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Plasma Etching, Sputtering and Deposition processes on microscopic scales are irreplaceable tools for 
semiconductor manufacturing and other key industries (automotive, tool manufacturing, textiles, etc.). 

Without plasma technology no laptop and smartphone would exist. 

In order to fulfill Moore’s law in the future, intensive research in low temperature plasma science is 
required to overcome process limitations. 

Societal relevance of low temperature plasmas
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Societal relevance of low temperature plasmas

Light Sources

Plasma TVs, High Intensity Discharge lamps (HID)
Lecture Plasma Physics 14 March 2011, Uwe Czarnetzki

Examples of plasma technology:
Lighting technology

Excitation of atoms by electronic collisions.

Thrusters

Thrust for satellites by emitting fast and heavy (Xe) ions.

Lecture Plasma Physics 14 March 2011, Uwe Czarnetzki

Examples of plasma technology:
Thrusters for satellite propulsion

Low thrust but high speed and mass of ionic propellant while gas
consumption is relatively small.
Ideal for satellite position control and long distance flights.
Biomedical applications, light sources, plasma and thrusters. 

There is little understanding of the physics of plasma-liquid and plasma-human tissue interactions 
required for plasma medical applications. 

Plasma surface interactions are generally poorly described by models/simulations due to unknown 
surface coefficients (secondary electron emission, particle reflection, etc.).
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Research Frontier: It’s all about control
Concept: Emmy Noether Proposal

Global control parameters
(p, V, gas, geometry)

Local Plasma 
parameters (E, n, j)

Particle heating 
and dynamics

Particle distribution
functions at the

substrate
Process rates

and uniformities

non-local non-local

non-local

Empirical approach 

Scientific 
approach

Non-local effects in technological plasmas

• Plasma processes are usually optimized by empirical methods without understanding plasma physics.

• Even in academic research, investigations are often limited to phenomenological studies of effects of
   global control parameters on plasma properties without understanding the particle heating dynamics.

• In this project, a fully scientific approach towards understanding the non-local effects of global control
   parameters on particle distribution functions and process rates via the particle heating dynamics will 
   be performed for distinct technological plasmas (experiment, simulation, model). 

• Based on the understanding the discharge physics, ways to customize particle distribution functions 
   and improve processing applications will be found.

Plasma processing applications are usually optimized empirically without understanding the heating 
dynamics of electrons, ions, and neutrals. 

Efficient process optimization must be based on a detailed scientific understanding of non-local 
effects of global control parameters on the heating dynamics → predictive control of plasma kinetics. 

Based on these insights electron and ion energy distribution functions can be tailored and process 
rates as well as uniformities can be optimized.
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Required approach

A combination of state-of-the-art experimental diagnostics, numerical simulations, and analytical 
models is required to get a complete understanding of particle heating dynamics and their links to the 
formation of flux-energy distribution functions. 

Often (sub-)nanosecond time resolution is required to resolve the fastest timescales. This is an 
extreme (experimental) challenge. 

Fundamental understanding must be transferred from academia to industry (collaborations, 
industrially relevant reactive gas mixtures).

Lecture Plasma Physics 14 March 2011, Uwe Czarnetzki

Outline
� Examples of industrial application of plasmas
� Basic physical properties of plasmas used in industry
� A simple example examined in more detail:

From basic science to innovation in application
� Academic and industrial approaches on investigating plasmas
� Conclusions

Lecture Plasma Physics 14 March 2011, Uwe Czarnetzki
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Figure 4.41: Phase and space resolved excitation into Ne2p
1

in a geometrically
strongly asymmetric single frequency discharge (13.56 MHz, 0.2 Pa, 90% krypton,
10 % neon). The measured voltage drop across the discharge and RF current to the
chamber wall are also shown [JS08c,JS08d].

generation by the fast sheath expansion caused by the PSR eÆect. Therefore, the
PSR eÆect enhances the generation of such electron beams and leads to the observed
spatio-temporal excitation.
With decreasing pressure, the electron mean free path increases, and these energetic
directed electrons can propagate further into the plasma until they hit the opposing
quartz cylinder (see figure 4.8). This cylinder acts as a floating surface and charges
up negatively, as it is bombarded by energetic electrons. Consequently, a sheath
develops in front of the quartz that reflects following electrons back into the plasma.
It should be noted that the floating potential at the quartz is high enough to re-
flect the energetic beam electrons (E ∏ 19 eV). Assuming a Maxwellian EEDF,
the static floating potential would already be higher than 20 V. Here, the EEDF is
strongly non-Maxwellian. Therefore, the floating potential is even higher. At very
low pressures (see figure 4.41), the reflected electrons hit the fully expanded sheath
at the powered electrode, where they are reflected again back into the bulk. Under
the conditions of figure 4.41 the electron mean free path for elastic electron-neutral
collisions is about 8 cm. This agrees quite well with the overall length of the visi-
ble beam trajectory. Such beams and their reflections have been predicted by PIC
simulations of Vender [81, 82] and Wood [83], but have never been detected experi-
mentally until now. Similar to the dynamics in geometrically symmetric discharges
(see chapter 4.1) this ”electron ping pong” eÆect leads to an eÆective heating of the

Lecture Plasma Physics 14 March 2011, Uwe Czarnetzki

Outline
� Examples of industrial application of plasmas
� Basic physical properties of plasmas used in industry
� A simple example examined in more detail:

From basic science to innovation in application
� Academic and industrial approaches on investigating plasmas
� Conclusions
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Impact on Plasma Science - it’s a hot topic

Your invitation to submit
Plasma Sources Science and Technology is pleased to 
announce a special issue focusing on electron heating 
in technological plasmas, to be published in the summer 
of 2015. In this special issue, we invite original papers 
on electron heating in different types of technologically 
relevant low temperature plasmas. Contributions focused 
on fundamental research as well as applications using 
experimental, theoretical, and/or computational methods 
are welcome.

The mechanisms of electron heating in technological plasmas 
are complex, diverse and not fully understood. However, they 
are fundamental for generating, sustaining and controlling 
such discharges. A detailed comprehension is the basis 
for process control and optimization based on scientific 
understanding of the plasma physics. This Special Issue is 
devoted to merging the state of knowledge, gather new ideas 
from theory and experiment, and bridge the gap between 
fundamental research and application.

We call for papers on electron heating in different discharge 
types ranging from DC- to RF- and wave heated plasmas 
operated in regimes ranging from non-local low pressure to 
local high pressure conditions including macro- and micro-
plasmas as well as magnetized and unmagnetized discharges.

Examples of research topics welcome for this special issue 
include, but are not limited to: 

•  Fundamental investigations of electron heating 
mechanisms in different types of technological low 
temperature plasmas

•  Electron heating in plasmas in multiphase media

•  The effect of plasma-surface interactions on the electron 
heating dynamics

•  Diagnostics to investigate electron heating

•  Novel techniques to control the electron heating dynamics 
in technological plasmas

•  Novel methods to customize energy distribution functions 
of different particle species based on controlling the 
electron heating dynamics

•  Process optimization based on understanding and 
controlling electron heating

•  Optimization of medical applications based on controlling 
electron heating dynamics

Research papers in PSST can be up to 14 pages (at 
approximately 900 words per page) in length, including 
space for figures, graphs and tables (figures are equivalent 
to about 150 words each). We encourage colour figures and 
multimedia clips for the online version of the special issue, for 
which there is no charge. As for our regular submissions there 
will be no page charges.

