V are found in the absence and the presence of the filter, respectively. For the electrode
with an insulating surface, the self-bias voltage builds up directly at the plasma interface, thus
the filter has no effect and a plasma potential of ~20 V is found. For the electrodes with
different conducting/insulating proportions of their surface, V,, ranges between the above values.
Particle-in-Cell/Monte Carlo Collisions calculations for identical conditions with hybrid
electrodes predict double-peaked ion energy distribution at the powered electrode with peaks
corresponding to eV}, and e(V,, — Vpc) along with a lowering of the plasma potential (when
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compared to wholly conducting electrode), a trend that is observed experimentally. These
studies are of great importance for the application of similar plasma sources with in-situ
cleaning of mirrors in fusion devices and the results can be extended to a variety of plasma

processing applications.

Keywords: RF plasma, DC-grounded electrodes, ITER, plasma-surface interactions, notch filter

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

1. Introduction

Capacitively coupled plasma (CCP) sources have a variety
of important applications, which make use of the interaction
of active species (ions and radicals) created in the plasma
volume with the surface materials of the electrodes. Due to
the radio-frequency (RF) excitation the electrode materials are
not restricted to be conducting, as RF current can flow through
dielectric materials as well. This tremendously widens the area
of applications. Under energetic ion bombardment materials
can be selectively removed using such plasma sources (e.g. Si
and SiO; etching in microelectronics), while at low energies
deposition processes may be utilized (e.g. creation of amorph-
ous Si layers for photovolatic devices). The microstucture and
wetability of surfaces can be modified as well which is of para-
mount importance for medical implants [1-4].

For all the above mentioned applications, the ion flux-
energy distribution function, commonly called the ‘ion energy
distribution function’ (IEDF), at the surfaces is a crucial fea-
ture. Together with the type(s) of ions, the IEDF primarily
defines the processes that take place at the surface. The shape
of the IEDF is determined by two important parameters: (a)
the collisionality of the sheath that forms near the electrodes
and (b) the relation between the ion transit time and the period
of the RF excitation (see e.g. [5-7]). At high pressures, the
sheaths are generally highly collisional and most of the ions
have a low energy upon arrival at the electrode surfaces. At
low pressures, on the other hand, the ions have a long free path
and can acquire high energies while traversing the sheaths. In
the latter case, assuming that the ions fly through the sheaths in
a fraction of the RF period, their energy is determined by the
instantaneous sheath voltage. In the opposite case, i.e. when
the ion transit time is much longer than the RF period the
ion energy is largely determined by the time-averaged sheath
voltage. To provide more degrees of freedom for the control of
the IEDF, concepts for driving voltage waveforms with two or
multiple RF components with distinct frequencies have been
developed [8—11].

RF plasma sources are commonly operated with a generator
from which the power is coupled into the plasma via an imped-
ance matching network that ensures optimum power transmis-
sion to the plasma. An additional element in the driving circuit
(which may be part of the matching box) is a blocking capa-
citor that prohibits the flow of a DC current in the circuit, e.g.
[1]. Whenever a plasma asymmetry is present this capacitor
charges up to equalize the time-averaged fluxes of positive and
negative charge carriers to any of the electrodes. According to
Kirchhoft’s law, for such conditions a ‘self-bias voltage’, Vpc,

has to build up over the plasma to oppose the DC voltage drop
over the blocking capacitor. Plasma asymmetry can be caused
both by uneven areas of the powered and grounded electrodes
and/or by specific multi-harmonic excitation waveforms [10-
13]. The self-bias voltage has an influence on the flux-energy
distribution of the ions, as it contributes to potential differ-
ence between the bulk plasma and the electrode surface, i.e.
the sheath voltage drop.

For plasma sources with largely uneven powered and
grounded surfaces (where usually the powered electrode is
much smaller than the grounded surface), a significant neg-
ative self-bias voltage develops and the plasma potential is
lower as compared to that in symmetrical systems. The plasma
properties and the IEDF can be influenced by applying a DC
excitation besides the RF excitation. Such RF+DC plasma
sources have been studied extensively [14—17]. An alternat-
ive, straightforward way to eliminate the self-bias voltage is
to ground the powered electrode for the DC component. Of
the many ways to DC-ground the powered electrode [18-20],
one is to use a ‘stop band quarter lambda filter’, also known
as ‘notch filter’ [21]. To realize a notch filter, a transmission
cable with a length of a quarter of the RF wavelength is short-
circuited at one end, while the other end is connected in par-
allel to the powered electrode. The connection segment has,
in principle, an infinite impedance at the RF frequency at the
feed point, and the wave from the generator propagates unaf-
fected to the powered electrode. At the same time, however,
the DC potential of the powered electrode is set to zero by the
short-circuited end of the filter. Both approaches mentioned
above work only if the surface of the powered electrode is
conducting.

DC grounding the powered electrode has strong implica-
tions on the plasma properties and leads to an increase of the
plasma potential to several hundreds of volts (as compared to
few tens of volts commonly observed in typical highly asym-
metric CCPs); this has been observed experimentally in the
past [22, 23]. Kohler et al explained the phenomenon in 1985
using a model assuming capacitive sheaths [23, 24]. Accord-
ing to their model, the mean (i.e. time-averaged) plasma poten-
tial, V,, for an asymmetric configuration depends significantly
on the DC bias and the sheath capacitances at the powered
and grounded electrodes. For a DC-grounded electrode sys-
tem where the DC bias voltage is zero, the development of the
plasma potential depends only on the sheath capacitances. Fur-
ther, it can be concluded from the model that if the powered
electrode area is much smaller than that of the grounded wall,
the mean plasma potential reaches the order of the RF voltage
amplitude. Aanesland et al developed an analytical model of
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DC-grounded powered electrode discharges for a combination
of capacitive and resistive sheaths taking into consideration
the direct current flowing in the system [25]. They found that
the plasma potential developing in a DC-grounded asymmetric
electrode system depends strongly on the ratio of the grounded
electrode (Ag) and powered electrode (A,) areas. Further, the
DC current was found to be limited by the flow of ions col-
lected by the grounded electrode over an entire RF cycle. In
another paper, Aanesland et al reported that the plasma poten-
tial with DC-grounded RF excitation was equal to the sum of
plasma potential and DC self-bias on the electrode when it
was excited with a floating powered electrode [26]. Recently,
Faudot et al also published results about the properties of dir-
ectly coupled plasma in ALINE [18]. They observed a linear
increase in the plasma and floating potentials with an increase
of the applied RF voltage amplitude till a certain point beyond
which they attained a saturation. They also concluded that the
average RF sheath thickness at the DC-grounded electrode was
at least three times higher than the one calculated with Child—
Langmuir law in a low collisional helium plasma.

