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A dual-frequency (2 f ) capacitively coupled rf argon plasma has been investigated using a passively compensated Lang-
muir probe. The discharge is driven by two different excitation frequencies (13.56 MHz and 27.12 MHz) simultaneously
with a variable phase angle θ between them, utilizing the electrical asymmetry effect (EAE). Two plasma chambers
with different degrees of geometric asymmetry are subject of investigation. The qualitative trends of floating potential,
plasma potential, electron temperature and electron density are measured for various phase angles between 0◦− 180◦

in these two reactors to conduct a cross-chamber validation of parameter trends. Similar to the dc self-bias, the plasma
parameters show a pronounced dependence on the phase. Their general behavior can be explained by the phase-
dependent sheath expansion dynamics as shown by PIC/MCC simulations, where beams of electrons are generated by
the respective expanding sheath and accelerated into the plasma bulk, leading to phase-dependent electron temperature
and density. However, the measured profiles of the plasma parameters as a function of phase in both experimental setups
are not symmetric around θ = 90◦, unlike the dc self-bias. This observation is confirmed by PIC/MCC simulations,
which reveal asymmetrical electron excitation/ionization dynamics at the corresponding phases. This implies that the
observed trends are a property of the 2 f discharge in combination with a geometrically asymmetric reactor.

I. INTRODUCTION

Capacitively coupled radio frequency plasmas (CCPs) have
a wide range of applications in industry and research. For
example, one important area is the surface treatment of semi-
conductors, where CCPs are used for etching solid surfaces1,
cleaning substrates2 or depositing thin layers3. Furthermore,
CCPs are used in the production of solar cells4, displays5 and
microelectronics6, or in medicine for the production of bio-
compatible surfaces7. For these applications, the ion energy
and ion flux at the electrode surface are essential. The energy
of the ions striking the substrate affects the individual chemi-
cal or physical processes, respectively, while the ion flux de-
termines the efficiency of a particular process8. A separate
and independent control of these two parameters is highly
desired, but not realizable in common single-frequency dis-
charges. One approach for implementing this separate control
is the electrical asymmetry effect (EAE) via a dual-frequency
(2 f ) discharge8–21, where the dc self-bias, the mean sheath
voltages, and, consequently, the mean ion energies at both
electrodes can be controlled by adjusting the relative phase
between two consecutive driving harmonics. Usually, it is
operated at 13.56 MHz and 27.12 MHz with a fixed but ad-
justable phase angle θ between the driving voltages.

To understand the basic physics of this particular discharge,
plasma diagnostics are mandatory. Simulations were per-
formed, which investigate the separate control of ion en-
ergy and flux8,18,22,23, the phase dependent electron heating
dynamics14,24 or an enhancement of the EAE through non-
equal relative voltage amplitudes12. Radially resolved mul-
tipole resonance probe measurements25 provided information

about the radial electron density distribution within the dis-
charge. Phase and space resolved optical emission spec-
troscopy (PROES) revealed experimentally the dependence
of the excitation dynamics on the phase angle8,26, verifying
the simulations14,24. Investigations of the sheath by optically
trapped microparticles27 were performed, which provided an
impression of the behavior and strength of the electric field
force within the sheath region28.

An extended characterization of this 2 f plasma is crucial
for its optimization and improvement of its application. In
this work, we focus on the diagnostic of a dual-frequency dis-
charge at 1 Pa and 3 Pa argon gas pressure using a Langmuir
probe (LP). It is capable of measuring a wide range of plasma
parameters, including electron density, electron temperature,
and plasma potential, leading to a comprehensive understand-
ing of the plasma29. In particular, the dependence of these
parameters on a phase variation is investigated, focusing on
the qualitatively trends. The results are compared with and
explained by PIC/MCC simulations30.

