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Abstract

In recent years, low pressure plasma processes for the surface modifica-
tion of solid particles experienced rapid development. Polymer powders
were modified to become more wettable and the flowability of phar-
maceutical agents could be enhanced in tens of milliseconds compared
to hours by conventional methods. However, severe drawbacks caused
by low pressure operation such as the need for expensive vacuum sys-
tems, reactor clogging due to enhanced powder deposition, and semi-
continuous processing limit the implementation of plasma processes at
industrial scale. As a consequence, the applicability of non-thermal dis-
charges at atmospheric pressure to the surface treatment of temperature-
sensitive particulate materials is evaluated.

In this thesis, an atmospheric plasma device is presented, which ap-
plies the near (remote) afterglow of micro-barrier discharges (µ-BD) for
surface treatment. The modular design is based on a cylindrical arrange-
ment of 64 discharge channels pointing towards a central treatment zone
where the afterglow treatment takes place. The applied channel cross sec-
tions are 2× 1mm2 and 2× 0.5 mm2. Motivated by the urge to extend
the displacement distance of active species and thus improved develop-
ment of the near afterglow region at atmospheric pressure, high channel
velocities were applied.

At first, the µ-BD properties in a single discharge channel are inves-
tigated. Due to small discharge volumes and therefore limited applica-
bility of common measuring techniques (Lissajous figure), the statistical
evaluation of single discharge events is applied to study the influence
of transonic flow conditions on the microphysical discharge processes
in gases with different discharge mechanisms (streamer and Townsend).
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Similar velocity dependencies of the discharge behavior can be observed
in synthetic air and helium. For the latter, subsonic channel velocities
are sufficient to distinctively alter the statistical discharge characteristics
(e.g. charge transfer, burst duration) whereas transonic flow is needed
to alter those of µ-BD in synthetic air. It is discussed that substantially
longer lifetimes of helium metastables compared to short-lived radicals
in oxygen containing µ-BD are responsible for this discrepancy. The re-
moval of these intermediate species from the discharge by convective
transport results in an increase of the apparent burning voltage.

In order to examine the efficiency of the remote surface treatment,
cylindrical polymer samples (polymethyl methacrylate) with a diameter
of 5mm are exposed to the plasma afterglow inside the treatment zone.
At the best process conditions so far, the water contact angle (WCA)
is effectively reduced from 80◦ of the untreated sample to 52◦ within
a treatment time of 10 s. The power density inside the discharge chan-
nels and the process gas composition are identified as most critical pro-
cess parameters. At a µ-BD power density of 0.2 W·cm−3 (∼ 3.5W), the
temperature of the polymer sample increases by less than 4 ◦C. A ten-
fold increase of the power would still be acceptable without additional
cooling requirements and could contribute to a reduction of the WCA
within shorter treatment times. Furthermore, the effect of different dis-
charge mechanisms on the WCA is less dominant for remote treatment
processes.

The application of a semi-empirical model, which describes the spatial
expansion of the plasma at applied voltages close to breakdown condi-
tion, showed the importance of sufficient excess voltage to completely
ionize a given electrode area. Therefore, the applied voltage must exceed
the burning voltage by at least 3 kV for oxygen containing gases to have
full plasma expansion.

Future work will mainly focus on the feasibility of the atmospheric
afterglow treatment to polymeric powders by further optimizing the pro-
cess conditions. There are also good opportunities for scientific progress
with respect to surface depositions or gas-phase synthesis of nanopar-
ticles in a continuous, atmospheric powder treatment device by adding
inorganic precursors to the process gases.
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Zusammenfassung