You are invited to submit your paper by 31 January 2015. 
Submissions received after this date will be considered for 
the journal, but may not be included in the special issue. All 
submitted papers will be fully refereed to the journal’s usual 
high standards and corresponding authors whose papers are
published in the special issue will receive a complimentary 
copy. Upon publication, the issue will be widely promoted to 
the low-temperature physics community, ensuring that your 
work receives maximum visibility

How to submit your paper
Use our submission facility at 
http://mc04.manuscriptcentral.com/psst-iop 

All submissions should be clearly marked for the 
‘Electron-heating in technological plasmas’ special issue. 
Detailed information about how to submit an article for 
publication in the journal can be found on the website at 
www.iop.org/journals/authorsubs

Call for papers
Special issue on “Electron heating in technological plasmas”
Thomas Mussenbrock (Ruhr-Universität Bochum, Germany)
Julian Schulze (West Virginia University, USA)

Plasma Sources Science
and Technology

iopscience.org/psst

Images: 2D distributions of plasma properties in the ICP reactor chamber during CF4 plasma etching of SiO2 electron density 
Hiroshi Fukumoto et al 2009 Plasma Sources Sci. Technol. 18 045027

Submission 
date:

31 January 
2015
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Low temperature plasmas (LTPs) are widely used in
applications and are strongly affected by the presence of neu-
tral species—chemistry adds enormous complexity to the
plasma environment. Electron energies in such plasmas are of
order a few electron volts with sufficient population of elec-
trons with energies above the threshold energies of the excited
states of neutral atoms and molecules. The power transfer
from electrons to these atoms and molecules produces acti-
vated species (e.g., radicals, excited states, and photons). Due
to the low degree of ionization, the mean energy of electrons
and ions in such plasma considerably exceeds the temperature
of the neutral species. This provides a unique set of conditions
wherein plasma species can efficiently react with adjacent
surfaces resulting in their beneficial modification. With such
properties, low temperature plasmas are widely used in tech-
nological processes, ranging from manufacturing of semicon-
ductor chips, solar and plasma-display panels, to the treatment
of organic and bio-objects.1

Low temperature plasmas are characterized by a high
degree of non-equilibrium. Electrons and ions are not in ther-
modynamic equilibrium and both are not in equilibrium with
the neutral species. And they are not in equilibrium within
their own ensemble, thus, demonstrating a significant depar-
ture from a Maxwellian distribution.

This unique property of LTPs is at the foundation of its
ubiquitous use in numerous applications, as it was outlined in
2008 Report on Scientific Directions for Low Temperature
Plasma sponsored by the Department of Energy.1 This topic
generated continued strong interest in the plasma community
as evidenced by a series of scientific workshops:

• Workshop at the 64th Annual Gaseous Electronics
Conference, 2011 “Control of Distribution Functions in
Low Temperature Plasmas” organized by Igor D.
Kaganovich, Yevgeny Raitses, David Graves, and Gottlieb
Oehrlein, in Salt Lake City, Utah (http://meetings.aps.org/
Meeting/GEC11/SessionIndex2/?SessionEventID=158302).

• Workshops at the 62nd Annual Gaseous Electronics
Conference, 2009, “Role of Electron Kinetics, Swarms”
organized by Zoran Petrovic (http://meetings.aps.org/Meeting/
GEC09/SessionIndex2/?SessionEventID=108579).

• “General Kinetic Models” organized by Mirko Vukovic
(http://meetings.aps.org/Meeting/GEC09/SessionIndex2/
?SessionEventID=110525).

• Workshop on “Nonlocal, Collisionless Electron Transport
in Plasmas”, 2005 in Princeton NJ, organized by Igor
D. Kaganovich, Yevgeny Raitses, and Samuel Cohen.

Proceedings of this workshop were published in a Special
Issue of IEEE Transactions of Science.2

• The NATO Advanced Research Workshop on “Electron
Kinetics and Applications of Glow Discharges,” held in
St. Petersburg, Russia, on May 19–23, 1997. Proceedings
of this workshop were published in the book “Electron
kinetics and applications of glow discharges”, edited by
Uwe Kortshagen and Lev D. Tsendin.3

This Special Topic Section was triggered by the prema-
ture death of the pioneer and leader of this field, Professor
Lev D. Tsendin, and can be viewed as a tribute to his contri-
butions to the field.

Photographs of Lev D. Tsendin visiting Germany and
USA in the 1990s showing his enthusiasm for laugh and cakes.

Lev Tsendin made major contribution to the develop-
ment of nonlocal electron kinetics for studying gas discharge
phenomena.4 He was one of the first to realize that LTPs
with non-Maxwellian Electron Energy Distribution Function
(EEDF) can be adequately treated by considering the EEDF
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Abstract
Low-temperature plasma physics and technology are diverse and interdisciplinary fields.
The plasma parameters can span many orders of magnitude and applications are found in
quite different areas of daily life and industrial production. As a consequence, the trends in
research, science and technology are difficult to follow and it is not easy to identify the
major challenges of the field and their many sub-fields. Even for experts the road to the
future is sometimes lost in the mist. Journal of Physics D: Applied Physics is addressing
this need for clarity and thus providing guidance to the field by this special Review article,
The 2012 Plasma Roadmap.

0022-3727/12/253001+37$33.00 1 © 2012 IOP Publishing Ltd Printed in the UK & the USA

Heating dynamics and concepts to tailor flux-energy 
distributions of different particle species are widely 
accepted as important research topics in low 
temperature plasma science.
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Fundamental understanding of electron heating in CCPs 
The e↵ect of ambipolar electric fields on the electron heating in CCRF plasmas 7

Figure 2. PIC simulation results for the spatio-temporal distributions of the electric
field (top row), electron heating rate, P (middle row), and normalized ionization rate,
S/SMAX (bottom row). Discharge conditions: argon, 20 Pa, 5 cm gap, �0 = 400 V
(left column) and helium, 120 Pa, 5 cm gap, �0 = 400 V (right column). Only the
spatial region close to the bottom (powered) electrode is shown. The horizontal axis
shows the time normalized by the duration of one RF period, T . SMAX = 2.2⇥1021

m�3s�1 and 6.0⇥1021 m�3s�1, for (e) and (f), respectively.

The e↵ect of ambipolar electric fields on the electron heating in CCRF plasmas 7

Figure 2. PIC simulation results for the spatio-temporal distributions of the electric
field (top row), electron heating rate, P (middle row), and normalized ionization rate,
S/SMAX (bottom row). Discharge conditions: argon, 20 Pa, 5 cm gap, �0 = 400 V
(left column) and helium, 120 Pa, 5 cm gap, �0 = 400 V (right column). Only the
spatial region close to the bottom (powered) electrode is shown. The horizontal axis
shows the time normalized by the duration of one RF period, T . SMAX = 2.2⇥1021

m�3s�1 and 6.0⇥1021 m�3s�1, for (e) and (f), respectively.