II. THEORY

The idea of the dual-frequency discharge is based on the
utilization of electrical asymmetries in the plasma by using
a superposition of two consecutive harmonics to realize the
following voltage drop across the plasma Urf(t)9:

Urf(t) =Udc +
1
2

U0 (cos(2π frft +θ)+ cos(4π frft)) , (1)
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which comprises the dc self-bias Udc, fundamental frequency
frf = 13.56 MHz, identical amplitude U0 of both harmon-
ics and phase angle θ . Varying the phase changes the sym-
metry of the resulting signal waveform, i.e., the maximum
Urf,max and minimum Urf,min of the applied voltage, so that
Urf,max 6= |Urf,min|, resulting in a phase-dependent dc self-bias

Udc =
Urf,max + εUrf,min

1+ ε
(2)

and, thus, in the generation of the electrical asymmetry effect
(EAE)9,25. The symmetry parameter

ε =

∣∣∣∣Usg

Usp

∣∣∣∣= (Ap

Ag

)2 n̄sp

n̄sg

(
Qmg

Qmp

)2 Isg

Isp
(3)

depends on the ratio of the maximum sheath voltages in front
of the powered (Usp) and grounded (Usg) electrode22 with the
respective surface areas Ap, Ag of the powered and grounded
electrodes (here: Ap � Ag), the mean ion densities n̄sp, n̄sg
in the respective sheath, the maximum charges Qmp, Qmg in
each sheath and the sheath integrals Isp, Isg. With the help of
the EAE, one can control the dc self-bias electrically even in
geometrically symmetric discharges12. As a result, the elec-
trode undergoes ion bombardment with energies depending
on Udc, and adjustable by the phase angle θ . The amplitude
of the applied voltage remains unchanged during this process,
ensuring that the ion flux stays nearly constant.

In this study, the influence of the phase on other plasma pa-
rameters is measured with a Langmuir probe. The theory of
the Langmuir probe is well known and has already been de-
scribed in numerous publications29,31–35, which is why only
the most important aspects for the evaluation of the data are
briefly given here. For the sake of simplicity, all calculations
and methods presented assume the most simple case, which is
collision-free with a Maxwellian electron energy distribution
and one sort of single positively charged ions.
The current-voltage characteristics recorded in the 2 f dis-
charge (fig. 1 top) show three different regions: The ion sat-
uration regime (region I), the electron retardation regime (re-
gion II) and the electron saturation regime (region III), whose
limits are defined by the floating potential φfl at zero probe
current and the plasma potential φp, respectively. The latter
is determined by the maximum of the first derivative or zero
crossing of the second derivative as shown in fig. 1 (bottom).
The second derivative d2I/dU2

probe as a function of the probe
voltage shows evidence that the EEDF is close to Maxwellian,
but due to the low signal-to-noise ratio, it cannot be used for
accurate plasma parameter determination. The electron tem-
perature Te is calculated assuming current balance35 between
the electron current and the ion saturation current Ie = Iis at φfl

kTe

e
=

2(φp−φfl)

ln
(

mi
2πme

)
+0.5

, (4)

with the mass of ions/electrons mi/e, while the electron density
ne is calculated from the probe current or electron saturation
current Ies, respectively, at plasma potential

ne =
4Ies

Ape
√

8kTe
πme

, (5)

FIG. 1. Langmuir probe I-U characteristic obtained in a 2 f argon dis-
charge at 3 Pa and θ = 111◦ with a probe length of lp = 6 mm (top).
First and second derivative of the probe current for the determination
of the plasma potential φp (bottom).

for the cylindrical probe area Ap = 2πrplp. The ion satura-
tion current is approximated by a straight line within the ion
saturation regime and subtracted from the total probe current.

III. EXPERIMENTAL SETUP

A. Langmuir probe

The principle setup of the Langmuir probe (LP, fig. 2)
consists of a tungsten wire as probe tip with a diameter of
dp = 2rp = 100 µm and a length of lp ≈ 6 mm - the rest of
which is shielded with a ceramic tube - a filter system and a
current/voltage measurement unit.
Since the probe is used in an rf plasma, where the plasma po-
tential varies in the plasma bulk according to the rf frequency,
it is equipped with corresponding filters to compensate for the
disturbances caused by the rf signal. For this purpose, a pas-
sive compensation method is used36–39. It consists of sev-
eral low-pass filters, which suppress the rf fluctuations right
behind the probe, and an additional floating pick-up probe,
following a probe design suggested by Godyak et al.40. It
picks up the rf fluctuations and transmits them to the Lang-
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FIG. 2. RF-filter system of Langmuir probe for a 2 f CCP, con-
sisting of capacitors (C) and inductances (L). C1 = 10 pF, C2 =
(4.5−20) pF, L1 = 10 µH, L2 = 2.2 µH, L3 = 1 µH.

