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Why capacitive radiofrequency discharges?

(useful? interesting? both!)
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Capacitively coupled radiofrequency discharges

CCRF discharges are used in etching and 
deposition processes for production of:

integrated circuits
solar cells
biocompatible surfaces

Tg < 1000 K, ionization by electrons (nonequilibrium systems)
Low ionization degree
Electron energy in bulk plasma: 0.1 -10 eV
Ion energy in bulk plasma: kTg , 0.05 - 0.1 eV
Ion energy at electrodes : 1 – 1000 eV
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Capacitively coupled radiofrequency discharges

Atmospheric Pressure Plasma Jets

homogeneous plasma (↔ DBD)
low temperature 

e.g.
Park G Y, Park S J, ChoiI G, KooI G, Byun J H, Hong J W, Sim J Y, Collins G J and Lee J K 2012 Plasma Sourc. Sci. Technol. 21 043001; 

Benedikt J, Hofmann S, Knake N, Bottner H, Reuter R, von Keudell A and Schulz-von der Gathen V 2010 Europ. Phys. J. D 60 539; 
Knake N, Reuter S, Niemi K, Schulz-von der Gathen V and Winter J 2008 J. Phys. D 41 194006; 

Hemke T, Wollny A, Gebhardt M, Brinkmann R P and Mussenbrock T 2011 J. Phys. D 44 285206, 
L. Schaper, J. Waskoenig, M. G. Kong, V. Schulz-von der Gathen, T. Gans, IEEE Transactions on Plasma Science 39,  (2011), 2370.

J. Waskoenig, THIS CONFERENCE

photo:
INSTITUT FÜR EXPERIMENTALPHYSIK II
ANWENDUNGS-ORIENTIERTE 
PLASMAPHYSIK

Applications:

biomedical technologies
semiconductor technology 
restoration, ....



Methods

Theoretical models
Numerical simulations

Plasma diagnostics
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CCRF discharges: Theoretical model
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Discharge voltage:

Total driving voltage amplitude:

Voltage balance:

Symmetry parameter:

Derive the dc self-bias from equations for 
the times for the maximum and minimum 

applied voltage:

Symmetrical generator waveform AND geometrical symmetry ➙ η = 0
Asymmetric generator waveform AND/OR geometrical asymmetry ➙ η ≠ 0
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CCRF discharges: Theoretical model
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U. Czarnetzki, T. Mussenbrock and R. P. Brinkmann, Phys. Plasmas 
13, 123503 (2006)
U. Czarnetzki, J. Schulze, E. Schüngel and Z Donkó, Plasma Sources 
Sci. Technol. 20, 024010 (2011)
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2e�0nsA2
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q: normalized charge in the
powered sheath

Sheaths:

Bulk:

After normalization by the total voltage amplitude and 
the maximum charge in the sheath:

Voltage balance expressed in terms of the 
normalized charge in the powered sheath 
describes the dynamics of the discharge

2

2
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CCRF discharges: Simulations

Advance particles
(equation of motion) new 
velocities and positions

Calculate electric field at 
grid points

(Poisson eq.)
MC:

Check for collisions,
add/remove particles

Check for boundaries:
remove/add

particles

Assign charges to grid 
points

Weight field to particle 
positions 

(calculate forces)

The IDEAS:

Due to the huge number of 
particles in real plasmas 
considering all pairwise 
interactions is hopeless 

→ let particles interact via the 
electric field

Still too many particles ...

→ use superparticles which 
represent a large number of 
real particles

Bounded
plasma

Collisional
plasma

C. K. Birdsall, IEEE Trans. Plasma Sci, 19 (1991). 
J. P. Verboncoeur, Plasma Phys. Control. Fusion 47 A231–A260 (2005).
K. Matyash, R. Schneider, F. Taccogna, A. Hatayama, S. Longo, M. Capitelli, D. Tskhakaya, and F. X. 
Bronold, Contrib. Plasma Phys. 47 595 (2007).

PIC is not new ....
what is new:

  widely available
  benchmarking

Particle-in-Cell simulation with 
Monte Carlo collisions 

(PIC/MCC)



EPS
ICPP
2012

Dramatic advance of computational resources ... 

"Where a calculator on the ENIAC is equipped with 18,000 vacuum tubes and weighs 30 tons, 
computers in the future may have only 1,000 vacuum tubes and weigh only 1.5 tons." 

[Popular Mechanics, 1949]
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CCRF discharges: Diagnostics

Filter
(lf block)

ICCD Camera

Optical filter

High voltage probe

Bulk plasma

PPM

Filter
(hf block)

hf Match

lf Match

hf
Generator

lf
Generator

Sync.
+

variable
phase

Glass
cylinder

Extraction
hole

Extraction
hole

Grounded
electrode

Powered
electrode

Sync. (PROES)

Electrical measurements
Phase Resolved Optical Emission Spectroscopy
Plasma Process Monitor

Emission Spectroscopy
Atomic Absorption Spectroscopy
Laser Induced Fluorescence
Laser Absorption
Probes
....