The e↵ect of ambipolar electric fields on the electron heating in CCRF plasmas 7

Figure 2. PIC simulation results for the spatio-temporal distributions of the electric
field (top row), electron heating rate, P (middle row), and normalized ionization rate,
S/SMAX (bottom row). Discharge conditions: argon, 20 Pa, 5 cm gap, �0 = 400 V
(left column) and helium, 120 Pa, 5 cm gap, �0 = 400 V (right column). Only the
spatial region close to the bottom (powered) electrode is shown. The horizontal axis
shows the time normalized by the duration of one RF period, T . SMAX = 2.2⇥1021

m�3s�1 and 6.0⇥1021 m�3s�1, for (e) and (f), respectively.

The e↵ect of ambipolar electric fields on the electron heating in CCRF plasmas 7

Figure 2. PIC simulation results for the spatio-temporal distributions of the electric
field (top row), electron heating rate, P (middle row), and normalized ionization rate,
S/SMAX (bottom row). Discharge conditions: argon, 20 Pa, 5 cm gap, �0 = 400 V
(left column) and helium, 120 Pa, 5 cm gap, �0 = 400 V (right column). Only the
spatial region close to the bottom (powered) electrode is shown. The horizontal axis
shows the time normalized by the duration of one RF period, T . SMAX = 2.2⇥1021

m�3s�1 and 6.0⇥1021 m�3s�1, for (e) and (f), respectively.

Electric field Electron heating rate Ionization rate

The e↵ect of ambipolar electric fields on the electron heating in CCRF plasmas 7

Figure 2. PIC simulation results for the spatio-temporal distributions of the electric
field (top row), electron heating rate, P (middle row), and normalized ionization rate,
S/SMAX (bottom row). Discharge conditions: argon, 20 Pa, 5 cm gap, �0 = 400 V
(left column) and helium, 120 Pa, 5 cm gap, �0 = 400 V (right column). Only the
spatial region close to the bottom (powered) electrode is shown. The horizontal axis
shows the time normalized by the duration of one RF period, T . SMAX = 2.2⇥1021

m�3s�1 and 6.0⇥1021 m�3s�1, for (e) and (f), respectively.

The e↵ect of ambipolar electric fields on the electron heating in CCRF plasmas 7

Figure 2. PIC simulation results for the spatio-temporal distributions of the electric
field (top row), electron heating rate, P (middle row), and normalized ionization rate,
S/SMAX (bottom row). Discharge conditions: argon, 20 Pa, 5 cm gap, �0 = 400 V
(left column) and helium, 120 Pa, 5 cm gap, �0 = 400 V (right column). Only the
spatial region close to the bottom (powered) electrode is shown. The horizontal axis
shows the time normalized by the duration of one RF period, T . SMAX = 2.2⇥1021

m�3s�1 and 6.0⇥1021 m�3s�1, for (e) and (f), respectively.

The e↵ect of ambipolar electric fields on the electron heating in CCRF plasmas 7

Figure 2. PIC simulation results for the spatio-temporal distributions of the electric
field (top row), electron heating rate, P (middle row), and normalized ionization rate,
S/SMAX (bottom row). Discharge conditions: argon, 20 Pa, 5 cm gap, �0 = 400 V
(left column) and helium, 120 Pa, 5 cm gap, �0 = 400 V (right column). Only the
spatial region close to the bottom (powered) electrode is shown. The horizontal axis
shows the time normalized by the duration of one RF period, T . SMAX = 2.2⇥1021

m�3s�1 and 6.0⇥1021 m�3s�1, for (e) and (f), respectively.

Discharge conditions (PIC/MCC simulation): Argon, 20 Pa, 5 cm electrode gap, 13.56 MHz, 400 V 

Current understanding: - Electrons are heated collisionlessly by the expanding RF sheaths.  
                                      - There is no E-field outside the sheaths and symmetry in time. 
                                      - The current is sinusoidal. 

Recent findings: - There is essentially no collisionless heating (Lafleur et al. 2015 PSST 24 044002). 
                           - There are strong electric fields outside the sheaths and a temporal asymmetry.  
                           - The current is often non-sinusoidal (resonances, Mussenbrock et al. 2008 PRL 085004) 

J. Schulze et al. 2015 Plasma Sourc. Sci. Technol. 24 015019
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Proposal Information  

1. Please provide a high level summary of the research topic to be funded? What is the 
question you hope to answer from this research? 

Figure 1 Electron heating rate (in 105 Wm-3, first column), ionization rate (in 1021 m-3s-1, second 
column), electric field (in 103 Vm-1, third column) and electron density (in 1015m-3, fourth column) 

resulting from Particle-In-Cell/Monte-Carlo simulations of capacitive 13.56 MHz discharges. All data 
is shown spatially resolved between the powered electrode (at 0.0 cm) and the grounded electrode (at 

1.5 cm) and temporally resolved within the RF period First row: Argon plasma, 80 Pa, 100 V, 
gamma=0.0, second row: Argon plasma, 80 Pa, 200 V, gamma=0.2, third row: CF4 plasma, 80 Pa, 

400 V, gamma=0.1. The vertical dashed lines indicate the time of strong ionization. [1] 

The electron heating dynamics is the centerpiece of technological plasmas. Depending on 
the actual conditions (gas type, pressure, voltage, reactor dimensions), the plasma can be 
operated in different modes of electron heating (see figure 1) [1]. At low pressures, the 
electron heating dynamics is typically dominated by the interaction of electrons with the 
oscillating plasma sheath edge adjacent to the electrode/substrate surfaces (first row in 
figure 1)[1-9]. At pressures in the range above ~1 Torr typically used for depositions, 
other mechanisms play a role and may dominate the electron heating dynamics. For 
instance, secondary electrons are generated at the electrode/substrate surfaces, gain high 
energies and multiply by ionization collisions in the sheaths (second row in figure 1) 
[2,10,11]. This process strongly depends on the properties of the plasma (fluxes, energies 
and impact angles of ions and fast neutrals) as well as on the material and condition of 
the surrounding surfaces. Furthermore, the rf conductivity of the plasma bulk is strongly 
reduced at elevated pressures due to the high electron collision frequency. This leads to 
the development of an electric field in the plasma to drive the rf current, thus causing 
heating of electrons in a resistive, drift-type motion (see figure 2, third row of figure 1) 
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A variety of electron heating modes

Different heating modes exist and are only partially understood. The presence of a different mode 
drastically changes process relevant plasma parameters. Mode transitions must be studied.