FIG. 3. Transmission spectrum of rf-filter system before the start
of the measurements and after their completion several weeks later.
The frequencies to be filtered are marked by the colored lines (13.56,
27.12, 40.68, 54.24) MHz. White noise was applied to the probe tip.

muir probe via a capacitor (C1 in fig. 2), that cuts off any
dc current and only lets the rf pass through. This results in the
probe potential being time dependent and, therefore, the probe
voltage, referenced to the plasma potential, remaining stable
throughout the rf cycle. The additional electrode is realized
as a stainless steel wire (1 mm in diameter), which is bent to
a loop with a diameter of 45 mm to not disturb the plasma in
the vicinity of the probe tip but be close enough to pick up the
rf near the tip.
The rf filter system comprises eight filter units, two for each
13.56 MHz-harmonic up to 54.24 MHz, inside a metal hous-
ing for proper shielding from the plasma39. The capacitors
are tunable, allowing a proper calibration of the filters, which
is shown in form of the transmission spectrum in fig. 3 right
after the assembling of the Langmuir probe (before) and sev-
eral weeks after completion of the measurements (after). The
capacitors are set in such a way that maximum damping is
achieved at the respective frequency. A slight difference in at-
tenuation is noticeable between both spectra in fig. 3. There
may be several reasons for this: The tungsten wire was re-
placed multiple times, which required opening the shielding
box of the rf filter system for wire replacement. It’s con-
ceivable that this procedure may have resulted in a minor
alteration in insertion loss, as no capacitor recalibration was
conducted. Since capacitance is adjusted mechanically, slight
variations can occur over time.

FIG. 4. Shematic of the experimental setup and the components used
to generate the 2 f CCP at CAU (PHS: phase shifter; RF: radio fre-
quency generator; MN: matching network; F: filter; HVP: high volt-
age probe) and the Langmuir probe (LP) placement with distance d
to the electrode27,28. The camera (Cam) allows taking pictures of the
plasma and its sheath.

B. Plasma chamber

The LP measurements are performed in two different
plasma reactors, both of them offer the possibility of gener-
ating a 2 f signal in the form of eq. 1. The first one is located
at the Christian-Albrechts-University (CAU) Kiel at the Insti-
tute of Experimental and Applied Physics. The second one is
at the Ruhr University Bochum (RUB) at the Chair of Applied
Electrodynamics and Plasma Technology.

1. CAU

The experimental setup of the CCP at CAU Kiel consists
of a cylindrically shaped vacuum vessel (fig. 4) with a di-
ameter of 350 mm and a volume of 45 L, where the dis-
charge is ignited in argon gas and operated with a frequency of
13.56 MHz and its second harmonic 27.12 MHz. The signal
forms are generated in the phase shifter (PHS), amplified by
the radio frequency generators (RF) and individually matched
via a matching network (MN). The combined signal is cou-
pled into the bottom electrode after passing a filter (F), which
prevents power dissipation in each RF circuit by the other fre-
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FIG. 5. Shematic of the experimental setup and the components used
to generate the 2 f CCP at RUB (RF: radio frequency generator; FG:
function generator; MN: matching network; F: filter; HVP: high volt-
age probe; MFC: mass flow controller; Ar: argon gas). Adopted from
Ries et al.23.

quency. The dc self-bias, signal amplitude and the phase angle
between the two harmonics are monitored using a high volt-
age probe (HVP) and an oscilloscope. The powered electrode
is water cooled, made of stainless steel and has a diameter of
100 mm. The grounded counter electrode is realized by the
chamber walls, making the discharge strongly geometrically
asymmetric. The Langmuir probe (LP) is introduced into the
discharge through a flange of the chamber walls and centered
right above the powered electrode a few millimeters away (d).
A length of 10 cm was selected for the ceramic tube of the LP
to ensure that the metal casing of the rf filter system is posi-
tioned primarily outside of the plasma. The camera (Cam) is
used to take photographs of the plasma and the sheath region.

2. RUB

For the measurements at RUB, the experimental setup as
described by Ries et al.23 and shown in fig. 5 is used.
The frequencies for the capacitively coupled 2 f signal
(13.56 MHz and 27.12 MHz) are generated in the respective
RF generator (RF) and individually matched via a matching
network (MN). A bandpass filter (F) connects the matched
signal to the upper electrode. The relative phase angle θ be-
tween the two harmonics can be changed using a function gen-
erator (FG). Both the amplitude and dc self-bias of the applied
signal are measured by a high voltage probe (HVP). Argon is
also used here as the working gas with a continuous gas flow
of 40 sccm. The electrodes have a diameter of 490 mm each
with a gap of (75± 1) mm between them. To confine the
plasma between the electrode spacing, the electrodes are sur-
rounded by a grounded mesh, making the grounded surface
area significantly larger and, therefore, the chamber geomet-
rically asymmetric. The upper powered electrode is made out
of a mixture of aluminum and chrome, while the grounded
electrode as well as the mesh are stainless steel.
The Langmuir probe (LP) is positioned in such a way that the