Setup for experimental studies at RUB EP5

J. Schulze, E. Schüngel and U. Czarnetzki, J. Phys. D: Appl. Phys. 42 (2009) 092005



Different modes of electron heating

(electrons are the particles that react first to fields, initiate 
charged particle production, drive plasma chemistry, ...)
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Alpha / gamma modes in capacitive discharges: fluid model

Ph. Belenguer and J.-P. Boeuf, 
Phys. Rev. A 41, 4447 (1990)

Sheath
expansion

Secondary
electrons
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Alpha / gamma modes in capacitive discharges: experiments

Phase Resolved Optical Emission Spectroscopy
(PROES)

T. Gans, C.C. Lin. V. Schulz-von der Gathen and H. F. Döbele,
Phys. Rev. A 67 012707 (2003).

which will often be impossible with current tunable laser
systems, e.g., excimer pumped frequency-doubled dye lasers
emitting down to !"200 nm #an energy of about 6.5 eV$
even with two-photon excitation.
Quenching coefficients of noble gases are of particular

importance, since these are often used as reference gases in
plasma diagnostic applications. It is possible for xenon
%7,19&, krypton %8,19&, and argon %20,21& to overcome the
pertinent energy gaps by two-photon excitation with uv and
vuv lasers #Xe, 8–12 eV; Kr, 10–14 eV; Ar, 12–16 eV$. In
the cases of neon #17–21 eV$ and helium #20–24 eV$, how-
ever, the energy gaps to the ground states are too large. Op-
tical excitation from metastable states may represent an al-
ternative. This allows self-quenching coefficients to be
determined %22&. This method does not allow, however, to
measure quenching coefficients for excited states of neon or
helium with molecules, e.g., hydrogen, since the population
densities of metastable states of noble gases are very low in
discharges with molecular components %23&. In this paper, we
adopt an alternative approach of using pulsed electron exci-
tation to determine collisional deexcitation coefficients. A
special feature of our experiment is the use of a capacitively
coupled rf #CCRF$ discharge as an intensive, pulsed electron
source. The CCRF discharges operating at 13.56 MHz in
hydrogen %24–26& exhibit a field reversal phase resulting in a
pulse of electrons through the sheath region. A typical pulse

has a duration of about 15 ns and decays from the half maxi-

mum to zero in less than 3 ns as shown in Ref. %25&. After
excitation by the pulsed electron current into the excited

level under consideration, the temporal dependence of the

fluorescence is monitored. To analyze the observed fluores-

cence data, we utilize the recently reported electron-impact

excitation cross sections of the noble gases measured in an

electron beam, apparatus at low pressures. Because of the

complexity of the excitation dynamics in a CCRF discharge

as compared to the electron beam experiment, we have de-

veloped a model to account for the secondary collisional

processes in a CCRF discharge that contribute to the popu-

lation of the excited states. An advantage of using electron-

impact excitation over laser excitation is that the former is

capable of accessing, in principle, all excited states without

restrictions to optical selection rules or excitation energy

%27&. However, unlike laser excitation, electron-impact exci-
tation produces atoms in numerous high-lying excited levels,

so that the population of the excited state under consideration

by cascade from the higher levels must be taken into consid-

eration. In this paper, we show how one can apply the

electron-impact cross sections #from electron-beam experi-

ments$ to the CCRF discharges in order to determine the
quenching coefficients from the temporal fluorescence mea-

surements. The CCRF discharge is operated with hydrogen

gas, a direct application is to study quenching of excited

states of H2 by ground-state hydrogen molecules. By adding

a small amount of noble gases to the discharge, we have also

measured the coefficients of quenching various excited states

of the noble gases by H2 molecules.

II. EXPERIMENT

The measurements are performed in an asymmetric #one
electrode grounded$ CCRF discharge at 13.56 MHz in hy-

drogen with small admixtures of noble gases. The setup is

described in detail elsewhere %1&. The flat cooled stainless-
steel electrodes, 100 mm in diameter, are 25 mm apart. The

gas pressure ranges between 20 Pa and 400 Pa; the rf power

for these experiments is 100 W. Gas flow and gas mixture are

adjusted by mass flow controllers. The discharge axis is im-

aged onto the entrance slit of a 2 m spectrograph #Jenoptik
PGS 2, 1302 mm!1 grating$, see Fig. 1. A fast gated inten-
sified charge coupled device camera #Picostar, LaVision
GmbH, 576"384 pixels, 13.2"8.8 mm2) samples spectral
intervals of about 4.5 nm with a spectral resolution of 0.03

nm and a spatial resolution of about 0.5 mm by averaging

over several pixels. This spectral resolution allows us to

separate the observed emission lines from numerous molecu-

lar emission lines in the hydrogen discharge. Phase-resolved

measurements are possible by locking the gate to a definite

phase position within the rf cycle. The intensities measured

in the gate time of 3 ns can be integrated over many rf cycles

for this phase setting. A variable delay between a fixed phase

and the gate allows one to cover the complete rf cycle.