J. Schulze et al. 2011 Phys. Rev. Lett. 107 275001
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The Electrical Asymmetry Effect

In RF plasmas, the DC self-bias (difference between mean sheath voltages) is an important parameter to 
control the ion energy at the electrodes:

⌘ = � �̃m1 + "�̃m2

1 + "
⇥ =

�����
�̂sg

�̂sp

����� ⇡
✓
Ap

Ag

◆2 n̄sp

n̄sg

In classical CCPs, the extrema of the driving voltage waveform are identical and a DC self bias can only 
be generated via ε ≠ 1, i.e. a geometric discharge asymmetry. The EAE allows to generate a DC self bias 
electrically by tailoring the driving voltage waveform, e.g. different extrema, different slopes (sawtooth).

B. G. Heil et al. 2008 J. Phys. D 41 165202

B. G. Heil, J. Schulze et al. 2008 IEEE Trans. Plasma Science 36 1404



WEST VIRGINIA UNIVERSITY 
 PhysicsZ. Donko et al. 2009 J. Phys. D 42 025205

Electrical control of the IEDF

The IEDF can be controlled by tuning the phase. The role of the electrodes can be reversed electrically. 

This effect is strongly affected by the electron heating mode and works differently in different 
chemistries, pressures, frequencies. Very little is known about this. 

The EAE allowed to improve the efficiency of PECVD processes (Si:H deposition) by a factor of 3. 
Other applications must be studied (etching, sputtering).
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Voltage waveform tailoring

In principle every driving voltage waveform can be realized as a Fourier Series of N consecutive harmonics 
of a fundamental frequency, f: 

In this way the electron heating dynamics can be tailored on a ns-timescale and the sheath voltage  
waveform can be tailored to customize IEDFs. 

Electron heating in CCPs driven by customized voltage waveforms 3

Figure 1. Normalized driving voltage waveform, φ̄(t) = φ(t)/φtot, for exemplary
choices of N and θk.

[49–54], i.e. by applying the following voltage waveform, φ(t), to one electrode:

φ(t) =
N
∑

k=1

φk cos (2πkft+ θk) with φtot =
N
∑

k=1

φk. (1)

Here, N is the total number of consecutive harmonics, k is an integer number, and f

is the fundamental frequency. φk is the amplitude and θk is the fixed, but adjustable

phase of the k-th harmonic. φtot is the total applied voltage amplitude. Figure 1 shows

representative examples of the normalized driving voltage waveform, φ̄(t) = φ(t)/φtot,

for f = 13.56MHz and specific values of N as well as θk.

The symmetry of such a plasma can be quantified by the symmetry parameter, ε [51]:

ε =

∣

∣

∣

∣

∣

φ̂sg

φ̂sp

∣

∣

∣

∣

∣

≈

(

Ap

Ag

)2
n̄sp

n̄sg

(

Qmg

Qmp

)2

. (2)

φ̂sg, φ̂sp is the maximum voltage drop across the sheath at the grounded and powered

electrode, respectively. n̄sg, n̄sp is the spatially averaged ion density and Qmg, Qmp is the

positive space charge in the respective sheath at the time of maximum sheath voltage

at the grounded and powered electrode, respectively. Ap and Ag is the surface area of

the respective electrode. The discharge will be symmetric, if ε = 1.

According to an analytical model described in detail in Ref. [51] a DC self-bias, η, is

generated in CCRF discharges according to:

η ≈ −
φm1 + εφm2

1 + ε
. (3)

Here, φm1, φm2 is the applied voltage at the time of maximum sheath voltage at

the grounded and powered electrode, respectively. In low pressure single frequency

electropositive plasmas, these times uniquely correspond to the times of maximum and

minimum applied voltage, respectively. In multi-frequency plasmas, however, depending

on the choices of φk and θk there can be multiple global extrema of the driving voltage

waveform (see figure 1), so that it is important to use the driving voltages at the times

of maximum sheath voltage in eq. (3).

Electron heating in CCPs driven by customized voltage waveforms 3

Figure 1. Normalized driving voltage waveform, φ̄(t) = φ(t)/φtot, for exemplary
choices of N and θk.

[50–58], i.e. by applying the following voltage waveform, φ(t), to one electrode:

φ(t) =
N
∑

k=1

φk cos (2πkft+ θk) with φtot =
N
∑

k=1

φk. (1)

Here, N is the total number of consecutive harmonics, k is an integer number, and f

is the fundamental frequency. φk is the amplitude and θk is the fixed, but adjustable

phase of the k-th harmonic. φtot is the total applied voltage amplitude. Figure 1 shows

representative examples of the normalized driving voltage waveform, φ̄(t) = φ(t)/φtot,

for f = 13.56MHz and specific values of N as well as θk.

The symmetry of such a plasma can be quantified by the symmetry parameter, ε [54]:

ε =
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∣
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≈
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(
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)2

. (2)

φ̂sg, φ̂sp is the maximum voltage drop across the sheath at the grounded and powered

electrode, respectively. n̄sg, n̄sp is the spatially averaged ion density and Qmg, Qmp is the

positive space charge in the respective sheath at the time of maximum sheath voltage

at the grounded and powered electrode, respectively. Ap and Ag is the surface area of

the respective electrode. The discharge will be symmetric, if ε = 1.

According to an analytical model described in detail in Ref. [54] a DC self-bias, η, is

generated in CCRF discharges according to:

η ≈ −
φm1 + εφm2

1 + ε
. (3)

Here, φm1 is the applied voltage at the time of maximum sheath voltage at the grounded

electrode, while φm2 is the applied voltage at the time of maximum sheath voltage at

the powered electrode. In low pressure single frequency electropositive plasmas, these

times uniquely correspond to the times of maximum and minimum applied voltage,

respectively. In multi-frequency plasmas, however, depending on the choices of φk and

θk there can be multiple global extrema of the driving voltage waveform (see figure 1), so

J. Schulze et al. 2011 Plasma Sourc. Sci. Technol. 20 015017 
A. Derzsi et al. 2013 Plasma Sourc. Sci. Technol. 22 065009
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Optimization of the EAE (simulation)
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figure 2: Left plot [4]: Measured dc self bias as a function of q1 in a dual-frequency dis-
charge operated at 13.56 MHz + 27.12 MHz at different pressures and electrode gaps. The
harmonics’ amplitudes are identical (62 V at 4 Pa, 63 V at 10 Pa, 76 V at 20 Pa). Right plot
[4]: Measured mean ion energies as a function of q1 under the same conditions.

Adding more consecutive harmonics to the driving voltage waveform allows to increase the maximum
DC self bias and the control factor, ci, by which the mean ion energy can be controlled via the EAE at
both electrodes (figure 3 - left plot). It also allows to control the shape of the ion energy distribution
function at the electrodes (figure 3 - right plot).

figure 3: Left plot [2]: Control factor ci by which the mean ion energy at both electrodes can
be changed via the EAE (black triangles, left scale) and normalized DC self bias, h̄ = h/ftot,
(blue squares, right scale) as a function of N. Right plot [2]: Ion flux-energy distribution
functions at the powered electrode for different N at qk = 0� 8k. Discharge conditions: Argon,
10 Pa, f = 13.56 MHz, ftot = 300V, optimized harmonics’ amplitudes (PIC simulation).