The high plasma potential associated with the DC-
grounded RF plasma is also responsible for the often observed
phenomenon of micro-arcing [27-29]. It is attributed to the
sheath breakdown at the vacuum chamber wall as a result of
an increase in the plasma and floating potentials [25, 26]. The
micro-arcs lead to the release of a large amount of energy over
a small area in an interval of less than 1 ms at the chamber
wall. Such discharges can damage sensitive electrical compon-
ents and interfere with the measurements since they affect the
bulk plasma parameters, and are generally considered para-
sitic. Few studies have investigated techniques to reduce the
high plasma potential and the ensuing micro-arcs associated
with DC-grounded electrodes in CCP [19, 30, 31]. In light of
our article, the work conducted by Sugai et al is particularly
relevant, where they coated the DC-grounded metal electrode
with a dielectric which resulted in a DC self-bias formation on
the dielectric [30].

RF discharges with DC-grounded powered electrodes are
foreseen to find important applications in the diagnostic sys-
tems of nuclear fusion devices such as ITER [32, 33]. Most
optical diagnostic systems in ITER will be equipped with
metallic first mirrors (FMs) directing light from the hot plasma
into the diagnostic while also preventing these from the ener-
getic neutrons from the fusion plasma at the same time. The
FMs, being the initial elements in the optical path in the dia-
gnostic systems, will be subjected to deposition of the first
wall materials (Be and W), which would severely comprom-
ise their optical properties. The FMs would thus require reg-
ular cleaning to restore their optical properties, for which an
in-situ plasma cleaning technique with RF discharges is a pre-
ferred option [32]. In addition to the parasitic deposition, the
FMs would also be exposed to high thermal loads caused by
neutron and gamma irradiation, for which the mirrors would
be actively water-cooled. However, the water cooling lines
are metallic and their physical contact with the FMs leads
to RF grounding. Furthermore, ceramics cannot be installed
between the water pipes and the FMs in ITER, to decouple the
ground from the RF. Hence, the cooling lines are foreseen to

be implemented in a lambda-quarter scheme to allow decoup-
ling of RF from the grounded cooling pipes [33]. Of the several
studies discussing the plasma cleaning of FMs [34, 35], only
a few have been reported about plasma cleaning of FMs in the
presence of a notch filter. Dmitriev et al published promising
results about the feasibility of the water cooling lines imple-
mented as notch filter for ITER FMs using 81.36 MHz RF
neon discharge at 1 Pa [20]. They demonstrated that Al/Al, O3
deposits (used as a proxy for Be/BeO deposits [36]) could be
removed from the water cooled mirror surface by 100 eV Ne*
ions at a 4 Wem™?2 surface power density. Chen et al also
reported mirror cleaning with discharges employing a notch
filter in the EAST tokamak [37]. Successful cleaning tests with
DC grounding of the powered electrode were also reported by
Moser et al [35].

While there have been studies (like the ones mentioned
above) on the applicability of DC-grounded electrodes in mir-
ror cleaning, there has been limited research focused on the
plasma physics behind this application. In this article, we use
experiments and kinetic simulations to study the impact of
the DC grounding of the powered electrode, realized with a
notch filter, on the properties of the plasma. We also study
the influence of the conducting properties of the powered elec-
trode’s surface on the resulting plasma properties: besides test-
ing conductive and dielectric surfaces we also study electrodes
of which the surface is partitioned into conducting/insulating
parts with given percentages.

2. Experimental

2.1. Experimental setup

The experiments were performed at the University of Basel
in Switzerland. A 13.56 MHz RF generator (Huttinger
Elektronik GmbH and Co KG, model PFG 300 RF) coupled
with a matchbox (Huttinger Elektronik GmbH and Co KG,
model PFM 1500A) was used to generate the plasma in argon
gas in a high vacuum chamber. The matchbox is composed of
internal capacitors and inductors, wherein the capacitance can
be tuned to match the load with the applied RF power. One of
the capacitors blocks the path for a DC current, therefore no
additional external blocking capacitor was required in the elec-
trical circuit. The setup is shown schematically in figure 1 and
the CAD image of the plasma chamber is displayed in figure 2.

The characteristics of the plasma were measured using a
Langmuir probe (Hiden’s ESPion™), a retarding field energy
analyzer (RFEA) (manufactured by Impedans), a sensor for
current measurement and a sensor to measure the peak-to-peak
value of the driving voltage (V},.;,), as discussed in more details
in section 2.2.

The area A, of the powered electrode was 5.5 x 1073 m2,
while the entire vacuum chamber served as the grounded elec-
trode. Accordingly, the ratio of the grounded to the powered
surfaces was A,/Ap,~87, which made the discharge highly
asymmetric. The feedthrough for the RF power was positioned
at the top of the chamber such that the electrode surface was
centered and faced only half of the chamber (figure 2). The
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Figure 1. Schematic representation of the experimental setup.
The plasma is generated inside a high-vacuum chamber using a
13.56 MHz generator with a matchbox and the notch filter
connected to the powered electrode via a coaxial T-connector.
The characterization devices (Langmuir probe, RFEA, current
sensor and V., device) are shown in orange.

RF feed

Faraday cage

Grounded
chamber wall

Powered
electrode

Figure 2. CAD image of the experimental setup showing the
powered electrode surrounded by a shielding in the centre of the
cylindrical vacuum chamber which serves as the grounded electrode.

distance between the electrode surface and the grounded wall
was 114 mm.

(a)

Figure 3. Samples used as powered electrode in the experiments.
(a) 100% metallic, (b) 50% metallic, (c) 10% metallic, (d) 0%
metallic.

Table 1. Discharge parameters in the experiments.