FIG. 6. Flowchart of the PIC/MCC simulation. Background colors
indicate whether the step operates with continuous particle coordi-
nates (gray), on an equivolume grid (blue), or on an equidistant grid
(green), and the transitions between these options.

probe tip is horizontally and vertically in the center of the elec-
trodes and the gap, respectively. In this system, the ceramic
tube’s length of the LP had to be extended to roughly 30 cm
to guarantee that the metal casing remains positioned outside
the shielding mesh and, thereby, outside of the plasma.

IV. PIC/MCC SIMULATION

The model used here is based on the 2D extension of the
1D PIC/MCC code presented by Donkó et al.30. The main
steps are shown in the flowchart in fig. 6. In the simulation,
electrons and Ar+ ions are tracked (step 5) and their collisions
with the plasma facing surfaces (step 6) and background neu-
tral Ar gas atoms at constant temperature (step 7) are consid-
ered. The collision probabilities for electrons are calculated
based on the simple collision model proposed by Phelps et
al.41, which reduces the collisions to three types: elastic scat-
tering, excitation, and ionization processes. For Ar+ ions –
in addition to elastic, excitation, and ionization collisions –
the symmetric charge exchange process is also considered42.
Electrostatic self-consistency is achieved by solving Poisson’s
equation (step 3) with the instantaneous space charge dis-
tribution and boundary conditions in each time step by im-
plementing the parallel black-red successive over-relaxation
method43. The transition between the continuous phase-space
coordinates of individual particles and the spatial distributions
defined on grid points (with 1024× 1024 resolution in ax-
ial and radial directions) is realized in steps 1 and 4. The
charge density distribution is first determined on an equivol-
ume mesh, avoiding the appearance of a singularity in the cen-
ter at r = 0, and later interpolated to an equidistant grid, which
is used for the calculation of the electrostatic field distribution.
The spatial grid and time resolutions are chosen to satisfy the
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del

r

FIG. 7. Discharge geometry in the simulation. The dimensions are
chosen to match the experimental plasma chamber at RUB, see fig. 5.
The grounded surface is shown in blue, the powered electrode is
shown in red.

general stability and accuracy criteria of the PIC/MCC nu-
merical scheme44. Further details on the implementation of
the cylindrical geometry can be found in Wang et al.45, and
on the efficient adaptation of the code to GPU architectures
in Juhasz et al.46. The simulated discharge geometry is sim-
ilar to the experimental setup of the RUB chamber, with the
same dimensions of the electrodes and the discharge gap, and
bounded radially by the grounded grid (fig. 7). The DC self-
bias voltage is found by iteratively adjusting its value, aiming
at zero net conduction current at the driven electrode surface
on time average. The simulation is performed for a gas pres-
sure of 1 Pa and an amplitude of U0 = 146 V, corresponding
to conditions similar to those investigated experimentally at
RUB. At the planar and parallel electrodes, electrons are re-
flected with a probability of 50%, and the ion-induced sec-
ondary electron coefficient47 is γ = 0.1.

A simulation based on the system at CAU was not per-
formed due to the more complicated geometry and large reac-
tor volume, which increases the simulation time significantly.

V. MEASUREMENTS AND RESULTS

Before using the probe tip for measurements, it is cleaned
inside the vacuum/discharge by applying a relatively low/high
voltage of ±80 V to remove any form of unwanted residue
through ion/electron bombardment48.
To maintain a constant amplitude U0 of the 2 f signal, the
matching settings and power of the two rf signals are modified
after each phase adjustment. An additional program monitors
the signal’s amplitude by Fourier transforming the applied sig-
nal.