Customizing the driving voltage waveform strongly affects the spatio-temporal ionization dynamics [1,
3, 7, 8]. This, in turn, significantly affects the control of process relevant parameters such as the ion
flux, mean energy, and distribution function at the substrate. The effect of changing the driving voltage
waveform on the ionization dynamics is different depending on the mode of discharge operation and,
thus, depends on global control parameters, e.g. neutral gas pressure and electrode materials, which
determine the surface coefficients such as the secondary electron emission coefficient, g. Figure 4 shows
the effect of adding more consecutive harmonics on the ionization dynamics at 3 Pa, while keeping the
total applied voltage amplitude constant and all harmonics’ phases at 0�. Due to the low pressure the
discharge is operated in the a-mode. Adding higher harmonics leads to a faster sheath expansion and,
therefore, causes the ionization rate to increase. During the initial phase of sheath expansion at the
bottom electrode the generation of multiple beams of energetic electrons is observed for N = 4. These
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Particle heating dynamics in capacitively coupled radio frequency plasmas driven by multiple con-
secutive harmonics are investigated experimentally, by simulations, and modelling as a function of
the number, amplitudes, and phases of the harmonics in argon at different pressures and for different
electrode materials. This customization of the driving voltage waveform causes the generation of a
DC self bias based on the Electrical Asymmetry Effect. This effect can be used to control process
relevant ion energy distribution functions. Using more harmonics strongly improves this process con-
trol and affects the electron heating dynamics in a complex way, so that it cannot be fully described
by the classical concept of stochastic heating at low pressures.

We investigate the electron heating dynamics in capacitive radio frequency plasmas driven by customized
voltage waveforms and study the effects of modifying this waveform on the spatio-temporal excita-
tion/ionization dynamics as well as the control of ion energy distribution functions [1, 2, 3].

figure 1: Normalized driving voltage waveform, f̄(t) = f(t)/ftot, for f = 13.56 MHz and
exemplary choices of N as well as qk [1]. The harmonics’ amplitudes are optimized according
to equation (2).

One electrode is driven by the following customized voltage waveform, f(t):

f(t) =
N

Â
k=1

fk cos(2pk f t +qk) with ftot =
N

Â
k=1

fk. (1)

Here, N is the total number of consecutive harmonics, k is an integer number, and f is the fundamental
frequency. fk is the amplitude and qk is the fixed, but adjustable phase of the k-th harmonic. ftot is
the total applied voltage amplitude. Figure 1 shows representative examples of the normalized driving
voltage waveform, f̄(t) = f(t)/ftot, for f = 13.56MHz and specific values of N as well as qk. The
difference between the absolute values of the global extrema of f̄(t) can be controlled by adjusting the
harmonics’ phases. Based on the Electrical Asymmetry Effect (EAE) a DC self bias, h, is generated as
a function of qk. The mean ion energies at the electrodes can be controlled by adjusting the harmonics’
phases and h such as shown in figure 2 for a dual-frequency discharge operated at f = 13.56 MHz
[4, 5, 6]. The electrical generation of a DC self bias can be optimized by choosing the harmonics’
amplitudes according to the following criterion [2]:

fk = f0
N � k+1

N
with f0 =

2ftot

N +1
. (2)

Adding more consecutive harmonics to the driving voltage waveform, while keeping the total voltage 
amplitude constant, allows to generate a stronger DC self bias and to control the mean ion energy over 
a larger range. 

This must be studied experimentally in different plasmas sources, gas mixtures, etc.

Conditions: Argon, 10 Pa, 2 cm gap, f = 13.56 MHz, ϕtot = 300 V, optimized harmonics’ amplitudes.

Plasma Sources Sci. Technol. 20 (2011) 015017 J Schulze et al

Figure 11 shows the ion flux-energy distribution functions
at the powered (left plot) and grounded electrode (right plot) for
different phase angles θ2 (θ1 = θ3 = 0◦) in the triple-frequency
discharge (PIC simulation). The ion energy can be controlled
by tuning θ2 from 0◦ to 180◦ and the role of both electrodes
can be reversed. The peaks are caused by ion–neutral charge
exchange collisions inside the sheaths in combination with the
time modulated RF sheath voltage [52].

Figure 12 shows the mean ion energy and the ion flux at
both electrodes as a function of θ2 in this customized triple-
frequency discharge. The horizontal lines in the left plot
indicate the maximum and minimum mean ion energy that can
be realized in a df discharge driven at 13.56 and 27.12 MHz
with φ̃

(2)
1 + φ̃

(2)
2 = 300 V and otherwise identical discharge

conditions. By adding a third harmonic to the driving voltage
waveform and choosing amplitudes of harmonics according to
equation (10) the control range of the mean ion energy at both

Figure 10. Dc self-bias resulting from the PIC simulations as a
function of θ2 in a discharge driven by three consecutive harmonics
at 10 Pa. The amplitudes of the harmonics are optimized according
to equation (10) (

∑k
n=1 φ̃(k)

n = 300 V). The horizontal dashed lines
indicate the maximum and minimum bias that can be generated
electrically in a df discharge driven at 13.56 and 27.12 MHz with
φ̃

(2)
1 + φ̃

(2)
2 = 300 V (optimized amplitudes) and otherwise identical

discharge conditions.

º

º

Figure 11. Ion flux-energy distribution functions at the powered (left plot) and grounded electrode (right plot) for different phase angles, θ2,
(θ1 = θ3 = 0◦) in an argon discharge operated at 10 Pa and driven by three consecutive harmonics (PIC simulation). The amplitudes of the
harmonics are optimized according to equation (10) (

∑k
n=1 φ̃(k)

n = 300 V).

electrodes is enhanced from a factor of about 2 in df discharges
to a factor of about 3 in triple-frequency discharges, while the
ion flux remains constant within ±15%.

The left plot in figure 13 shows the factor χi by which the
mean ion energy at both electrodes can be changed via
the EAE and the normalized dc self-bias as a function
of the number of applied consecutive harmonics, k, in an
argon discharge operated at 10 Pa (optimized amplitudes of
harmonics,

∑k
n=1 φ̃(k)

n = 300 V):

χi = ⟨E⟩max

⟨E⟩min
. (13)

Here ⟨E⟩max and ⟨E⟩min are the maximum and minimum mean
ion energies at a given electrode that can be realized by tuning
the phase shifts, θn, between the driving harmonics. These
results show that the range of mean ion energy control can be
drastically enhanced up to a factor of about 9 by adding more
consecutive harmonics to the applied voltage waveform. This
substantial improvement of the range of ion energy control
is expected to be most relevant for various technological
applications of CCRF discharges.