Experimental parameters Value

Area of powered electrode Ap 55x 1073 m?
Area of the grounded chamber Ag 48 x 107" m?
Ar pressure 1Pa

Driving frequency 13.56 MHz
RF voltage amplitude 180 V

Due to the large disparity of the powered vs. the grounded
surface areas, a strong negative self-bias is established at the
powered electrode in the absence of DC grounding. This self-
bias was, however, suppressed by using a quarter-wavelength
notch filter made of an RG 58-type coaxial cable. As the wave
propagation speed is decreased in the cable compared to that
in vacuum, the proper length of the filter cable (3.64 m) was
defined by accounting for a reduction factor of =0.66 [38].
This filter was connected to the RF feed line by a T-connector,
while its other end was short-circuited (see figure 1).

The experiments were carried out with four aluminum (Al)
disks having a diameter of 84 mm and different conducting/in-
sulating areas. In the case of one electrode (or ‘sample’) a full
metallic surface was preserved (and was ensured in the dis-
charge by the bombardment of energetic ions at the low operat-
ing pressure). For the other electrodes, the surface was covered
with a 10 pm thick Al,Oj3 dielectric film via anodization of the
Al disks. The dielectric breakdown voltage of the Al,O3 film
was found to be much larger than 200 V, ensuring that the
film remains an insulating dielectric under the potentials of
interest. One of the samples was operated covered completely
with Al,Oj3 film, while for the others the oxide layer was sub-
sequently partly removed so that different metallic/dielectric
(Al/Al,0O3) proportions of the surface were obtained. Con-
sequently, electrodes with metallic proportions between 0%
and 100%, as shown in figure 3, were produced. Electrodes
having both types of surfaces are referred to as ‘hybrid’ elec-
trodes hereon. The thickness of the dielectric coating ensured
that ion bombardment did not remove it during the discharge.

The experimental conditions are presented in table 1.

2.2. Characterization techniques

The electron temperature 7., plasma potential Vp, electron
density n. and floating potential V; of the bulk plasma were
measured using Hiden’s ESPion™ Langmuir probe [39].
MK?2 platinum probe tips with a length and diameter of 10 mm
and 0.15 mm, respectively, were used for the measurements.
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Table 2. Plasma parameters: floating potential (Vr), plasma
potential (Vp), electron temperature (7¢), and electron density (7e)
for the set of conditions given in table 1, evaluated by the ESPion
software, Chen’s method, and the /-squared method.

Method Vi (V) Vp (V) Te (eV) ne (m™)
ESPion 108 112 2.6 3.6 x 10"
Chen 108 113 2.7 1.7 x 10"
I-squared — — — 1.7 x 10"
Powered
electrode
RG 58 cable D D
f 1[7+ - ~FC Plasma
1 D D

RF Power—»F

Figure 4. Circuit diagram of the peak-to-peak voltage (Vpp)
measurement device. The capacitance C was 1 nF/3kV and the
diode D used was MUR1100E (Power Rectifier, Ultra-Fast
Recovery, Switch-mode, 1 A, 1000 V). The positive (/\>+) and

negative (V™) peak voltages are measured with the voltmeters.

The commercial probe has a measuring range of —200 V to
100 V to obtain the /-V curve. Since the experiments required
measurements beyond a probe voltage of 100 V, the entire
Langmuir probe head and its power supply were electrically
floated to shift the scanning range by +100 V. The probe tip
was positioned in the quasineutral bulk plasma region, at 4 cm
from the surface of the powered electrode.

To obtain the plasma parameters (7, n, and Vp), the meas-
ured I — V curves were fitted using the ESPionSoft™ soft-
ware. Moreover, the measurements were also manually eval-
uated using the Chen method [40] as well as the /-squared
method [41]. Exemplary results corresponding to the RF
voltage amplitude of 180 V and Ar pressure of 1 Pa are presen-
ted in table 2.

While the Chen method allows for calculation of T, n. and
V,, from the I-V curve, the /-squared method is used solely for
the determination of n. while avoiding calculations of 7, and
V,, from the electron saturation current. All three procedures
give similar results as observed in table 2 with the exception of
ne, of which a higher value was obtained by the ESPion soft-
ware in comparison to the others. Chen and /-squared methods
were adopted for the /-V curve analysis throughout this paper,
since they are more effective in reducing the noise in the data
at low pressures and also due to the fact that the n. obtained
by the two methods were close to each other.

The current density and energy of the ions reaching the
wall of the chamber were measured using a SEMion™
single sensor RFEA manufactured by Impedans, Ltd [42, 43].
The RFEA measurements were analyzed using the Semion
System™ software to obtain the ion current density (J;) and
the mean ion energy (Eio,). The typical uncertainties for the

measurements in J; and Ej,, as provided by Impedans, Ltd are
4+20% and £2% (in addition to £1 eV resolution), respect-
ively. While it was not possible to measure the energy distri-
bution of the ions at the powered electrode, the same informa-
tion at the grounded surface provides the useful possibility of
comparison with simulation results.

The discharge current was monitored by a current sensor
mounted at the RF feed line using a T-connector (figure 1). The
uncertainty of measurement of the current sensor was £2 mA.
Lastly, a device for the measurement of the peak-to-peak
voltage was connected to the powered electrode (figure 4). The
voltages were measured by DC voltmeters connected via elec-
trical feedthroughs to the measuring circuit.

3. Simulation method and input values

The experimental results are compared with those obtained
from particle based kinetic simulations performed at the
Wigner Research Centre for Physics in Budapest, Hungary,
using a two-dimensional axisymmetric, electrostatic Particle-
in-Cell/Monte Carlo Collisions (PIC/MCC) code. The basics
of the PIC/MCC approach are not discussed here, these can be
found in numerous works in the literature [44-51].

The cylindrical geometry was parametrized with the
(z, r) coordinates and assumed a chamber with a radius of
R =216 mm and a height of H =114 mm. All surfaces were
assumed to be metallic and electrically grounded except for
the powered electrode, which was situated in the center of one
of the flat ends at z=0 and has a diameter of R. =42 mm.
This geometry was chosen to replicate the experimental sys-
tem (figure 2) by providing: (a) the same distance between
the powered electrode and the facing wall and (b) an equival-
ent ratio of the grounded and powered surfaces A, /A, = 80,
while providing compatibility with the cylindrical symmetry
required by the numerical scheme.