III. MODELING OF EXCITED-STATE POPULATION

DYNAMICS DURING THE DISCHARGE CYCLE

The CCRF hydrogen discharge is characterized by several

particularities regarding the excitation processes and the re-

sulting optical emission. Understanding the excitation dy-

namics %24,25& in the discharge is essential for the measure-
ment of quenching coefficients by phase-resolved optical

emission spectroscopy #PROES$. Figure 2 displays the

space-time evolution of the H'-line emission. The abscissa

comprises of two rf periods, 74 ns each. The transverse axis

indicates the distance from the powered electrode located at

the bottom of the figure. Several emission structures #I–IV$
can be distinguished. Structures I and II can be explained on

the basis of E-field measurements %25&. Structure I is caused
by a field reversal across the space-charge sheath—typical

for hydrogen rf discharges. It is explained by the relatively

large mobility of the ions and relatively small mobility of the

electrons in this discharge %26&. Electrons are accelerated to-
wards the powered electrode inducing strong impact excita-

tion. This excitation in front of the electrode is exploited for

the measurement of quenching coefficients, since, when the

FIG. 1. Experimental setup of the discharge chamber and the

electronic and optical components for phase-resolved optical emis-

sion spectroscopy #PROES$.

GANS, LIN, SCHULZ–von der GATHEN, AND DÖBELE PHYSICAL REVIEW A 67, 012707 #2003$

012707-2

sheath potential becomes negative again, electrons are

pushed out of the sheath towards the plasma bulk. Note that

there is no electron-impact excitation for the rest of the rf

cycle in front of the powered electrode. The characteristic

decay rate of the subsequent fluorescence is influenced by

quenching. It allows us, therefore, to infer the pertinent co-

efficient. Structure II is related to the sheath expansion heat-

ing of the electrons moving to the plasma bulk. Structure III

results from fast secondary electrons created by ion impact,

whereas structure IV is related to fast hydrogen atoms cre-

ated at the electrode surface by the impact of hydrogen ions.

These fast hydrogen atoms can excite the background gas by

heavy-particle collisions. Due to the small mass of hydrogen

ions they are able to follow the applied electric field with

only a short delay !24". Thus, this time-dependent ion bom-
bardment of the electrode determines the time dependence of

secondary electrons and fast hydrogen atoms related to struc-

ture III and structure IV, respectively.

The determination of the effective decay rates after the

strong excitation by electron collisions during the field rever-

sal phase requires to take into account also the influence of

excitations by heavy-particle collisions and by cascading

processes from higher electronic states. This can be done on

the basis of a time-dependent model for the population den-

sity, which is explained in the following.

A. Heavy-particle collisions and cascade processes

Cascade transitions from higher levels are often small in

comparison to the collisional excitation of the radiating level.

The situation is then considerably simplified. We consider

the Kr 2p2 line as an example of these conditions !28". Fig-
ure 3 shows one period of the phase-resolved emission in

front of the powered electrode. The zero of the time scale

was chosen to be at the end of the electronic collisional ex-

citation. After the strong electron-impact excitation due to

the field reversal, the fluorescence decay influenced by

quenching with molecular hydrogen can be observed. With

the known !19" quenching coefficient and natural lifetime of
the Kr 2p2 line, the excitation function Ei(t) of the observed

level i can be calculated from the emission #proportional to
the population density ni) in the following manner:

n0Ei# t $!
dni# t $

dt
"Aini# t $. #4$

The excitation out of the ground state is proportional to both

the ground-state density n0 and the excitation function Ei(t).

The term ‘‘excitation function’’ is sometimes used differently

in the literature. We will, however, use the definition given

above throughout the paper. The excitation function in Fig. 4

exhibits a weak contribution related to heavy particle colli-

sions of fast hydrogen atoms #max. at %30 ns), after
a strong excitation due to the field reversal #max. at
%#25 ns) and a weak excitation due to the sheath expan-
sion #max. at %#10 ns). The time behavior of the density of
energetic atoms corresponds to that of the ions, since they

are generated at the driven electrode by ion bombardment.

The hydrogen ions are able to follow the applied rf voltage

FIG. 2. Space and time resolved emission of H& from the CCRF

hydrogen discharge operating at 141 Pa and 100 W (Upp

!750 V). Also shown is a sketch of the sheath voltage as measured
by Czarnetzki et al. !25"

FIG. 3. Phase-resolved emission in front of the powered elec-

trode of the Kr 2p2 line.

FIG. 4. Excitation function of the Kr 2p2 level in front of the

powered electrode.