Niederdruckverfahren unter Einbezug einer elektrischen Gasentladung
zur Oberflächenbehandlung von feinkörnigen Pulvern haben in den
letzten Jahren stark zugenommen. Diese sogenannten Plasmaprozesse
ermöglichen beispielsweise die Verbesserung der Benetzbarkeit von
Kunststoffpartikeln zur Erzeugung wässriger Suspensionen oder Pasten
ohne Zugabe von schädlichen Zusatzstoffen. Ausserdem ermöglichen sie
die Gasphasenabscheidung von Nanopartikeln auf kohäsiven, pharma-
zeutischen Wirkstoffen mit dem Effekt einer deutlichen Erhöhung der
Fliessfähigkeit. Dies innerhalb von wenigen Millisekunden im Vergleich
zu konventionellen Methoden, die mehrerer Stunden dauern. Deutliche
Nachteile beim industriellen Einsatz solcher Niederdruckprozesse erge-
ben sich durch die hohen Kosten der Vakuumtechnologie, den begrenz-
ten Einsatz in kontinuierlichen Anlagen sowie die verstärkte Pulverab-
lagerung. Zu diesem Zweck wurde ein Konzept zur Übertragung die-
ser Verfahren auf einen Prozess bei Umgebungsbedingungen ausgearbei-
tet. Die Zielsetzung war temperaturempfindliche Stoffe in einer nicht-
thermischen Gasentladung zu behandeln.

Im Rahmen dieser Arbeit wird daher ein neuartiges Reaktorkonzept
basierend auf der Oberflächenbehandlung im nahen Afterglow einer di-
elektrischen Entladung präsentiert. Dieses baut auf der symmetrischen
Anordnung von insgesamt 64 Entladungskanälen pro Reaktoreinheit auf,
welche radial um eine zylindrische Behandlungszone angeordnet sind. Die
effektiven Kanalquerschnitte sind 2× 1 mm2 und 2× 0.5mm2. Damit die
durch das Plasma erzeugten und zur Oberflächenbehandlung benötigten,
kurzlebigen Radikale in die Behandlungszone eindringen können, werden
Gasgeschwindigkeiten erzeugt, die eine ausreichende Verschiebung dieser
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aktiven Moleküle gewährleisten.
In einem ersten Schritt werden die Entladungseigenschaften in einem

Einzelkanal untersucht. Aufgrund der eingeschränkten Volumenausdeh-
nung können bekannte Methoden wie die Lissajous Figur nicht verwendet
werden. Aus diesem Grund wurde das statistische Verhalten von vie-
len Einzelentladungen bei Gasgeschwindigkeiten im Übergangsbereich
zur kritischen Kanalströmung beschrieben. Es zeigt sich, dass der Effekt
von hohen Geschwindigkeiten auf die Entladungseingenschaften in He-
lium und Luft trotz unterschiedlichen Entladungsmechanismen ähnlich
ist. Im Gegensatz zu Luft reichen kleine Änderungen in der Strömung
bei Helium aus, um das Entladungsverhalten signifikant zu verändern.
Ausserdem erhöht sich dadurch die zur Aufrechterhaltung des Plasmas
benötigte Brennspannung. Dies kann durch die unterschiedliche Lebens-
dauer der gasspezifischen Radikale erklärt werden.

Um die Effizienz dieser Barriereentladung im neuen Reaktorkonzept
zu zeigen, werden zylindrische Proben aus Polymethylmethacrylat dem
Afterglow der Entladung ausgesetzt. Im besten Fall zeigt sich eine Kon-
taktwinkelreduktion von 80◦ auf 52◦ innerhalb weniger Sekunden bei
einer Leistungsdichte im Plasma von 0.2W·cm−3 (∼ 3.5 W). Die Tempe-
raturerhöhung des Substrats von 4 ◦C ist bei momentan maximal mögli-
chem Leistungseintrag gering. Grobe Abschätzungen anhand der vor-
handenen Messwerte zeigen, dass bei zehnfach höherer Plasmaleistung
die Effizienz deutlich gesteigert und gleichzeitig die Gastemperaturen
ohne zusätzliche Kühlung ausreichend tief gehalten werden könnte. Das
Auftreten einer filamentierten oder homogenen Entladungsstruktur hat
keinen Einfluss auf die Behandlung im nahen Afterglow.