In the PIC/MCC simulation, electrons and Ar' ions are
traced and their collisions with the background Ar gas atoms
are taken into account. Details of the numerical method are
provided in [44] and references therein. In the present study
a simplified collision process set was used for the electrons,
where elastic, excitation and ionization channels were repres-
ented by the £ impact energy dependent cross sections o, (£),
Oexc(€) and oion(€) as provided in [52], all assuming isotropic
scattering distributions. In the case of Ar™ ions, the cross
sections were adopted from [53] for the isotropic and back-
scattering elastic channels, and from [54] for the excitation and
ionization processes.

In the model, an electron reflection probability 17 = 0.5 and
an ion induced electron emission yield v = 0.1 were included
at the electrodes. Such simplified surface models can be used
in cases where the plasma parameters show weak sensitivity
on the actual values of these parameters, in contrast to cases
(typically using higher voltages), where surface processes are
of key importance for the overall charge production, as shown
in [55]. Performing simulations for the present conditions,
however, with different values for the ion induced electron
emission yield showed only marginal effects on the computed
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plasma parameters. The self consistent electric field was com-
puted in every time-step by solving the Poisson equation on
a numerical grid implementing the parallel red-black success-
ive over-relaxation method as discussed in [56]. The driving
RF voltage had a base frequency frr = 13.56 MHz and was
applied as time-dependent boundary condition to the powered
electrode in the form:

V(l, r) = Vrrcos (27fret) + Vpc(I’), @)

where Vgg is the RF voltage amplitude and V¢ is the optional
DC self-bias voltage. In case of the conductive regions of the
electrode Vpc =0 V was used, while in case of insulating
surfaces Vpc was iteratively approximated by the simulation
code so that a value providing a balance between the time-
averaged electron and ion currents to the insulating electrode
area was found. The simulations include all electrode config-
urations that were available in the experiment, as discussed in
section 2.1. The dependence of Vpc on the coordinate r that
appears in equation (1) allows a position dependent self-bias
voltage to build up over different regions of the hybrid elec-
trodes. The parameters used for the simulations are collected
in table 3.

The numerical parameters of the simulations, such as the
size of the numerical grid, the duration of the individual
time-steps, and the choice of the super-particle weight factor,
which represent the number ratio between the real microscopic
particles and the simulation (‘super-’) particles were set by ful-
filling the general stability criteria of the PIC/MCC scheme as
discussed, e.g. in [S1]. As a result, two-dimensional PIC/MCC
simulations turn out to be extremely computational intens-
ive, and in contrast to one-dimensional cases, are not prac-
tical if implemented as a sequential code running on a single
CPU core. As an illustration of the computational cost, the
execution of the simulation of a similar system using a par-
allel MPI (message passing interface) implementation took
three months for 107 super-particles on an 8-processor (Intel
Xeon-8850 CPUs) shared memory architecture running on
24 cores. To improve upon these run-times we decided to
use high-performance GPUs (graphics processing units) with
a massively parallel implementation of the simulation code.
This way the motion and collisions of thousands of particles
are computed at the same time, as well as the solution of the
Poisson equation is largely accelerated.

GPUs are designed to be able to hold the state of a large
number of threads on-chip, making thread-switching prac-
tically zero cost. As a result, up to 10°-10° threads can
be executed efficiently, without overheads. To achieve max-
imum flexibility and hardware efficiency, the program was
implemented in CUDA-C with custom parallel kernels. Since
PIC/MCC codes are typically memory bound (the number of
executable instructions in the algorithm is less than what the
chip can execute in the time of the required memory data trans-
fers), our implementation was optimized to make best use of
fast on-chip memory during calculation. The resulting imple-
mentation could achieve a speedup factor of about 100 with
respect to our earlier, CPU based parallel version.

Table 3. Input parameters used for the PIC/MCC simulations.

Simulation parameters Value
Area ratio of the electrodes Ag /A, 80

Ar pressure 1 Pa
Driving frequency 13.56 MHz
RF amplitude (Vrr) 180V

Gas temperature 350K
Electron reflection coefficient 0.5

Ion induced electron emission yield 0.1
Computational grid (z, ) 512x1024

4. Results and discussion

The experimental and simulation results for the plasma char-
acteristics obtained with powered electrodes having different
surface properties (figure 3) are presented in this section. The
results obtained for electrodes with different surface charac-
teristics (i.e. conducting, insulating, and hybrid) are discussed
in separate subsections. Some of the presented figures display
data for all the electrodes, to aid the comparison between the
various cases.

4.1. Conducting electrode

A reference experiment with Vgg = 180 V RF voltage amp-
litude and p = 1 Pa argon pressure, without applying the notch
filter was performed with the electrode having 100% conduct-
ing area (figure 3(a)). In the absence of the notch filter, no DC
current can flow in the external circuit because of the presence
of the blocking capacitor. As a result of the large difference
between the powered and grounded surface areas, a high neg-
ative self-bias of —156 V formed at the powered electrode.
For these conditions the plasma potential (as inferred from the
Langmuir probe data) was found to be V,, &~ +20 V and a value
of n. = 8.6x10'* m—3 was obtained for the electron density.

However, when the plasma was driven with DC grounding
of the powered electrode with the notch filter, Vp increased to
151.6 V for the same RF voltage amplitude. For this case, T¢
and n, were found to be 3.2 eV and 1.8x 10" m—3, respect-
ively. The applied RF power density on the powered electrode
was 0.3 Wem™2,

The high V, obtained can be understood using the capa-
citive sheath model for DC-grounded electrodes [23, 24]. The
time varying voltage V(f) on the RF driven electrode is given
by equation (1). For a general case, where a net current is pos-
sible through the powered electrode, the mean plasma poten-
tial V,, is given by:

Vp = Vpc + VrE 2)

g
Cy+Cy’

where C, and C, are the time-averaged sheath capacitances
at the grounded wall and the powered electrode, respectively.
If the powered electrode is DC-grounded, Vpc is zero and
equation (2) reduces to
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Figure 5. Comparison of theoretical (equation (3)) and
experimentally observed V,, for the applied Vrr. The Ly,
corresponding to the capacitances Cy and Cp have been assumed
identical, reducing the ratio of capacitances Cg/(Cg + Cp) to simply
ratio of areas Ay /(A + Ap) in equation (3). V,, obtained from the
simulations for Vrr = 180V is also presented for comparison.