PHASE-RESOLVED EMISSION SPECTROSCOPY OF A . . . PHYSICAL REVIEW A 67, 012707 #2003$

012707-3

I:      field reversal
II:    sheath expansion
III:  secondary electrons
IV:   fast atoms

Light emission

H2 discharge
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Drift-ambipolar electron heating mode in 
electronegative discharges 

Argon
alpha mode

Argon
gamma mode

CF4
drift-ambipolar 

(DA)
mode

PIC/MCC results
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Drift-ambipolar heating mode in 
electronegative discharges

PIC/MCC:
total electronic 

excitation

PROES:
emission at 250 nm

(not completely symmetrical due 
to experimental configuration)

J. Schulze, A. Derzsi, K. Dittmann,   
T. Hemke, J. Meichsner, Z. Donkó
Phys. Rev. Lett. 107, 275001 (2011)

Mode transitions in CF4 discharges have been seen earlier:
K. Denpoh and K. Nanbu J. Vac. Sci. Technol. A 16 1201 (1998)
K. Denpoh and K. Nanbu, Japan. J. Appl. Phys. 39 2804 (2000)
O. V. Proshina, T. V. Rakhimova, A. T. Rakhimov and D. G. Voloshin, Plasma Sources Sci. Technol. 19 065013 (2010)

In collaboration with 
J. Meichsner, K. Dittmann

Institute of Physics, University of Greifswald

DA mode alpha mode



Control of ion properties 

Why ion properties?
Limitations of single-frequency discharges

“Classical” Dual-Frequency discharges
The Electrical Asymmetry Effect
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Control of ion properties 

E Kawamura, V Vahedi, M A Lieberman and C K Birdsall:
“Ion energy distributions in rf sheaths; review, analysis and simulation” 

(REVIEW ARTICLE) 1999 Plasma Sources Sci. Technol. 8 R45

Wang S-B and Wendt A E 2000 J. Appl. Phys. 88 643; 
Johnson E V, Verbeke T, Vanel J C, and Booth J P 2010 J. Phys. D: Appl. Phys. 43 412001 
Rauf S and Kushner M J 1999 IEEE Trans. Plasma Sci. 27 1329; 
Dudin S V, Zykov A V, Polozhii K I, and Farenik V I 1998 Tech. Phys. Lett. 24 881 
Kawamura E, Lieberman M A, Lichtenberg A J, Hudson E A 2007 J. Vac. Sci. Technol. A 25 1456 
Kawamura E, Lichtenberg A J, Lieberman M A 2008 Plasma Sources Sci. Technol. 17 045002 
Jiang W, Xu X, Dai Z L, and Wang Y N 2008 Phys. Plasmas 15 033502 
Patterson M M, Chu H-Y, and Wendt A E 2007 Plasma Sources Sci. Technol. 16 257 
Novikova T. et al. THIS CONFERENCE

Kazuhide Ino, Toshikuni Shinohara, Takeo Ushiki, and Tadahiro Ohmi:
“Ion energy, ion flux, and ion species effects on crystallographic and electrical properties of 

sputter-deposited Ta thin films” 
J. Vac. Sci. Technol. A 15, 2627 (1997)

  Single-frequency discharges
  Dual-(Multiple-) frequency discharges

  Hybrid discharges
 inductive + capacitive
 helicon + capacitive
 DC + RF

  Customized waveforms

http://iopscience.iop.org/collections?collection_type=PHYSICS_REVIEWS
http://iopscience.iop.org/collections?collection_type=PHYSICS_REVIEWS
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Tailoring the flux-energy distributions of ions 
reaching the electrodes (single freq.)
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Limitations of single-frequency CCRF discharges 
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The RF voltage influences both the ion flux and mean ion energy

Independent control ??

Goto H H, Löwe H D, and Ohmi T 1992, J. Vac. Sci. Technol. A 10, 3048
Kitajima T, Takeo Y, Petrovic Z L and Makabe T 2000 Appl. Phys. Lett. 77 489 
Boyle P C , Ellingboe A R and Turner M M 2004 Plasma Sources Sci. Technol. 13 493-503
Lee J K, Manuilenko O V, Babaeva N Yu, Kim H C and Shon J W 2005
  Plasma Sources Sci. Technol. 14 89 
Kawamura E, Lieberman M A and Lichtenberg A J 2006 Phys. Plasmas 13 053506 
Turner M M and Chabert P 2006 Phys. Rev. Lett. 96 205001 
Gans T, Schulze J, O’Connell D, Czarnetzki U, Faulkner R, Ellingboe A R and           
  Turner M M 2006 Appl. Phys. Lett. 89 261502 
Salabas A and Brinkmann R P 2005 Plasma Sources Sci. Technol. 14 2 53-59 
Georgieva V and Bogaerts A 2006 Plasma Sources Sci. Technol., 15, 368-377 

Single frequency discharge:
Argon @ 10 Pa
f = 13.56 MHz

L = 2.5 cm

Dual frequency excitation

V (t) = VHF sin(2πfHFt) + VLF sin(2πfLFt)

Heating &
ion flux         

Ion 
energy       
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Control of ion properties in classical 
dual-frequency discharges

Ar discharge
p = 25 mTorr
L = 2 cm
VHF = 60 V
fHF =100 MHz

Effect of 
LOW frequency at 

VLF = 200V

Effect of 
LF voltage 

at fLF =1 MHZ

Functional 
separation works 

best at low 
pressures and at 
fHF  >> fLF

𝛾 = 0
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Control of ion properties in classical 
dual-frequency discharges

0 100 200 300 400

0.1

1

10

0 100 200 300 400
0

50

100

150

200

Effect of V
LF

 @ V
HF

=60 V

CF3
+

 

Io
n

 f
lu

x
 [

1
0

1
4
 c

m
-3

 s
-1

]

V
LF

 [ V ]