While the absolute value of the dc self-bias basically does
not increase as a function of k at high numbers of applied
consecutive harmonics, χi still increases. This is caused
by an increase in ⟨E⟩max at almost constant ⟨E⟩min. This
in turn results from the following mechanism: as the total
applied voltage,

∑k
n=1 φ̃(k)

n , is kept constant at 300 V, but higher
frequencies are added, the plasma density increases from about
2.7×109 cm−3 at k = 2 to about 2×1010 m−3 at k = 16 [53]. A
similar increase in the ion fluxes to the electrodes is observed.
This increase by almost one order of magnitude causes the
maximum width of the sheaths to decrease. The left plot in
figure 14 shows the maximum width of the sheath adjacent
to the powered electrode, s, as a function of k. According to
Brinkmann [54] s is calculated by the following criterion:

∫ s

0
ne(x) dx =

∫ L/2

s

(ni(x) − ne(x)) dx. (14)

Here ne and ni are the electron and ion densities, respectively,
L is the electrode gap and x is the distance from the powered
electrode.
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Complex heating dynamics (3 Pa, 800 V, N = 4)

The electron heating dynamics in multi-frequency CCPs are complex and cannot be explained by 
classical concepts of stochastic heating. 

Ambipolar electron heating, NERH, waves, and interference effects play an important role.
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Complex electron heating in capacitive multi-frequency plasmas 
 

Julian Schulze, Edmund Schüngel, Aranka Derzsi, Ihor Korolov, T. Mussenbrock, and Zoltán Donkó 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.   Spatio-temporal distribution of the electron heating rate in a geometrically symmetric capacitive RF discharge operated in argon and 
driven by 4 consecutive harmonics of 13.56 MHz obtained from PIC/MCC simulations (3 Pa, !tot = 800 V, 3 cm electrode gap, ! = 0.2). The 
dashed white rectangle indicates the phase of initial sheath expansion at the powered electrode, where the most complex features are 
observed. This region is shown again in fig. 2. The color scale is saturated to make weaker features inside the bulk visible. 
 
Abstract – Complex spatio-temporal electron heating 
dynamics are observed in kinetic simulations of 
geometrically symmetric low pressure capacitive argon 
plasmas driven by multiple consecutive harmonics of 
13.56 MHz. These dynamics are caused by an electrically 
induced asymmetry, that leads to the self-excitation of 
Plasma Series Resonance (PSR) oscillations of the 
current. These oscillations cause a non-sinusoidal 
movement of the boundary sheath edges and multiple 
phases of fast sheath expansions. These expansion 
phases lead to the generation of negative space charges 
that propagate into the bulk, where they affect the 
heating rate significantly and relax quickly.  
Low pressure capacitive radio frequency (RF) plasmas are 
frequently used for etching and sputtering of dielectric 
substrates. In order to optimize these applications 
customized ion flux energy distributions are required. A 

novel concept to realize such distributions is voltage 
waveform tailoring [1]: N consecutive harmonics of a 
fundamental frequency, f, with adjustable harmonics‘ 
amplitudes, !k, and phases, "k, are applied to one electrode, 
while the other is grounded, i.e. the driving voltage 
waveform is: 
 
 
 
Here, we investigate the spatio-temporal electron heating 
dynamics in a geometrically symmetric argon plasma by 
1d3v Particle in Cell/Monte Carlo Collisions (PIC/MCC) 
simulations. One of two plane parallel electrodes is driven 
by N = 4 consecutive harmonics of f = 13.56 MHz 
according to equation 1. All phase shifts are set to 0° and 

 

 

!tot = 800 V. The harmonics amplitudes are !1 = 320 V, !2 = 
240 V, !3 = 160 V, !4 = 80 V according to a criterion 
defined in [2]. The electrode gap is 3 cm, the pressure is 3 
Pa, the secondary electron emission coefficient is ! = 0.2, 
and 20% of all electrons are reflected at the electrodes [1,3]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Zoom into fig. 1 during the time of the initial sheath 
expansion at the powered electrode (dashed rectangle in fig 1). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Spatio-temporal plot of the net density, ni - ne, during the 
time of the initial sheath expansion at the powered electrode . 

 

Fig. 1 shows the spatio-temporal distribution of the electron 
heating rate within one fundamental RF period. The heating 
dynamics observed here are significantly more complex 
compared to single frequency discharges and cannot be 
explained by the classical picture of stochastic heating 
caused by the expansion of a sheath, whose motion is 
sinusoidal, and cooling during the phase of sheath collapse. 
The more complex voltage waveform induces a strong 
electrical asymmetry [4], that leads to a DC self bias of 
about -465 V. At such low pressures this asymmetry leads 
to the self-excitation of strong PSR oscillations, i.e. the 
current is no longer proportional to the driving voltage or its 
temporal derivative [5]. The PSR causes high frequency 
oscillations of the electron heating rate at the beginning of 
the fundamental RF period (0-30 ns) due to corresponding 

oscillations of the electric field until they are damped by 
collisions. During the time of high sheath voltage at the 
powered electrode (5-65 ns), heating of secondary electrons 
inside the sheath is observed [6]. During sheath collapse 
(65-74 ns) an electric field reversal causes additional 
heating [7]. Fig. 2 shows a zoom into the dashed rectangle 
in fig. 1, i.e. the time of initial sheath expansion. At a 
distance of about 0.7 cm above the powered electrode, the 
ambipolar electric field is maximum due to the steep ion 
density profile at this position and additional heating 
induced by this field as well as interference effects with the 
PSR oscillations are observed. Fig. 3 shows the net density, 
ni - ne, within the same spatio-temporal region. In the region 
of high ambipolar electric field a double layer of positive 
and negative space charge is observed due to a change of 
the local gradient of the electric field around 0.7 cm. During 
the initial phase of sheath expansion at the powered 
electrode, the ensemble of electrons is compressed by the 
fast expanding sheath and a beam-like negative space 
charge propagates at a velocity of about 1.5�106 m/s into 
the plasma bulk (dashed rectangles in figs. 2 and 3). This 
negative space charge is followed by a region of positive 
space charge similar to a negative streamer. This moving 
space charge oscillates on the timescale of the inverse 
electron plasma frequency and relaxes quickly. Its presence 
affects the heating caused by the PSR oscillations. 
In conclusion, we observe complex electron heating 
mechanisms in multi-frequency geometrically symmetric 
capacitive discharges operated at low pressures. The 
complexity of the underlying mechanisms has not been 
revealed by prior analytical or fluid-dynamic models of 
electron heating and is clearly not fully understood. A more 
detailed investigation of these mechanisms is required. 
Phase resolved emission spectroscopy might be used to 
study the electron heating dynamics experimentally.  
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Customized ion energy distributions

IEDF at powered electrode
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E. Schuengel et al. 2015 Plasma Sourc. Sci. Technol. 24 045013

The IEDF shape can be customized by voltage waveform tailoring. 

Proof-of-principle demonstration is available. Little is known about 
parameter scaling. Nothing is known about impact on applications.
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Uniformity control

In large area CCPs, electromagnetic effects such as the 
Standing Wave Effect can induce lateral inhomogeneities  
of process relevant plasma parameters, e.g. the ion flux. 

This represents a very significant problem in applications 
ranging from PECVD and dielectric etching to RF 
sputtering.