In einem halbempirischen Model konnte gezeigt werden, dass in einem
Sauerstoffgasgemisch die angelegte Spannung um ca. 3 kV höher sein
muss als die entsprechend Brennspannung, um eine vollständige Ausbil-
dung des Plasmas im Gasspalt zu erreichen.

Die weitere Optimierung der Prozessparameter kombiniert mit einer
Machbarkeitstudie zur Behandlung von Kunststoffpulvern wäre die lo-
gische Schlussfolgerung für zukünftige Projekte. Die Verwendung von
anorganische Zusatzstoffen würde die mögliche Synthese von Nanopar-
tikeln begünstigen und dadurch weitere Forschungsgebiete eröffnen.
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Abbreviations
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DBD dielectric barrier discharge
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Greek letters
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utz,lin m·s−1 treatment zone velocity of linear APR
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stat statistical
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Chapter 1

Introduction

1.1 Motivation

Industrial processing of bulk materials and powders constitutes an enor-
mous market worldwide. In particular in the pharmaceutical industry,
the majority of the intermediates and final products are manufactured
and processed as solids. Another economically important industrial sec-
tor corresponds to polymers where the raw material is often distributed
in the form of powders or pellets. The decisive advantages of partic-
ulate materials include the simple product handling, the high specific
surface to volume ratio that allows fast surface reactions and high dis-
solution rates, and the possibility of accurate dosing [1]. Despite their
outstanding properties, powders also exhibit some severe drawbacks such
as particle agglomeration, poor flow behavior, or dust formation that en-
force special safety precautions. Particularly in polymer industry, the low
surface energy of common polymer powders - typically ranging from 19
to 43mN·m−1 [2] and thus making them hydrophobic - limits their ap-
plication due to poor adhesion ability and wettability. According to an
estimate more than 75 % of the available polymers necessitate further
surface improvement prior to commercial use such as painting, coat-
ing, printing, gluing or bonding [3]. The required surface modification
steps include different solution-based and gas-phase processes such as
wet-chemical treatments, flame and thermal oxidations, UV/oxygen pro-
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cesses or plasma treatments such as corona or low pressure glow dis-
charges [2]. The available technologies are manifold. Chemical processes,
however, often involve wetting agents (tensides) and polluting solvents,
thus dry plasma processes are seen as an economical and environmentally
friendly alternatives [4].

e-

O2

O*

O*

O OH

O

OH

Figure 1.1: Introduction of surface hydrophilic groups on polymer par-
ticles in a oxygen containing plasma, which leads to higher wettability
and enhanced surface energies (adapted from [1]).

In a recent work of Arpagaus et al., an elaborate surface treatment
process for temperature sensitive polymers in a low pressure, oxygen
containing plasma was proposed [1]. It was demonstrated that a plasma
exposure time of 0.14 s effectively improved the wettability of common
polymer powders by forming oxygen-functional groups such as hydroxyl
(OH), carbonyl (C=O), and carboxyl (COOH) (Figure 1.1). With re-
spect to its applicability in industry, the process was realized in a down
stream reactor, which differs from common reactor designs (e.g. fluidized
beds or rotating drums) by the very short residence time of the parti-
cles in the plasma zone. The dispersion of the powder agglomerates was
adequately addressed to guarantee homogeneous surface treatment. As
such, a sophisticated process is available to meet the requirements of the
polymer industry.

Another industrial sector with potential interest in dry surface tech-
nologies to modify powder surfaces without effecting their bulk material
properties includes most manufacturers of chemical and pharmaceuti-
cal products. Typically, 80 % of the intermediates are processed as solids
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that often have unique properties, which rarely apply to the requirements
for continuous production. Clogging and malfunction of the equipment
can be caused by poor flow behavior of powders. Also precise dosing of
active ingredients in tablet production requires good product flowabil-
ity. The addition of nanoscale glidants, which is often referred to as flow
conditioners in the literature [5], is a commonly used method to improve
the flow behavior of cohesive powders. A homogeneous coverage of the
particle surface by these nanoscale flow conditioners is critical to obtain
the aspired effect. Thus, batch mixing over several hours is needed to
obtain a sufficient improvement of the flow behavior.