Ar
+

(a)

CF3
+

 

A
v
e

ra
g

e
 i
o

n
 e

n
e

rg
y
 [

e
V

]

V
LF

 [ V ]

Ar
+

(b)

Figure 6. E�ect of the low-frequency voltage amplitude on ion properties: (a) ion flux and (b)
average energy of ions reaching the electrodes, in 100 MHz / 1 MHz discharges at fixed VHF =
60 V. Open symbols: Ar+, filled symbols: CF+

3 . p = 20 mTorr.
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Figure 7. E�ect of the high-frequency voltage amplitude on ion properties: (a) ion flux and (b)
average energy of ions reaching the electrodes, in 100 MHz / 1 MHz discharges at fixed VLF =
300 V. Open symbols: Ar+, filled symbols: CF+

3 . p = 20 mTorr.

energy of the positive ions increases considerably, as displayed in figure 6(b). The flux of the
ions (and their density in the bulk plasma, too), on the other hand, can be controlled by the
high-frequency voltage, as illustrated in figure 7. We observe a nearly linear increase of the
ion fluxes with increasing VHF, whereas the average energy of ions changes only slightly. These
observations confirm that the dual-frequency excitation, when operating conditions are properly
chosen, makes it possible to realize a nearly independent control of the ion energy and flux in
low-pressure plasma sources.
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energy of the positive ions increases considerably, as displayed in figure 6(b). The flux of the
ions (and their density in the bulk plasma, too), on the other hand, can be controlled by the
high-frequency voltage, as illustrated in figure 7. We observe a nearly linear increase of the
ion fluxes with increasing VHF, whereas the average energy of ions changes only slightly. These
observations confirm that the dual-frequency excitation, when operating conditions are properly
chosen, makes it possible to realize a nearly independent control of the ion energy and flux in
low-pressure plasma sources.
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100 MHz / 1 MHz 
10%CF4 +90%Ar discharge 

p = 20 mTorr

𝛾 = 0

Z. Donkó and Z. Lj. Petrović, 
J. Phys. Conf. Series 86, 012011 (2007) 

[5th EU-Japan Joint Symp. on 
Plasma Processing]

Decreasing ion fluxes

Increasing ion energy

The GOAL:

Ion flux is controlled by VHF 
Ion energy is controlled by VLF 

REALITY:

Ion flux depends on some 
extent on VLF 
Ion energy is somewhat 
influenced by VHF
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Control of ion properties in classical 
dual-frequency discharges

Plasma Sources Sci. Technol. 19 (2010) 015005 J P Booth et al

cable via an SMA vacuum feed-through flange. This coaxial
cable used glass as the dielectric in order to support the high
temperatures (>500 K) which can develop in the plasma. The
microwave signal was inductively coupled to the hairpin [26]
by means of a 2 mm diameter loop to ground. The coaxial
cable and the end loop are housed inside a quartz tube to avoid
metallic (copper) contamination of the chamber. The hairpin
is attached outside this tube. By avoiding dc contact with the
hairpin, the build-up of a RF sheath around the hairpin wires
is kept to a minimum. The hairpin is inserted, through one of
the gaps in the quartz confinement rings, to about 3 cm from
the axial centre of the plasma and is equidistant from both the
electrodes. The plasma frequency is deduced from the shift in
the resonance frequency when the plasma is on [25].

2.3. Ion flux probe

The ion flux probe assembly is inserted through the top
electrode and is co-planar with this electrode. It consists of a
planar stainless steel electrode 5 mm in diameter surrounded by
a planar, 15 mm diameter, guard ring. Vacuum gaps (0.1 mm)
separate the probe from the guard ring and the latter from the
upper electrode.

The probe and the guard ring are driven by parallel outputs
of a 11.5 MHz RF pulse modulated generator, which can supply
200 V peak-to-peak. The parallel outputs are coupled to the
probe and the guard ring across individual charging capacitors
whose values are chosen such that their discharge rates are
as close as possible. The probe voltage, V (t), and current,
I (t), are measured simultaneously, allowing I–V curves to
be plotted by eliminating the time variable. These curves are
fitted to obtain the ion current, floating potential and effective
‘tail’ temperature of the electron energy distribution function
(EEDF). A fit of such an I–V curve was given by Braithwaite
et al [27]:

I = I+

[
1 − exp

(
V − Vf

Te

)]
, (1)

where I+ is the ion saturation current, Vf is the probe floating
potential and Te is the electron temperature. The purpose
of the guard ring is to reduce the edge effects caused by
an expanding/contracting sheath, therefore allowing a flat
saturation region. In practice, however, the ion saturation is
never perfectly flat and so a slope parameter is added to the
fitting function. Moreover, under certain plasma conditions
(principally dual frequency), the electron distribution function
has a non-Maxwellian form similar to that of a Druyvesteyn
function, with higher energy electrons showing a lower
effective temperature than the low-energy component. To
account for this the electron temperature is allowed to vary
from a single order to a second order exponential. The final
form of the fitting function used is

I = I+

[
1 − m(V − Vf) − exp

(
V − Vf − k(V − Vf)

2

Te

)]
,

(2)

where m is the slope parameter and k is a parameter
representing the degree of Druyvesteyn character, i.e. k = 0
describes the Maxwellian only case.