A. CAU

Figure 8 shows the dc self-bias Udc as a function of the rel-
ative phase shift of the 13.56 MHz voltage in the discharge
chamber at Kiel at different pressures and an amplitude of
U0 = 187 V. The EAE is responsible for the variation of Udc,
which is shifted towards negative voltages due to the strong
geometric asymmetry of the electrodes22,49. As predicted and
shown by several simulations and measurements8–12,15,18,19

the dc self-bias changes almost linearly as a function of θ up
to 90◦. Its control range for the gas pressures and amplitude

FIG. 8. Measured dc self-bias Udc between θ = 0◦ and θ = 180◦ for
different pressures and U0 = 187 V in the chamber at CAU Kiel.

investigated is found to be close to about 42% of the applied
voltage amplitude.
Similar to the dc self-bias, other plasma parameters are also
influenced by a shifting phase angle. The floating potential φfl,
plasma potential φp, electron temperature kTe and the electron
density ne measured via Langmuir probe are presented in fig-
ure 9 for 3 Pa and U0 = 187 V. For these measurements, the
probe tip was placed 17 mm above the bottom electrode. Four
I-U curves were recorded and averaged per phase angle. The
first three parameters (a), b), c)) show a similar trend as the dc
self-bias, with the plasma potential b) and electron tempera-
ture c) indicating a slight dip at 90◦. φfl exhibits a small range
of control with a significant increase at 90◦. The electron den-
sity d) shows a completely different behavior with a strong
irregularity around 90◦. It can be observed that φp and espe-
cially kTe behave contrary to the electron density, where usu-
ally an increase in ne leads to a decrease in electron tempera-
ture due to the interplay between number of collisions and the
electron energy transfer50. Consequently, the experimentally
observed trend, which is the subject of investigation, aligns
with the expectations.
The asymmetry in the density can already be identified from
the I-U curves through the electron saturation current (Ies),
which is the current at plasma potential. The dependence of
Ies on the phase is shown in figure 10 together with I-U curves
for three different phases. Apart from the electron temperature
and the probe area, the electron saturation current Ies plays a
significant role in determining the electron density (see eq.
5). From figure 10 it can be seen that the trend of ne is mainly
determined by Ies and that the I-U curves also have a strong
dependence on the phase.

As a validation of these irregular profiles, the behavior of
the light intensity of the discharge as well as the sheath exten-
sion dsh in front of the powered electrode while changing the
phase angle were observed. Both parameters are determined
using photographs of the argon discharge28 (see fig. 11), pro-
viding a non-electrostatic method to analyze the plasma inde-
pendent of the Langmuir probe. The position of the highest
intensity of the intensity profiles (max. int.) is used as a refer-
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FIG. 9. a) Floating potential φfl, b) plasma potential φp, c) electron temperature kTe and c) electron density ne together with Udc at 3 Pa and
U0 = 187 V. The plasma parameters were measured 17 mm above the electrode with a probe length of lp = 6 mm at CAU Kiel (fig. 4). The
error margins are indicated in grey.

FIG. 10. I-U curves at 3 Pa and U0 = 187 V for three different phase
angles θ . The position of the plasma potential φp or electron satu-
ration current Ies, respectively, for each curve is marked by a circle.
The inset graph shows the dependence of Ies on the phase.

ence for the mean sheath thickness dsh. A change in the phase
angle θ influences both the maximum light intensity and the
mean sheath thickness, which is shown exemplarily for 3 Pa

and U0 = 187 V in fig. 12. An increase in the phase leads to an
increase in the light intensity, following the asymmetric trend
of the electron density (fig. 9d)), and a decrease in the sheath
expansion up to θ = 90◦. Similar to the plasma parameters,
especially the electron density ne, an asymmetry in the sheath
thickness with an extremum at 90◦ can be seen. According to
the Child-Langmuir Law for a collisional rf sheath7, the mean
thickness is proportional to

dsh ∝

(
1
ns

)2/5

U3/5
dc , (6)

where ns ≈ 0.61ne is the plasma density at the sheath edge.
These relations should serve as a rough estimate for the 2 f
case. A decreasing absolute value of the dc self-bias results
in a decreasing sheath thickness at the powered electrode,
whereby the asymmetric profile of dsh is following inversely
the trend of the electron density, as observed experimentally
in fig. 12. This measurement of the sheath thickness qual-
itatively confirms the measured asymmetric profiles of the
plasma parameters independent of the LP.
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FIG. 11. Determination of mean sheath thickness dsh through photographs of the discharge, exemplarily shown for θ = 90◦. An intensity
profile (red curve) along the image centerline is determined for each phase, from which the maximum intensity (max. int.) and the sheath
thickness are specified.

FIG. 12. Light intensity of the discharge and the sheath thickness dsh
in front of the lower, powered electrode at 3 Pa and U0 = 187 V.