HMDSO

Ar, O2

SiOx

Figure 1.2: Nanoparticle formation in a low pressure plasma and simul-
taneous attachment to a substrate particle (adapted from [6]).

A novel particle treatment technique was recently patented that effi-
ciently improves the flowability of fine powders in a similar down stream
reactor as described above [7]. In contrast, the concept here is based on
the formation of nanoparticles in a low pressure plasma and their simul-
taneous attachment to the surface of the substrate particles (Figure 1.2).
Similar to the flow conditioners, these nanoparticles lead to a reduction
of the inter-particle forces (Van der Waals forces) and thus to improved
flowability of cohesive powders. Spillmann et al. showed the feasibility of
this fast treatment process for different lactose qualities (fine and coarse
powder) and succeeded in achieving easy-flowing powder from originally,
strongly cohesive pharmaceutical products [6]. Without doubt, the po-
tential of this plasma assisted system is enormous considering treatment
times of less than < 0.1 s compared to hours in conventional mixing pro-
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cesses [5, 8].
In summary, both elaborately described techniques such as the wet-

tability improvement of polymeric particulate and the enhancement of
the flow behavior of cohesive powders have great commercial potential.
However, high acquisition and operational costs at industrial scale due
to the required vacuum equipment and thus constrained operation in a
semi-continuous mode, strongly limits their implementation in industry
[9]. Unfortunately, low pressure plasma based processes generally face
the problem of being quite expansive and only economically justifiable
for high value products. For this reason, a process operating at ambient
pressure is aspired that could provide similar possibilities in fine powder
treatment.

1.1.1 Particle treatment at ambient pressure

The application of atmospheric plasmas to the surface modification of
temperature sensitive particulate materials would provide a solution to
the disadvantages of low pressure systems such as comparably high in-
vestment costs, enhanced processing time due to evacuation and vent-
ing, and the difficulty of continuous processing. The present work thus
focuses on the use of a simple and less expensive barrier discharge (BD)
arrangement for the surface modification of polymeric powders. This
non-thermal plasma is known to generate long-lived, reactive species that
are transported from the plasma source to a treatment zone. There, the
powders are treated in the afterglow region of the plasma (remote setup).
By this separation, particle interaction with the plasma can be avoided,
and thus ion bombardment, particle charging and heating, plasma insta-
bilities [10], and power losses due to energy absorbance of the particles
are inhibited [11]. Furthermore, the remote technique provides more in-
dependence of the discharge regime, its spatial development, and local
plasma parameters (electron/ion energy), since only the final concentra-
tion of emerging radicals and their chemical composition is important
for the surface treatment. Radical lifetimes around 1-30 ms were reported
depending on the process gas applied [12], leading to macroscopic dis-
placement distances in high velocity flows. In order to restrain the process
gas consumption, small cross sections are aspired.

The goal of this work combines therefore fundamental research in non-
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thermal, atmospheric pressure plasma with the development of a remote
particle surface modification process. Long-term prospects are numerous
for such a system. Most promising is the advantage of simple scale-up
rules for large industrial applications since the channel size can be main-
tained while the number of channels is simply multiplied. Consequently,
the plasma will not change and the results from the fundamental descrip-
tion will be inherited. Thus, scaling coefficients such as the one proposed
by Yasuda for industrial devices become less important [13].

1.2 Objectives

Within the scope of this research project, the feasibility of the afterglow
treatment of heat-sensitive particulate materials is approached in a novel
reactor concept applying non-thermal barrier discharges. The key issue
that must be addressed here is the transport of radicals at atmospheric
pressure, which can be enhanced by applying high gas velocities. Conse-
quently, the behavior of an atmospheric barrier discharge confined in a
small channel and exposed to high velocity must first be understood. A
flexible setup based on a single discharge channel is required for detailed
investigations of the barrier discharge properties for different geometries
and discharge conditions. Once the single-channel discharge device can
successfully be operated at high velocities, a lab-scale system based on
numerous micro-plasma reactors is developed to treat particles at ambi-
ent conditions.