— C
Vp = Vrp——. 3
b = VRrF C,+ G 3)
The magnitude of the sheath capacitances in this expression
can be found using the relation,
A
C=e-—, )
Lsh
where ¢ is the permittivity of vacuum, Lg, the mean sheath
thickness and A the effective area of the electrode in con-
tact with the plasma. The effective area of electrode in ques-
tion may differ from the geometrical surface area of the elec-
trode [59-61]. Using the relation of the sheath capacitances
(equation (4)), equation (3) can be modified as,

o (Ae/Ay)
Vo = Vir (T (A ©)

where Lf, and LY, are the sheath thicknesses at the grounded
and powered electrodes, respectively. As can be observed from
equation (5), V,, depends significantly on the ratio of the areas
Ag/Ap, and in the limit of A, > Ay, V,, rises to the order of
Virg. The ratio of the sheath thicknesses L, /L, does not play
a major role in the determination of V, in highly asymmet-
ric DC-grounded electrode systems since Ay /A, is one or two
orders of magnitude larger than L%, /LY, . Equation (5) suggests
that Vp increases linearly as a function of Vgg. This trend was
confirmed experimentally as can be observed in figure 5. The
small difference between the experimentally observed V, and
that calculated from equation (3) can be attributed to the small
difference that exists in the Ly, at the powered and grounded
electrode in the experiments as well as to the fact that effect-
ive area ratio of the electrodes is lower than the geometrical
area ratio of 87. The high plasma potential obtained with DC-
grounded powered electrode is also in agreement with the res-
ults reported in [22-24].

The simulations corroborate the experimental observations.
Figure 6 shows the potential distribution along the axis of the
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Figure 6. Simulation results for the potential of the powered
electrode (left column) and computed potential distributions along
the axis of the discharge (right column) in a symmetric (Ag/Ap = 1)
system (a), and in the asymmetric (Az /Ap = 80) system without (b)
and with (c) DC grounding of the powered electrode. The potential
distributions in the right column are shown for the times indicated
by symbols with the corresponding colors in the left column. The
discharge conditions are listed in table 3. The powered electrode is
at x/L = 0 while the electrode at x/L =1 is at ground potential.

discharge for different scenarios. In addition to the simula-
tion results obtained for the grounded/powered surface area
approximating the experimental system (A,/A, = 80), the
figure also shows data for a geometrically symmetric discharge
(Ag/Ap = 1, figure 6(a)). In this case, no self-bias voltage was
present and the plasma potential exhibited large oscillation in
the bulk region, between 10 V and 191 V. In the asymmet-
ric system (Ag /A, = 80), the situation changed dramatically.
Figure 6(b) shows the data obtained without DC grounding
of the powered electrode. In this case a self-bias voltage of
—164 V was computed, which is in fair agreement with the
value obtained experimentally, Vpc = —156 V. Turning on
the DC grounding of the powered electrode in the simulation
re-established Vpc =0V, as it can be seen in figure 6(c). At
the same time, the plasma potential was shifted upwards, and
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Figure 7. Comparison of experimental and simulation results for
the (a) plasma potential Vj, (b) electron density e, (c) electron
temperature 7., and (d) sheath thickness Ly, at the wall, for
discharges with powered electrodes having different percentages of
conducting surface area. The uncertainties in the experimental
results are estimated at 10% for Vp, 20% for ne and Te , and 17.5%
for Ly, (calculated from error analysis of equation (6)).

oscillated between 138 and 152 V within the RF cycle, which
is again in reasonable agreement with the value of ~150 V
obtained in the Langmuir probe measurements. The compar-
ison of the plasma potential (including T, n. and Ly, at the
grounded wall) obtained experimentally and via simulations
can be observed in figure 7.

The IEDF was measured at the grounded wall with the
RFEA. The shape of the IEDF in a RF sheath depends crit-
ically on the ratio of the ion transit time across the sheath 7;
and the RF time period 7xp [62]. 77 in the collisionless, low-
pressure domain can be calculated using the relation,

1
M 2
Ti sh <2€VS> (6)

where e is the electronic charge, M the mass of ion, and V, the
mean (time-averaged) sheath voltage [1]. At high RF frequen-
cies, 7;/mrp > | and the displacement current in the sheath
is larger than the conduction current making the sheath pre-
dominantly capacitive. At low frequencies, 7; /7rp<<1 and the
conduction current dominates making the sheath resistive in
nature. The approximate Ly, in equation (6) can be calculated
using the Child—Langmuir law [63, 64],

1 1
2 (2e\* e\ 22
Lo==(2=) (2) v&,
sh 3(M) <J1> Vs @)

The measured IEDF obtained at the grounded electrode
is shown in figure 8(a). This distribution has a well-defined
peak at 143.8 eV corresponding to the time-averaged sheath
voltage V. The J; measured with the RFEA was 0.09 A m~2.
Using the above equations, Ly, and 73 were calculated to be
13 mm and 1450 ns, respectively. For the 13.56 MHz driving
frequency 7rg = 73.75 ns, resulting in 7, /7rp A2 13, implying
that the sheath at the wall was primarily capacitive validating
the applicability of the capacitive sheath model for our res-
ults. The ion energy distribution at the wall obtained in simu-
lations shows very good agreement with the experimental res-
ults (figure 8(a)).

The IEDF at the powered electrode was not measured
experimentally, but the simulation results show a bimodal
distribution corresponding to Vi of 143 eV with an energy
separation between the peaks AE =10 eV (figure 8(b)). V;
at the electrode is simply V,+ Vpc. As Vpc =0, Vi=V,
which defines the high-energy limit of the ions that reach
the powered electrode. Furthermore, since Ly, = 13.6 mm (as
obtained from the simulations) is comparable to the mean free
path of Arions (10.6 mm and 14.2 mm at 10 eV and 100 eV
ion energies, respectively) under the conditions of the simula-
tion, the ions may undergo few collisions within the sheath [7].
This leads to ion-neutral charge exchange collisions within the
sheath resulting in a creation of slow Ar™ ions and fast neut-
rals, populating the low energy part of the IEDF. The accel-
eration of the slow ions by the sheath electric field, which is
further modulated by the plasma series resonance [57, 58], vis-
ible as vertical oscillatory features in figure 9, and the fact that
even for the fastest ions it takes several RF cycles to travel
Ly, distance, leads to the occurrence of the lower energy peaks
in the IEDF as observed in figure 8(b) [5, 6]. The presence
of a strong field reversal during the sheath collapse period at
the powered electrode, as visible in figure 6(c) (#/T =0 line)
and shown in detail in figure 9(a), decelerates the arriving ions
causing an increasing trend in the IEDF toward low energies.
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Figure 8. Experimental and computed (normalized) IEDFs of the Ar" ions reaching the grounded wall (left column) for the discharges
with electrodes having different percentages of conducting surface: (a), (b) 100%, (c), (d) 50%, (e), (f) 10%, and (g), (h) 0%. Computational

results are also shown for the powered electrode (right column).