Figure 1. Electron density in an Ar/O2 plasma as a function of 2
and 27 MHz power.

Figure 2. Ion flux in an Ar/O2 plasma as a function of 2 and
27 MHz power.

3. Results and discussion

3.1. Ar/O2 plasmas

The experiments were carried out with a gas flow of 195 sccm
Ar and 28 sccm O2, at a pressure of 6.7 Pa. Figures 1 and 2
show the variation of the electron density and the ion flux as
a function of 27 and 2 MHz RF powers. In this gas mixture it
was not possible to maintain a plasma with single-frequency
excitation, be it 27 or 2 MHz.

The electron density is a function both of the (volume-
integrated) ionization rate and the electron loss rate. If
electron–ion recombination can be ignored, the electron loss
rate is equal to the ion loss rate, which is limited by the
sheath-edge flux, commonly defined by the Bohm criterion.
Following Godyak [29], and Lieberman and Lichtenberg [30],
the ion flux, !is, from a planar electropositive plasma can be
expressed as

!is = hl · uB · ne0, (3)

where n0 is the plasma density at the plasma centre, uB is the
Bohm velocity and hl is the ratio of the plasma density at the
sheath edge to that at the plasma centre. Furthermore, Godyak

3

J. P. Booth, G. Curley, D. Marić and P. Chabert, 
Plasma Sources Sci. Technol. 19, 015005 (2010)

Experiment:
Ar/O2 mixture, oxidized Si electrodes, 𝛾 up to 0.5

Plasma density and ion current increase with increasing low-
frequency power

The somewhat contradicting results motivated a systematic 
study, covering a wide range of discharge conditions and 

secondary yield values 

P. C. Boyle, A. R. Ellingboe and M. M. Turner, J. Phys. D 37, 697 (2004) 
Ar, 𝛾 = 0

Flux remains nearly constant

V. Georgieva and A. Bogaerts, J. Appl. Phys. 98, 023308 (2005)
Ar / CF4 / N2

Complicated behavior depending on driving frequencies

Other studies:
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Ion properties in classical DF discharges (27 & 2 MHz)

Separate control of ion flux and energy is 
generally not possible, only for certain 

parameter domain

At low 𝛾 the ion density decreases with 
increasing LF voltage

At intermediate 𝛾 a nearly constant ion 
density can be realized, with increasing 
pressure (when ionization by secondaries 
start to dominate) this becomes more 
difficult due to the rapid increase of the ion 
density with increasing LF voltage

At high 𝛾 the ion density increases with 
increasing LF voltage at all pressures

-12
-10
-8
-6
-4
-2
0
2
4
6
8
10
12
14
16
18

0 100 200 300 400 500 600
40

80

120

160

200

240

280

320

360

 q1 [ V ]

 

  E
 i [

 e
V 

]

 a = 0.25 
 a = 0.225
 a = 0.2
 a = 0.15
 a = 0.1
 a = 0

  E i 

   
K

i [
 1

014
 c

m
-2

 s
-1

 ]   Ki 

Ar @ 20 Pa



EPS
ICPP
2012

Classical DF discharges (27 & 2 MHz): 
frequency coupling & effect of secondary electrons

𝛾 = 0

𝛾 = 0.225

VLF = 0 V VLF = 500 V

Argon
VHF = 200 V
p = 6.6 Pa
L = 2.5 cm
T = 400 K

Z. Donkó, et al., 
Appl. Phys. Lett. 
97, 081501 (2010).

M. M. Turner and P. Chabert, Phys. Rev. Lett. 96 205001 (2006) 
T. Gans, J. Schulze, D. O’Connell, U. Czarnetzki, R. Faulkner, A. R. Ellingboe and M. M. Turner, Appl. Phys. Lett. 89 261502 (2006)
J. Schulze, Z. Donko, D. Luggenhölscher and U. Czarnetzki, PSST 18, 034011 (2009) 
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Electron beams launched at sheath expansion

φ̃

Electric Field Reversals in CCRF discharges 12

Pa) in Argon [28]. In this work this double layer disappeared with increasing pressure.

According to their results we assume the observed excitation during the phase of sheath

collapse to be caused by a local field reversal at the sheath edge. Similar to their

investigations, the e�ect vanishes with increasing pressure. A detailed discussion of the

cause of this field reversal will be presented in section 5.

Figure 7 shows spatio-temporal plots of the excitation into the n = 3 state of atomic

hydrogen (Balmer-� emission) in a single frequency H2 discharge operated at 8 W and

13.56 MHz at di�erent pressures of 10 Pa and 0.5 Pa. At 10 Pa an excitation maximum

close to the electrode during the phase of sheath collapse is observed. At 0.5 Pa two

excitation maxima during the phase of retreating sheath are observed, one close to the

electrode and one further inside the plasma at an earlier phase.