A. Perret et al. 2003 Appl. Phys. Lett. 83 243 
     U. Kroll et al. 1999 MRS Symp. Proc. 557 121

P ind
Pcap

!
d2X2

24!4
!
1
24 ! dXe2

me"0c2
" 2ne2, #2$

where d is half of the plasma thickness, X is half of the
electrode size, and ! is the collisionless plasma skin depth.
Considering our parameters (X!0.2 m, and typically
d!1.75 cm and s!5 mm$, we have P ind%Pcap for ne%4
"1010 cm#3.

The aim of this study was to obtain experimental evi-
dence of these nonuniformity phenomena. We measured the
ion flux uniformity, which is directly related to the power
deposition uniformity when the diffusion length is small, i.e.,
at relatively high pressures. The discharge was produced in
argon gas at 150 mTorr pressure between two large-area
square plates #40 cm"40 cm$ separated by a distance of 4.5
cm, surrounded laterally by a 4 cm thick Teflon barrier (" r
&2). The discharge is therefore nearly symmetrical and well
confined. The lower electrode is rf powered, and shielded
underneath to prevent plasma from striking below the elec-
trode. Four different rf generators, operating at 13.56 MHz,
40.68 MHz, 60 MHz, and 81.36 MHz, can be connected to
the bottom electrode through a matching network. The
matchbox configuration was modified depending on the rf
frequency employed. At 13.56 MHz, a '-configuration was
used while at 60 MHz and above, an L configuration with
minimized series inductance was used. The ion flux variation
across the reactor was measured by a system composed of an
8"8 matrix of planar electrostatic probes inserted in the
grounded upper electrode and biased at #30 V. The probes
are regularly spaced and monitored through a LABVIEW in-
terface. The time needed to read all probes was less than 2 s.
The 2D ion flux surfaces were all normalized to their maxi-
mum values to emphasize changes in their relative shapes
rather than in absolute values.

Figure 1 shows the ion flux uniformity at low rf power
#50 W$ for 13.56 MHz (Fig. 1#a$), 60 MHz (Fig. 1#b$), and
81.36 MHz (Fig. 1#c$) excitation. At this low power, the skin
depth is large compared to the electrode spacing, so the skin
effect is negligible. As expected, the ion flux increases with
the driving frequency for nominally constant power #maxima
of Ji!0.07 mA cm#2 at 13.56 MHz, Ji!0.15 mA cm#2 at
60 MHz, and Ji!0.18 mA cm#2 at 81.36 MHz$. The ion
flux is fairly uniform at 13.56 MHz #although it is slightly
higher near the edges$ but for 60 MHz and 81.36 MHz, the
flux is maximal at the center with a domelike distribution
#we note that a slight increase of the ion flux is observed in
the four corners in the 81.36 MHz case$. Assuming a sheath
width of s!5 mm, the estimated wavelength in the presence
of plasma (from Eq. #1$) is *!10.4 m$4R at 13.56 MHz, so
that a significant standing-wave effect is not expected. With
the same value of s , we find *!2.4 m at 60 MHz and *!1.7
m at 81.36 MHz, so a significant standing-wave effect is
expected above 60 MHz. However, the sheath width is ex-
pected to decrease when the frequency increases since the
electron density increases and the sheath voltage decreases
#at constant nominal power$. The value of s can be adjusted
(see Eq. #1$) to match the experimental ion flux profiles. This
is shown in Fig. 2, where the best fits are obtained for s!5
mm at 60 MHz, and s!3.5 mm at 81.36 MHz. Both values
seem reasonable.

The effect of increasing the rf power is shown in Fig. 3.
The ion flux distributions were measured at 60 MHz and 150
mTorr, for rf powers between 50 W and 265 W. The maxi-
mum electron density, deduced from the ion flux by the ap-
propriate Bohm theory,12 is also shown for each rf power. As
mentioned herein, the ion flux is maximal at the center for
low power #low electron density$ due to the standing-wave

FIG. 1. 2D ion flux uniformity at 150 mTorr and 50 W, for 13.56 MHz #a$,
60 MHz #b$, and 81.68 MHz #c$. The standing-wave effect is observed at 60
MHz and is more pronounced at 81.36 MHz.

FIG. 2. Ion flux profile at (x ,y!0), for 150 mTorr/50 W, at 13.56 MHz
#stars$, 60 MHz #full squares$, and 81.36 MHz #empty circles$. Superim-
posed are the calculated profiles #dotted lines$, i.e., cos2(2+x/*) with *
(given by Eq. #1$). We chose s!5 mm at 13.56 MHz and 60 MHz and
s!3.5 mm at 81.36 MHz. The solid line is the vacuum solution,
cos2(2+x/*0), at 81.36 MHz.

244 Appl. Phys. Lett., Vol. 83, No. 2, 14 July 2003 Perret et al.
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Uniformity Control via voltage waveform tailoring

Space resolved lateral ion flux at the grounded electrode of a large area CCPs (rectangular electrodes, 
40 cm x 40 cm) operated in H2 at 150 Pa, 1.4 cm electrode gap, P40 = 200 W, P80 = 450 W. 

By tuning the phase between the driving harmonics lateral non-uniformities of the ion flux due to the 
Standing Wave Effect can be eliminated completely. 

Further research is required to explain these observations (modeling).

E. Schuengel et al. 2015 Appl. Phys. Lett. 106 054108
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electric field and can be multiplied by collisions. In this way 
ionization by fast neutrals increases the electron impact ioniza-
tion rate (we note that a similar effect takes place in the sheath 
of cold-cathode DC discharges [27]). At the low pressures 
of 5  Pa the collisional multiplication of electrons inside the 
sheaths is inefficient and the effect of the ionization by fast 
neutrals on the ionization rate of electrons is relatively weak, 
but present. This effect is more important at higher pressures. 
We also note that while the ionization rate corresponding to 
ions, figure 4(c), shows a modulation in time, the fast neutral 
induced ionization rate (shown in figure 4(d)) exhibits no time 
dependence. The temporal dependence of the ionization attrib-
uted to ions is related to the modulation of the ion flux by the 
time-varying electric field in the regions near the electrodes.

The total ionization rate for V0 = 1000 V, as resulting from 
our most accurate model (model E, which includes the cal-
culation of the effective secondary electron yield, γ*) is dis-
played in figure 5 for p = 5 Pa and V0 = 1000 V. The plot 
reveals the dominance of the α-mechanism in the ionization, 
however, the main maxima of the ionization rate extend far 
beyond the expansion of the sheaths (see also with figure 4(a)) 
and indicate significant ionization in the bulk plasma at phases 
of expanded sheaths. This contribution, as well as ioniza-
tion within the sheaths near the sheath/bulk boundaries, are 
maintained by electrons (emitted from, or created near the 
electrodes) that are accelerated in the sheath electric field. 
Additionally, one can also identify ionization near the elec-
trodes, which is caused by collisions of fast heavy particles (as 
seen in panels (c) and (d) of figure 4).