B. RUB

For comparison and verification purposes, similar Lang-
muir probe measurements were performed in the plasma
chamber at Bochum University. The aim is to investigate
whether the phase asymmetry measured at CAU is a specific
trait of the 2 f discharge or rather an inherent characteristic
of the plasma chamber itself. In figure 13, the I-U charac-
teristic for 1 Pa, θ = 60◦ and U0 = 146 V together with the
corresponding derivatives are shown. The evaluation of these
curves turned out to be much more difficult due to the pres-
ence of strong noise, which has a strong impact on the deriva-
tives (see fig. 13 bottom). The precise origin of this elevated
noise level remains uncertain. It is conceivable that the noise
is intensified by the extended shielding ceramic tube and tung-
sten wire of the LP in the RUB setup, resulting in a prolonged
signal path. In this configuration, the wire also acts somewhat
like an antenna. The extension of the ceramic and, conse-
quently, the wire was necessary at RUB to position the LP’s
metal housing outside the surrounding mesh, thus keeping it
beyond the plasma to avoid disruption.
Additionally, the curves in figure 13 indicate a slight devi-

FIG. 13. Langmuir probe I-U curve with an exponential fit at the
electron retardation regime (top) and first and second derivative of
the probe current (bottom) measured at RUB with a signal amplitude
of U0 = 146 V at 1 Pa, θ = 60◦ and a probe length of lp = 5.6 mm.

ation from the assumption of a Maxwellian distribution, as
evidenced by the exponential fit of the form Ies exp(e(Up −
φp)/kTe) at the electron retardation regime. Therefore, assum-
ing a simple Maxwellian distribution is less ideal in this case.
Consequently, the absolute values of the plasma parameters
determined in this manner may be prone to significant errors.
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FIG. 14. Measured dc self-bias Udc between θ = 0◦ and θ = 180◦

for different pressures and U0 = 146 V in the 2 f plasma chamber at
Ruhr-University Bochum.

Nevertheless, the general trends align with those measured at
CAU. The dc self-bias measured in the RUB reactor is illus-
trated in figure 14. Higher pressures than 8 Pa could not be
examined due to the pressure measuring device used in this
experiment. Compared to the dc self-bias measured in Kiel
(fig. 8), Udc in figure 14 is shifted to less negative values and
even becoming positive around θ = 90◦ due to the weaker ge-
ometric asymmetry of the plasma chamber. The control range
in this case is found to be close to about 53% of the applied
voltage amplitude. The overall behavior of Udc with a chang-
ing phase angle is similar to that measured in Kiel and what
one would expect.

The plasma parameters determined from the I-U curves in
this discharge are presented in figure 15. Likewise, four cur-
rent voltage curves per phase were recorded and averaged. In
terms of absolute values, the plasma parameters determined
in this setup as well as the dc self-bias show a larger control
range compared to the parameters measured in Kiel (fig. 9)
except for the electron density. Apart from the noisy data, the
difference of the gas pressure (1 Pa in RUB and 3 Pa in CAU)
also contributes to the high disparities in absolute values be-
tween RUB and CAU, as well as the different dimensions of
the chambers. The profiles of the parameters at RUB exhibit
a comparable pattern to the parameters in Kiel, including the
pronounced increase of the electron density at θ = 90◦. The
step-like nature of the floating potential is caused by adjusting
the range of the voltage ramp applied to the Langmuir probe
during the measurements so that the entire I-U characteristic
can be recorded. Due to this, the absolute values of φfl should
be treated with caution. The small irregularity of φp and kTe at
90◦ as shown in the CAU results (fig. 9 b), c)) cannot be ob-
served here, probably because of the already mentioned large
errors in the evaluation of the I-U curves of the RUB data
and potentially due to the smaller geometric asymmetry of the
chamber. Due to the experimental setup and the placement
of the window at the chamber, it was not possible to observe
the light emission of the argon discharge or the sheath region
by photographs. Based on the profiles of the plasma parame-

ters, however, one would assume a similar trend of the sheath
thickness as in Kiel (fig. 12).

The behavior of the parameters with a phase variation can
be explained by PIC/MCC simulations.