The spatio-temporal evolution of the electric field and the excitation into the n = 3 state

of atomic hydrogen (Balmer-� emission) in the sheath of a H2 CCRF discharge at 80 Pa

were measured before [20]. In this work an excitation maximum close to the electrode

during the phase of sheath collapse was observed, which could directly be identified with

a field reversal. However, these measurements were performed at much higher pressures,

where the regime is collisional, whereas it can be assumed to be collisionless at 0.5 Pa.

Vender and Boswell explicitly predicted two di�erent field reversal mechanisms, which

lead to an increased electron loss to ensure current continuity. According to their

simulation [29] a field reversal at the electrode surface occurs, if the wall potential

rises and the plasma potential lags behind. They also mention a second mechanism

leading to a field reversal close to the sheath edge during sheath collapse: If the sheath

collapses so fast that electrons cannot follow and neutralize the ions, the changing wall

potential drives a field reversal within the ion sheath. Obviously, both mechanisms are

observed experimentally here (figure 7).

Figure 8. Left: Experimentally determined phase and space resolved electron
impact excitation function into Ne 2p1 in the Exelan at 65 Pa and sketch of
the RF potential at the powered bottom electrode. Right: Phase and space
resolved excitation as it results from a PIC simulation (He, 65 Pa).

Experiment  (Bochum/Dublin)                                                     Simulation (Budapest) 

He @ 65 Pa
fHF = 27.118 MHz
fLF = 1.937 MHz (= fHF/14)

J. Schulze, Z. Donkó, D. Luggenhölscher and U. Czarnetzki, 
Plasma Sources Sci. Technol. 18, 034011 (2009). 

Electron beams

Spatio-temporal distribution of electron impact excitation

J. Schulze, T. Gans, D. O’Connell, U. Czarnetzki, 
A. R. Ellingboe, and M. M. Turner, J. Phys. D 40 

7008  (2007).



The Electrical Asymmetry Effect

(a novel approach to control ion properties)
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The Electrical Asymmetry Effect

In geometrically symmetrical reactors a DC self bias builds up, if the 
discharge is driven by a waveform which contains an even harmonic of 

the fundamental frequency.

φ̃

φ̃ + η

φ̃ = V0[cos(ωt + θ) + cos(2ωt)]

B. G. Heil, J. Schulze, T. Mussenbrock, R. P. Brinkmann and U. Czarnetzki, IEEE Trans. on Plasma Sci. 36 1404 (2008) 
B. G. Heil, U. Czarnetzki, R. P. Brinkmann and T. Mussenbrock, J. Phys. D 41 165202 (2008) 

control parameter

J. Phys. D: Appl. Phys. 43 (2010) 225201 J Schulze et al

Figure 2. Dc self-bias η calculated by the Brinkmann sheath model
(solid black line, [19]), the analytical model (red crosses, [19]) and
the PIC simulation (blue squares and solid line, [26]) under the same
discharge conditions. This plot is taken from [26].

4. Simulation results

4.1. Dynamics of the total uncompensated charge in an
electrically asymmetric dual frequency discharge

In this section the dynamics of the total uncompensated
charge density, σtot, in a geometrically symmetric electrically
asymmetric dual frequency discharge operated at 13.56 and
27.12 MHz with fixed, but adjustable phase shift θ between
the driving voltages is investigated by a PIC simulation.
Results are compared with the results of the analytical model
introduced in the previous section. The discharge is operated
in argon at 2.66 Pa (20 mTorr) and an electrode gap of
6.7 cm similar to conditions investigated by Godyak et al
experimentally [38] and identical to the discharge conditions
investigated by the analytical model of the EAE and the
Brinkmann sheath model [19]. α = 0.2 and γ = 0.1 are
used. The voltage waveform defined by equation (2) with
φ̃0 = 315 V is applied to the bottom electrode.

Via the EAE a dc self-bias η is generated as an almost
linear function of θ . Figure 2 shows η as a function of θ
resulting from the analytical model of the EAE (red crosses,
[19]), the Brinkmann sheath model (solid black line, [19]) and
the PIC simulation (blue squares and solid line, [26]) under
identical discharge conditions. A phase shift of about 'θ ≈ 8◦

between the analytical model and the Brinkmann sheath model
on one side and the PIC simulation on the other side is observed.

In the frame of the analytical model of the EAE (red
crosses in figure 2) the dc self-bias η is calculated from the
extrema of the applied voltage waveform and the symmetry
parameter ε [19]:

η = − φ̃m1 + εφ̃m2

1 + ε
. (19)

Here φ̃m1, φ̃m2 are the maximum and minimum of equation (2),
respectively. The symmetry parameter is defined as

ε =
∣∣∣∣∣
φ̂sg

φ̂sp

∣∣∣∣∣ = cpg

(
Ap

Ag

)2 n̄sp

n̄sg

(
Qmg

Qmp

)2

. (20)

Bulk

Bulk
Q (t)tot

Grounded electrode

Powered electrode

Qmp

Qmg

φ: φ φm2 m1

~

Figure 3. Sketch of the charge distribution in the discharge at the
time of minimum (φ̃m2) and maximum (φ̃m1) applied voltage. The
floating potential is neglected, i.e. the sheath is assumed to collapse
completely at both electrodes at least once per RF period.