An electric field reversal at the powered electrode devel-
ops as a result of the high plasma potential and the fact that at
the grounded surfaces no sheath collapse occurs at any time,
as it can be seen in figure 9(a). The space near the groun-
ded electrode acts practically as a DC sheath preventing elec-
trons from reaching the surface during the RF period, while
efficiently extracting positively charged ions from the bulk

plasma. However, in case of a stationary discharge state a
balance between the production and loss of charged particles
has to be established over time. The only possibility for elec-
trons to leave the discharge is through the powered electrode
during the short time of local sheath collapse, thus the elec-
tric field reversal helps to accelerate the electrons toward the
electrode, which would not be able to reach the electrode only
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Figure 9. Computed space-, and time resolved axial electric field
between the powered electrode and the facing grounded wall. The
radial distribution is averaged in the range r < Re1/2, where

Re) = 42 mm is the radius of the electrode, and only the axial
distance from the electrode is shown on the vertical axis. The
horizontal axis covers one RF period of the applied voltage as given
in formula (1). Panel (a) shows results for the conducting electrode,
while panel (b) depicts the insulating electrode data. Note the strong
field reversal developing during the time of sheath collapse

(t/Trr ~ 1) at the powered electrode (near position 0) in the case of
conducting electrode.

by diffusion in the required quantity. An indirect effect of this
field reversal is the deceleration of ions on their way toward the
powered electrode, as stated above. In addition to the sheath
dynamics the presence of the plasma series resonance can also
be observed in figure 9 as high frequency oscillating electric
field features in the plasma bulk reaching into the sheath region
causing additional oscillations in the energy distributions of
charged particles arriving at the surfaces.

The potential and electron density maps obtained from the
simulations can be seen in figure 10. The potential maps show
that the bulk plasma fills most of the volume, and the sheath
near the powered electrode is concentrated to a few mm width.
The width of the sheath region at the corners and near the side
walls is significantly longer. For the powered electrode with
100% conducting surface, a high plasma potential was present
over the bulk plasma with similar sheath thicknesses at the
powered and the grounded electrodes. The value of the plasma
potential gradually decreases with the decrease in the percent-
age of the conducting area of the electrode as will be discussed
in the next sections.

A sequence of additional simulations was carried out to
study the effect of the area ratio, A, /Ap, on the self-bias
voltage, the plasma potential, the electron temperature and
density. These results (figure Al of the appendix) show very
little sensitivity of the plasma characteristics on the surface
area within this domain of highly asymmetric configurations.

4.2. Insulating electrode

In the case of an insulating electrode the flow of DC cur-
rent across the plasma is blocked, and as the dielectric layer
acts as a capacitor. Consequently, the build-up of a DC self-
bias voltage is inevitable. At such conditions the notch fil-
ter does not play a role. As compared with the case of
the fully conducting electrode, Vp, ne and T, decreased to
18.5V, 9.44 x 10" m~3 and 2.8 eV, respectively. This beha-
vior is in excellent agreement with the simulation results
(figure 7). While the negative self-bias could not be exper-
imentally measured, the simulation results showed a devel-
opment of Vpc = —167 V on the dielectric surface of the
electrode which is well visible in the potential map of the
system (figure 10(g)). The low V, measured is also compar-
able to the V, of +20 V obtained by Sugai er al in a sys-
tem employing a DC-grounded electrode covered with a thick
insulator [30].

These plasma characteristics are similar to the scenario
when the conducting electrode is driven without DC grounding
(i.e. without the notch filter), as expected, in which V, =20V,
ne = 8.6 x 10 m—3 and T, = 3.2 eV were observed. The two
cases differ in the sense that with a conducting electrode the
external blocking capacitor charges up in the absence of a
notch filter, while in the case of a dielectric surface charging
occurs right at the electrode surface.

The measured IEDF at the wall for this configuration exhib-
its a single peak at 15.8 eV and J; decreased significantly to
0.05 A m~2 (figure 8(g)). Due to the low V, and J;, Ly, was
much lower than in the case of the conducting electrode. For
these parameters we found Ly, =4 mm and 73 /7rp~ 17. The
measured ion energy distribution agrees with the simulation
results as can be observed in figure 8(g). The IEDF at the
powered electrode as obtained by the simulations resulted in a
single bimodal peak centered at V of 186 V and AE of 9 eV
was found. The peak of the distribution corresponds to the ion
energy of e(V, — Vpc) due to development of a negative Vpc
on the electrode. As shown in figure 9(b), in this case no elec-
tric field reversal develops in front of the powered electrode
as due to the lower plasma potential a fair amount of electrons
can leave the bulk plasma to the grounded walls and diffusion
is sufficient during the local sheath collapse at the powered
electrode to ensure charge balance, in contrast to the previous
case.

The simulations with varying area ratios A, /A, were also
performed for the insulating electrode. The plasma proper-
ties remained unaltered with changing A, /A,. The results are
presented in figure A2 of the appendix.

4.3. Hybrid electrodes

Whenever a part of the surface is conducting, DC current is
allowed to flow through the plasma and the application of
the notch filter has an effect on the discharge characteristics.
Therefore, for all hybrid electrodes the plasma potential is sig-
nificantly higher than that for the electrode with a completely
insulating surface that leads to the development of a high neg-
ative self-bias voltage.
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Figure 10. Time averaged electric potential and electron density distributions in the cross section of the discharge. Note that the simulation
considers a cylindrically symmetric configuration. The powered electrode is at z =0 mm with a radius » =42.5 mm. All other surfaces are

grounded. The results are shown for electrodes with different percentages of the conducting surface area: (a), (b) 100%, (c), (d) 50%, (e), (f)

10%, and (g), (h) 0%. The potential is given in units of volts and the density in units of m~>.