VI. DISCUSSION

The observed behavior of the electron density and tempera-
ture with a shifting phase angle between the harmonics can be
traced back to the behavior of the electrons. Figure 16 shows
the simulation results for the spatio-temporal ionization rate
and the 2 f signal form for different phase angles. The coor-
dinate del refers to the distance from the lower electrode. The
position of the powered electrode is at del = 75 mm. Since
the applied voltage waveform changes with θ , the sheath dy-
namics and, consequently, also the excitation or ionization
dynamics change as a function of θ as well14, showing a
strong ionization source at the sheath edge adjacent to the
powered electrode when the sheath extends further into the
discharge. These dynamics are dominated by the sheath ex-
pansion, which leads to electron beams being accelerated into
the discharge9. The electrons experience energy gain through
their interaction with the electric fields within the sheath51.
That, in turn, influences the ionization rate and, consequently,
the densities and temperatures in the bulk depending on the
respective phase. In a geometrically symmetric system, the
ionization maxima at the powered and grounded electrode at
θ = 0◦ and θ = 90◦ should be similarly strong14. This is not
the case in this geometrical asymmetric discharge as can be
seen in fig. 16 a), b). The dynamics at the powered electrode
dominate. In these simulations, an electron beam resulting
from the expansion of the sheath at the grounded electrode
contributes only minimally to the overall ionization within the
discharge for all θ due to the geometric reactor asymmetry.
Unlike the dc self-bias, the ionization rate shows an asymme-
try around 90◦, which is exemplified in fig. 16 for c) θ = 60◦

and d) θ = 120◦, where the dc self-bias takes on similar val-
ues. The maximum intensity of the ionization rate at θ = 60◦

is higher than at θ = 120◦. This is probably due to the fact
that at 60◦ the change of the voltage drop across the sheath
of the powered electrode, when the sheath expands from be-
ing almost fully collapsed to its full expansion, is higher than
at 120◦, leading to a stronger sheath expansion heating and
therefore ionization rate9. This irregularity in the ionization
rate is reflected in the electron density, as shown in fig. 17 a).
Here, the time-averaged ionization rate is plotted along with
the electron density determined in the center of the discharge
as a function of the phase angle. The same trend can be ob-
served in the experimental data taken at RUB (fig. 15 d)) and
CAU (fig. 9 d)). Looking at the order of magnitude, the sim-
ulated electron density agrees well with the experimental data
at RUB. In the simulation, the electron temperature shows an
inverse behavior to the density (fig. 17 b)) as one would expect
and what the experimental data from CAU Kiel (fig. 9 c), d))
also reveal. However, the measurements at CAU show a dip
in the electron temperature at 90◦, where the density is highly
increased, whereas the simulation for RUB does not show this
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FIG. 15. a) Floating potential φfl, b) plasma potential φp, c) electron temperature kTe and d) electron density ne together with Udc at 1 Pa
and U0 = 146 V. The plasma parameters were measured right at the center between the upper and lower electrode with a probe length of
lp = 5.6 mm at Ruhr University Bochum (fig. 5). The error margins are indicated in grey.

behavior. Around this phase, the temperature is following the
density. The presence of substantial errors in evaluating the
I-U curves of the RUB data hinders a clear resolution of the
electron temperature behavior around 90◦, as observed in both
the simulation and the CAU Kiel experiments. Because of
this, a generally higher electron temperature is measured in
the experiment (fig. 15 c)) than in the simulation (fig. 17 a)).
In the simulation, the ionization rate, electron density and
temperature (fig. 17 a), b)) show a slight increase at θ = 90◦.
This can be attributed to the number of sheath collapses at the
powered electrode, which changes from one to two per fun-
damental rf period around 90◦. The enhanced electron losses
to the powered electrode in the presence of two sheath col-
lapses result in an increase of the electron temperature and,
thus, floating potential at 90◦ to ensure flux balance of elec-
trons and ions as observed experimentally in fig. 9 a) and fig.
15 a). This causes the electron density to increase as well.
The fact that this effect is observed only at 90◦, but not at 0◦

at the grounded electrode, is a consequence of the geomet-
ric reactor asymmetry. To comprehensively characterize such
a discharge, it is therefore mandatory to measure the phase
dependence of the plasma parameters for the complete phase
range from 0◦ to 180◦.
The behavior of the plasma potential is also determined by