In figure  6 we compare the effective secondary elec-
tron yield values obtained in simulations based on models 
C (tracing only ions) and E (tracing ions and fast neutrals). 
The data are presented as a function of the driving voltage 
amplitude. At low voltages the contribution of the fast neu-
trals is negligible, since at such conditions the energy of fast 

neutrals at the electrodes is low and no secondary electrons 
are generated upon their impact (see figure 1(b)). At higher 
voltage amplitudes both the ion and neutral induced electron 
yields rise and, therefore, γ* increases as a function of V0. 
Meanwhile, the contribution of fast neutrals becomes clearly 
remarkable. At the highest voltage amplitude fast atoms in 
model E increase γ* by about 50%, compared to the results 
of model C. The significant change of the effective secondary 
electron yield γ* with discharge conditions (change with V0 
by about a factor of 2 for model C and by almost a factor of 
4 for model E) directs the attention to the problem of using a 
constant yield for a wide range of conditions, as often used in 
simulation studies. It should be noted, however, that “elemen-
tary” energy-dependent secondary electron yield data, such as 
shown in figure  1(b), are hardly available for different gas/
electrode material combinations.

3.2. Intermediate pressure (20 Pa)

In figure 7, the ion density at the center of the discharge, as 
well as the flux and mean energy of ions reaching the elec-
trodes are shown as a function of the driving voltage amplitude 
for p = 20 Pa. The effect of the modeling assumptions on the 
discharge characteristics is more pronounced here compared 
to the low pressure, 5 Pa case (see figure 2). The comparison 
of the results of models A and D, both of which neglect sec-
ondary electron emission, shows a moderate effect of heavy 
particle processes in the gas phase; the increase of the plasma 
density and ion flux (due to ionization by heavy particles) is in 
the order of 20–30 % at the highest driving voltage amplitude. 
The effect of fast atoms on the calculated plasma density can 
also be observed in figure 8, where the time-averaged charged 
particle densities are presented for 800 V and 1000 V. Figure 8 
reveals the impact of fast neutrals on the length of the sheath 
as well: tracing fast neutrals in the model results in a decrease 

Figure 7. Ion density in the center of the discharge (a), ion flux, Γi (b), and mean ion energy, 〈Ei〉 (c), at the electrodes as a function of 
the driving voltage amplitude, obtained from PIC/MCC simulations with models A–E. Discharge conditions: 20 Pa, 13.56 MHz, 2.5 cm 
electrode gap.
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ionization in the bulk, which finally leads to the increase of the 
plasma density and decrease of the length of the sheaths. This 
effect is stronger at higher driving voltage amplitudes due to 
more ionization by fast neutrals inside the sheaths and a more 
effective acceleration and multiplication of electrons gener-
ated inside the sheaths by heavy particle ionization.

Figure 7 also reveals that, compared to the cases (models A 
and D) with γ = 0, the ion density, the ion flux and mean ion 

energy gradually increase (at any fixed voltage amplitude) by 
the inclusion of an energy-dependent secondary electron yield 
of the ions (model C), by considering additionally secondary 
electrons liberated by fast neutrals (model E), and by assuming 
a constant secondary yield of γ = 0.1 (model B). This sequence 
suggests (as will be shown later) that the effective secondary 
electron yield γ* remains always below 0.1 for the conditions 
covered here.

While the gas phase processes of fast atoms have a limited 
impact on the ion density (figure 7(a)), the secondary elec-
trons emitted by fast atoms result in a significant increase 
of the ion density, at voltage amplitudes exceeding about 
500 V. The higher ion fluxes at these conditions (figure 7(b)) 
are the consequence of the higher plasma density. The mean 
energy of ions at the electrodes, displayed in figure 7(c), is 
also affected by fast atoms. The increase of the mean energy 
is due to the effect of fast atoms on the length of the sheaths 
(figure 8): when fast atoms are traced, higher plasma densi-
ties and shorter sheath lengths are obtained. The decrease of 
the sheath lengths leads to less collisions involving ions in 
the sheaths. Therefore, ions reach the electrodes at higher 
energies.

A remarkable effect seen in the simulations at high voltage 
amplitudes is the divergence of the discharge characteristics for 
certain conditions. These conditions exclude models A and D, 
in these settings the simulations converge for the whole domain 
of driving voltage amplitudes. In the other models, however, 
where the apparent secondary yield becomes high at high volt-
ages (models C and E, see later), convergence is found only for 
driving voltage amplitudes below ∼700 V. In the case of model 
B, where γ is fixed at a high value, 600 V is the maximum 
driving voltage amplitude for which convergence of the dis-
charge characteristics can be obtained. We note that in experi-
ments, the driving voltage amplitudes are typically limited to 
about 500 V under these conditions as increasing the driving 
power results in an increase of the current, but the voltage 
increase is limited [51, 52]. This again shows that including 
fast neutrals in simulations of CCPs under conditions relevant 
for plasma processing applications is important.

A comparison of the time-averaged charged particle densi-
ties is shown in figure 10, for an effective secondary electron 

Figure 10. Time-averaged charged particle density distributions 
obtained from PIC/MCC simulations using an effective secondary 
electron emission coefficient, γ*, and tracing both ions and fast 
neutrals in the simulation (lines with symbols, model E), and using 
a constant secondary electron emission coefficient, γ = 0.1, and 
tracing only ions in the simulation (lines, model B). Discharge 
conditions: 20 Pa, 13.56 MHz, 500 V voltage amplitude, 2.5 cm 
electrode gap.

Figure 11. Effective secondary electron emission coefficient, γ*, as 
a function of the driving voltage amplitude obtained from PIC/MCC 
simulations using energy-dependent secondary electron emission 
coefficients and tracing only ions (line with open squares, model C) 
and both ions and fast neutrals (line with open circles, model E) in 
the simulations. Discharge conditions: 20 Pa, 13.56 MHz, 2.5 cm 
electrode gap.

Figure 12. Spatio-temporal plot of the total ionization rate as 
obtained from model E for p = 20 Pa and V0 = 700 V. The color 
scale is logarithmic, covers two orders of magnitude, and is given in 
units of m−3s−1.
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In most simulations, surface coefficients are guessed, e.g. % = 0.1. This can lead to drastically wrong results. 

Surface coefficients typically depend on the incident particle energies, impact angle, surface material, etc. 

Typically, they are only known for ultra-clean surfaces from beam experiments. The plasma, however, 
usually alters the surface conditions and can change the surface coefficients drastically. 

Models to calculate and diagnostics to measure surface coefficients in-situ in the plasma are required.
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Conclusions

• Control of heating dynamics and distribution functions is an important hot topic of current research. 

• A high number of important fundamental questions remains unanswered.  

• Next generation plasma processing tools require process optimization based on a detailed understanding 
of the plasma physics rather than trial-and-error methods. Novel concepts to customize distribution 
functions are required.  

• There is a significant lack of funding for fundamental research on particle heating dynamics and control 
of distribution functions in the US. 

• Consequently, the US is loosing its leading role in this field to Europe and Asia. Moreover, the education 
of the next generation of process engineers and scientists is in great danger.  

• If adequate funding is not restored, the societal and economic impact will be enormous. US companies 
will not be competitive in this research oriented multi-billion dollar industry. 

• Collaborations between companies and academia must be strengthened. Industry and national funding 
agencies should provide significant levels of funding together.  