As there is a net current through the electrode, V,, can be  measured n and T, were 1.55 x 10" m™ and 3.4 eV, respect-
described by equation (2). Due to the presence of Vpc at the ively. The plasma characteristics are in good agreement with
electrode, Lg, at the wall and at the powered electrode are dif- those obtained from the simulations as can be observed in
ferent. Moreover, the net capacitance at the powered electrode  figure 7. The simulation results also show the development

is a function of the radius of the electrode (C, = Cp(r)), due of Vpc = —38 V on the insulating portion of the electrode
to the presence of DC self-bias and DC grounding on different  (figure 10(c)) in addition to a high . on the conducting portion
sections of the same electrode. (figure 10(d)).

However, since the A, is still much higher than Ap, the ratio The ion energy distribution, computed for the total

of capacitances Cy/(Cp + C,) in equation (2) remains close (powered) electrode surface (i.e. not resolving the differences
to 1. As a result, the change in V, in equation (2) is mainly ~between the conducting and insulating portions of the surface)
driven by the change in Vpc. Furthermore, since Cy/(Cp + C,)  therefore display two bimodal energy peaks with AE of 10 eV
remains close to 1, the difference V, — Vpc remains nearly a  (figure 8(d)), one centered around 172 eV, corresponding to an
constant for same applied Vg from equation (2). ion energy of e(V,, — Vpc) and the other around 134 eV corres-

For the electrode with 50% conducting surface a plasma  ponding to an ion energy of eV,,. The amplitudes of these peaks
potential of +143 V was obtained. This is lower when com-  (proportional to the ion current density) are nearly the same,
pared to that obtained with the electrode with fully conduct- corresponding to the equal conducting/insulating surface areas
ing surface (4156 V), but still much higher compared to on the electrode. Furthermore, the IEDF computed for the
the case of the electrode with 0% conducting surface (for total electrode was also decomposed to obtain independent
which V,, = 18.5 V). Further, the I, drawn through the elec- IEDFs at the conducting and insulating surfaces. As can be
trode (as measured by the current sensor) was 14 mA and the inferred from figure 11, the IEDF for the hybrid electrode is

1
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Figure 11. Decomposition of the (normalized) IEDF computed for
the hybrid electrodes as observed in figures 8(d) and (f), to obtain the
independent contributions at the insulating and conducting surface
of the (a) 50% conducting and (b) 10% conducting electrode.

spatially dependent, since the lower energy bimodal peak (at
134 eV) was obtained almost entirely at the conducting sur-
face of the electrode, while the higher energy peak (at 172 eV)
was obtained at the insulating surface. The results obtained
from the simulations are, to our knowledge, the first ever show-
ing that different ion energy distributions can be obtained at a
single electrode exhibiting different local material properties.

At the wall, the IEDF exhibits a single peak at 137.8 eV
in good agreement with the corresponding simulation results
(figure 8(c)). Ly at the wall was found to be 13 mm due to the
high Vp and 7; /Trp Was ~20, similar to that in the case of the
100% conducting electrode.

With the electrode having 10% conducting surface area
(figure 3(c)) Vp, I, and n. decreased to +115 V, 11 mA and
1.2 x 10 m—3, respectively, while 7, remained at 3.2 eV. The
decrease of V,, and n follows the trends obtained by the sim-
ulations (figure 7). With the decreasing proportion of the con-
ducting area of the electrode we observed a further reduction
of the plasma potential and a more negative DC self-bias at the
insulating part of the electrode surface, amounting to —74.1 V
(figure 10(e)).

The computed IEDF at the powered electrode displays one
well defined bimodal peak with AE of 10 eV (figure 8(f))
centered around 176 eV corresponding to ion energy of
e(Vp — Vpc). This peak is obtained at the insulating surface
of the electrode as observed in figure 11(b). The other peak
that corresponded to ion energy of eV, was not well defined.
The disappearance of this peak can be explained on the basis

of a statistical reduction in the ion current density at the con-
ducting portion of the electrode which in this case is only 10%
of the total surface. The behavior of IEDF at the electrode, as
a result, is similar to the one observed for the electrode with
insulating surface. This also implies, that the peak in the [EDF
corresponding to eV, gradually disappears as the percentage
of the conducting surface of the electrode decreases.

At the grounded wall, the experimental IEDF has a single
peak at 111 eV while J; corresponding to the IEDF was
0.06 A m~2. The IEDF peak obtained in the simulations was
shifted to a lower energy of 101.5 eV, which is duetoa 10 V
lower V, obtained in the simulations compared to the experi-
ments (figure 8(e)). However, the behavior of the two curves is
identical. Since V,, was still considerably high, L, at the wall
was 12 mm which was a millimeter lower than the one calcu-
lated for the 100% and 50% conducting electrodes. 73 /7xr at
the wall was 21, which is also close to that for the electrodes
with 100% and 50% conducting area.

From figure 7, it can be observed that the presence of con-
ducting surface in any proportion on the powered electrode has
a significant impact on the plasma properties, particularly V,,,
T. and Lg,, when compared to a purely insulating electrode,
indicating that the flow of an electron current from plasma
to the powered electrode dramatically influences the plasma
properties. From figure 10, it can be observed that for both
the hybrid electrodes, the potential varied over the electrode
surface: the conducting part has a potential that corresponds
to the excitation voltage, whereas the potential on the insu-
lating part is defined by the balance between the charging of
the electrons/positive ions. Although the discharge had a large
radial extent, the volume with the highest electron density was
confined to the inner part of the plasma, ‘above’ the electrode
surface. Further, the simulation results indicate that the differ-
ence V, — Vpc remains nearly the same for both hybrid elec-
trodes (173.9 V for 50% and 179.1 V for 10%) and close to
Vrr complementing equation (2).

In the case of electrodes with 100% conducting and 100%
dielectric areas, global circuit models can be defined for the
discharge, which can aid understanding of the voltage balance
in these settings. In the case of hybrid electrodes, however,
the definition of such a circuit model seems to be problem-
atic as the system cannot be described by the parallel connec-
tion of the two circuits representing the conducting/insulating
parts of the powered electrode. This is so because in the non-
local regime of operation a significant and spatially distributed
interplay between these two parts of the discharge is contem-
plated, and we do not expect that this can be represented by a
small number of equivalent circuit elements.