the dc self-bias. As the phase increases, the absolute value
of the dc self-bias decreases, while the plasma potential19 in-
creases as shown in the experimental data in fig. 9 b) and 15
b), as well as in the simulation in fig. 17 c). The plasma po-
tential is defined as the positive maximum of the time depen-
dent potential in the plasma bulk52,53. With increasing |Udc |,
this becomes smaller. The discharge at CAU is strongly geo-
metrically asymmetric, which causes a high negative dc self-
bias but small plasma potential and, based on that, a small
control range of φp with a shifting phase. In comparison, a
less geometrically asymmetric chamber, i.e., a less negative
dc self-bias, as at RUB, yields a larger plasma potential (see
fig. 15 b), 17 c)). The dc self-bias calculated in the simula-
tion (fig. 17 c)) shows the same magnitude as the experiment
at RUB, except that the dc self-bias in the simulation remains
negative around 90◦. This is probably due to the use of sim-
plified models describing the possible gas phase and surface
processes, and neglecting secondary phenomena such as gas
heating, the different materials of the facing electrodes, and
the role of metastable atoms. The difference of the variation
range among the plasma parameters between the experiment
and simulation - e.g., ne varies by a factor of nearly two in
figure 15 d), while the density fluctuates by around 20% in
figure 17 a) - could potentially be attributed to similar factors,
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FIG. 16. Spatio-temporal distribution of the ionization rate of argon atoms resulting from PIC/MCC simulations at 1 Pa and U0 = 146 V along
with the signal form within one rf cycle of the fundamental frequency for a) θ = 0◦, b) θ = 90◦, c) θ = 60◦ and d) θ = 120◦. The zero line
is indicated in grey. del refers to the distance to the lower, grounded electrode, which is located at del = 0 mm and the powered electrode at
del = 75 mm.

such as settings or missing input information within the sim-
ulation. It is also plausible that the observed variations may
stem from the chosen evaluation method or, as mentioned ear-
lier, the low signal-to-noise ratio, which complicates the eval-
uation process.
The simulation results reflect the general trends of the exper-
imental data at RUB. They also show qualitatively the same
evolution, e.g. of the density, with the phase angle as mea-
sured at CAU, thereby confirming the phase asymmetry.

VII. CONCLUSION

In this study, Langmuir probe measurements in a 2 f dis-
charge have been successfully performed in two different ge-
ometric asymmetrical plasma reactors at RUB and CAU. It has
been shown that a phase variation between the two harmonics
influences, besides the dc self-bias, the plasma parameters,
e.g. floating potential, plasma potential, electron temperature
and electron density, in both experiments and enables a rel-
atively large control range of the above mentioned parame-
ters, while other discharge parameters, like gas pressure, stay
constant. The general behavior of the parameters can be at-
tributed to the phase-dependent sheath expansion dynamics,
which cause asymmetric electron beams to be accelerated into
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FIG. 17. Time-averaged a) ionization rate and electron density ne, b)
electron temperature kTe and c) plasma potential φp including the dc
self-bias Udc in the discharge center resulting from PIC/MCC simu-
lations at 1 Pa and U0 = 146 V.

the bulk as shown by PIC/MCC simulations. The simulations
qualitatively confirm the trends of the experimental data and
reveal an asymmetric behavior of the ionization rate around
θ = 90◦ due to a change in the driving voltage waveform with
the phase angle and the geometric asymmetry of the plasma
chamber. This leads to a phase dependent and asymmetric
profile of the electron temperature and density and the mean
sheath thickness as it was experimentally shown. The sheath
thickness was measured independently of the LP and shows

the same asymmetric behavior as the plasma parameters, con-
firming the credibility of the measurements. The essence of
this study centers around the qualitative trends exhibited by
the plasma parameters rather than their absolute values.
The simulations performed under the same experimental con-
ditions as the RUB measurements also confirm the measured
trends and magnitudes. The comparability of these trends in
both experimental data and simulations justifies the basic de-
sign and handling of the Langmuir probe and implies that the
observed asymmetrical behavior is a characteristic of the 2 f
discharge in combination with a geometrical asymmetric reac-
tor, where the sheath dynamics in front of the powered elec-
trode are dominant. The differing level of geometric asymme-
try between the two examined plasma chambers does not im-
pact the existence of phase-asymmetries, but how pronounced
this effect is. As long as the chamber is geometrically asym-
metric, phase-asymmetries will appear in the plasma param-
eters. Considering these results, it is conceivable to assume
that a perfectly geometrically symmetric 2 f discharge would
not exhibit a phase-asymmetry around 90◦ as it was observed
with the plasma parameters. Further experimental work has to
be performed to verify this statement.
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