Here φ̂sg, φ̂sp are the maximum sheath voltages, which drop
across the sheath at the grounded and the powered electrode,
respectively. Ap, Ag are the surface areas of the powered and
grounded electrodes, respectively, and n̄sp, n̄sg are the mean
ion densities in the respective sheath. cpg = Isg/Isp is the
ratio of the sheath integrals such as defined in [19]. Generally,
cpg is close to unity for all phase angles θ . For the discharge
conditions investigated here cpg ≈ 1 was explicitly verified by
a PIC simulation [26]. Thus, for the geometrically symmetric
(Ap = Ag) discharge investigated here:

ε =
n̄sp

n̄sg

(
Qmg

Qmp

)2

. (21)

Qmp, Qmg are the maximum charge in the sheath adjacent to the
powered and grounded electrode, respectively. As sketched in
figure 3, the charge in the sheath at the powered electrode is
maximum when the minimum voltage, φ̃m2, is applied to the
discharge. Neglecting the small floating potential of typically
a few volts, the sheath at ground collapses completely at this
phase and Qtot = Qmp. The charge in the sheath at the
grounded electrode is maximum when the maximum voltage,
φ̃m1, is applied to the discharge and when the sheath at the
powered electrode completely collapses.

In the analytical model of the EAE [19] as well as the
Brinkmann sheath model [20–23] any dynamics of Qtot and,
consequently, σtot is neglected, i.e. Qtot = Qmp = Qmg is
assumed. Under this assumption the symmetry parameter
resulting from the Brinkmann sheath model, which is used
in the analytical model of the EAE, ε′, depends only on the
ratio of the mean ion densities in both sheaths and no longer
on the ratio Qmg/Qmp:

ε′ =
n̄sp

n̄sg
. (22)

In the following it will be demonstrated that the phase shift 'θ

is a consequence of the assumption of Qmg/Qmp = 1, i.e. the
negligence of the charge dynamics.

Figures 4–6 show the sheath voltages, φsg and φsp, at
each electrode (top: grounded electrode, bottom: powered
electrode) as well as the total charge in the discharge per

4

f = 13.56 MHz & 27.12 MHz,
p = 20 mTorr, d = 6.7 cm
V0 = 315 V (both freq. !!)

Z. Donkó, J. Schulze, B. G. Heil and U. Czarnetzki, 
J. Phys. D 42, 025205 (2009)

DC bias

φ̃
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EAE: Control of electron dynamics / excitation / ionization

φ̃ = V0[cos(ωt + θ) + cos(2ωt)]

PROES results: Spatio-temporal distribution of the excitation rate at different phase angles

J. Schulze, E. Schüngel, Z. Donkó and U. Czarnetzki,
Plasma Sources Sci. Technol. 19 045028 (2010).

Ar (10% Ne) @ 60 Pa
L = 1 cm
V0 = 76 Vφ̃

The sheath dynamics and, consequently, the excitation 
dynamics change as a function of θ
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EAE: Control of ion properties

Ar discharge
p = 5 Pa
L = 2.5 cm
f =  13.56 MHz
V0 = 200 V

phase=
0 deg.

φ̃ = V0[cos(ωt + θ) + cos(2ωt)]

Flux-energy distribution 
of ions at the powered 

and grounded electrodes

45 deg.

90 deg.

PIC / MCC results

Ion flux nearly constant

φ̃



EPS
ICPP
2012

EAE operation: Experiments vs. simulations

J. Schulze, Z. Donkó, E. Schüngel and U Czarnetzki: Plasma Sources Sci. Technol. 20, 045007 (2011).
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The Plasma Series Resonance

(a nonlinear effect in asymmetric RF discharges)
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The Plasma Series Resonance

��(t) + � = �q2(t) + �[qt � q(t)]2 � 2�

�
�2

�t2
+ �

�

�t

�
q(t)

U. Czarnetzki, T. Mussenbrock and R. P. Brinkmann, Phys. Plasmas 
13, 123503 (2006).  
T. Mussenbrock, R. P. Brinkmann, M. A. Lieberman,
A. J. Lichtenberg, and E. Kawamura,
Phys. Rev. Lett. 101 085004 (2008).

q: normalized charge in the powered sheath

Voltage balance expressed in terms of the 
normalized charge in the powered sheath 
describes the dynamics of the discharge

If ε = 1 and the bulk voltage is small, 
the nonlinearity disappears - PSR 
oscillations show up in asymmetric 
discharges only
However, EAE can create asymmetry 
and PSR oscillations!

PSR equation: 
2
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Plasma Series Resonance

Observation of PSR oscillations in electrically asymmetric discharges

U. Czarnetzki, J. Schulze , E. Schüngel and Z. Donkó, Plasma Sources Sci. Technol. 20, 024010 (2011) 

Spatio-temporal distribution of electron impact 
excitation rate:

Multiple electron beams with a speed 
of ≈ 3 × 106 m/s.

Time dependence of the electron current:

φ̃ = V0[cos(ωt + θ) + cos(2ωt)]

V0 = 800 V, p = 3 Pa
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