5. Conclusion and outlook

The impact of DC grounding of the powered electrode with a
quarter-wavelength notch filter on the plasma properties was
investigated experimentally and numerically in a low pres-
sure CCP source. Electrodes with different surface conduct-
ing properties (purely conducting, insulating and hybrid sur-
faces) were used in measurements of the electron density,
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the plasma potential, the electron temperature (using a Lang-
muir probe) and the energy distribution of the positive ions
reaching the grounded chamber wall (using an RFEA). In par-
allel, PIC/MCC simulations were performed for the differ-
ent powered electrodes. The experimental results are in good
agreement with the simulation outcomes for all the electrode
configurations tested. Changing the conducting area of the
powered electrode significantly influenced the properties of
the plasma. The plasma potential increased to the order of the
RF voltage amplitude in the case of the conducting electrode
(147 V), while the electrode itself had a zero self-bias due to
the DC grounding. In the case of the electrode covered with an
insulating dielectric, there was no flow of DC current through
the electrode and the effect of DC grounding was not observed.
The plasma potential remained low and a high negative self-
bias (—167 V as obtained from the simulations) developed on
the surface. The properties of plasma were identical for the
insulating electrode when driven with or without DC ground-
ing with the notch filter.

Hybrid electrodes with 50% and 10% conducting surfaces
led to combination of properties of both conducting and insu-
lating electrodes. The conducting surface of the hybrid elec-
trodes led to flow of a net DC current from the plasma to the
electrode and a high resulting plasma potential, while the insu-
lating surface led to the development of a negative self-bias
on the part of the electrode that it covered. Changing the con-
ducting area from 50% to 10% resulted in an increase of the
negative self-bias voltage from —37.9 to —74.1 V while the
plasma potential decreased from 143.1 to 115 V. The IEDFs
for the electrode with 50% conducting area exhibited two
well defined ion energy peaks corresponding to ion energies
of e(V, — Vpc) at the insulating surface and eV, at the con-
ducting surface of the electrode, respectively. For the elec-
trode with 10% conducting area, most of the ions arrived at
the electrode with the energy of e(V,, — Vpc) leading to one
well defined peak. The other peak, however, was not very well
defined implying that the density of the peak corresponding
to eV, decreases as the percentage of the conducting surface
on the electrode is decreased. The IEDF at the electrode with
10% conducting area was also similar to that of the insulating
electrode.

The results presented here are promising for the applica-
tion of plasma cleaning with DC-grounded electrodes. With
the conducting electrode, the plasma potential is high and
uniform leading to an IEDF that peaks at a similar energy
both at the wall and the electrode. This implies that, while
the high ion energy would result in an effective sputtering
of the electrode’s surface (mirror), it would lead to an equi-
valent sputtering of the walls (considering the wall and elec-
trode are made of the same material) leading to consider-
able re-deposition of the wall material on the electrode. This
would significantly degrade the efficiency of net cleaning of
the electrode’s surface over time. Even if the wall and elec-
trode’s surface are made of different materials, a high plasma
potential increases the likelihood for the ion energy to be
higher than the sputtering threshold of the wall material. Con-
sequently, the wall would be sputtered with a subsequent

re-deposition on the powered electrode, hindering the mirror
cleaning process. However, covering the conducting electrode
with a thick dielectric results in a lowering of the plasma poten-
tial and a development of a negative self-bias on the mirror
despite DC-grounding. As a result, the electrode’s surface is
sputtered with a significantly higher ion energy compared to
that on the walls, ensuring a net cleaning of the electrode over
time. The result is of significant importance for the metallic
FMs in ITER diagnostics, where they are foreseen to undergo
RF plasma cleaning while being DC-grounded with quarter-
wavelength notch filter.

The results also show that the plasma properties obtained
with an insulating electrode in presence of a notch filter are
effectively similar to those obtained with a conducting elec-
trode in a regular CCP (without DC grounding), with the major
difference being that the charging occurs at the plasma sur-
face interface in the former instead of the matching network
or blocking capacitor. This points to implications when using
RF plasmas (such as in semiconductor etching and PECVD)
where addition of DC grounding can impact the plasma prop-
erties. Particularly, this calls for further exploration into the
role of dielectric films in the plasma physics and the plasma
surface interactions in CCPs, since the DC self-bias in such
discharges is determined by both discharge asymmetry and the
dielectric properties of the films. The DC grounded system,
however, can pose complications when using multi-frequency
waveforms, particularly when the DC grounding is achieved
using a notch filter, since the length of the notch filter is
determined by the RF frequency. We contemplate, however,
that multi-frequency ‘grounding networks’ can as well be
developed based on the same principles like multi-frequency
matching networks [65].

The results with the DC-grounded hybrid electrodes show
that the electrode is sputtered with two discrete ion energies
eV, and e(V, — Vpc). This ion energy distribution has a spa-
tial dependence, since the ion energy eV, is obtained primarily
at the conducting portion of the electrode while the ion energy
e(V, — Vpc) is obtained primarily at the dielectric region. This
can be of interest for applications in the field of plasma-surface
interactions that target selective sputtering of the electrode
surface. Furthermore, the results indicate that the ratio of the
dielectric to conducting surfaces on the powered electrode can
highly impact the plasma properties. This property can find
applications in the reactor designs of other CCPs with DC
grounded electrodes, wherein the ratio of dielectric to con-
ducting surfaces can be varied to tune the plasma parameters
as well as the DC self-bias on the dielectric surface. This also
calls for further research into how different dielectric materials
can potentially influence the plasma properties, DC self-bias
and eventually, the choice of the reactor design. The range of
the ratio of conducting and dielectric surfaces on the electrode
where the IEDF shifts from having two discrete ion energies
(eVy and e(V,, — Vpc)) to a largely single ion energy is also a
highly relevant topic for future study.

Moreover, our study deals with only asymmetric dis-
charges, since A, /Ap ~ 80. However, the results obtained also
call for further studies into DC grounded discharges in more
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symmetric systems (A4 /A, ~ 1), with a particular emphasis on
hybrid electrodes where the dielectric layer as well the sheath
dynamics could have a prospective influence on the potential
profile.

In the future, we will study the erosion of the electrode sur-
faces as a result of the dual ion energies on hybrid electrodes.
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Appendix A.
This appendix presents some of the supplementary simulations

results of the effects of a varying ratio of the areas of the groun-
ded vs. the powered electrode.
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