The present work is structured according to the two aspects men-
tioned, which include barrier discharge characterization and surface
treatment. After a brief review of the relevant literature in Chapter 2
including the basic theory of transonic flows in narrow channels both
experimental arrangements are discussed separately in Chapter 3. This
is followed by the description of analytical methods applied to the elec-
trical characterization of the plasma and the measurement of surface
modification (Chapter 4). The discharge properties in a single channel
are addressed in Chapter 5 and Chapter 6. The former is devoted to
the comparison of the discharge characteristics at low channel velocities
to conditions close to critical flows. Additionally, the effect of different
pressure and applied voltages close to breakdown is discussed. A semi-
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empirical model to describe the plasma expansion at low applied voltage
and its effect on the apparent dielectric capacitance is proposed in Chap-
ter 6. Chapter 7 then presents first results of polymer surface treatment
in the afterglow region of a barrier discharge. Conclusions (Chapter 8)
and an extended outlook (Chapter 9) complete this work.
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Chapter 2

Basics and state of the
art

2.1 Surface modification by plasma

The scientific and technological interest in modifying the surface of solid
materials and thus being able to actively control the material properties
already arose decades ago. In one of the first monographs dated from the
late 19th century, the Thenard brothers described the formation of solid
materials in a plasma of organic vapor [14]. Since then, plasma processing
technologies have made tremendous progress not only in the deposition of
functional layers, but also in other fields like surface treatment especially
in activation or etching.

When vacuum technology improved at the beginning of the 20th cen-
tury, low pressure processes caught great attention due to the unique
properties of low pressure discharges. These include moderate ignition
voltages, the ability to create large-volume glow discharges, which have a
considerable advantage for homogeneous surface modification, and typ-
ically low overall gas temperatures that result from inefficient energy
transfer between energetic particles (electrons) and heavy particles (ions,
neutrals). Thus, the latter remain at ambient temperature as shown in
Figure 2.1. As a consequence, the field of possible applications could be
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extended to temperature sensitive materials (e.g. polymers). Over the
years, numerous works about low pressure applications have been pub-
lished in all kind of different industrially relevant fields such as diamond-
like carbon coatings [15, 16], oxygen and water diffusion barrier coatings
for nutritional packaging [17, 18], solar cells, and wear resistant coatings
applied in the automotive industry [19].
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Figure 2.1: Dependence of electron and ion temperature on the gas
pressure in an electric arc (adapted from [20]).

Despite the successful development and broad commercial use of low
pressure plasma surface modification techniques, the need for always
simpler and cheaper production methods led to a controversial discus-
sion of its feasibility in certain applications. Besides the high acquisi-
tion, maintenance, and energy costs of vacuum equipment, complex and
expensive pressure locks are required in order to charge and discharge
the plasma apparatus. Only few continuous production lines have been
reported in literature and semi-batch operation is often seen as a bottle-
neck in processing [21]. All sorts of plasma processes at ambient pressure
are thus convenient alternatives to quite expensive low-pressure plasma
techniques.
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2.1.1 Atmospheric discharges

Investigation of electrical discharges in gases also has a long history.
Meanwhile many different types of atmospheric discharges have been
elaborately explored and characterized for the modification of surfaces.
In fact, one of the first plasmas being technically applied was an arc
discharge used as street light in Paris in 1844 [22]. Even earlier, first ex-
periments with electrical discharges including sparks and lightning were
already performed by Sir Humphry Davy and Foucault at the end of the
18th century [23]. These thermal discharges are mainly characterized by
equivalent energy levels of their main constitutes, i.e. neutrals, ions and
electrons (see Figure 2.1). Due to excessive gas heating, thermal plasma
are often used nowadays for cutting and melting in metal industry or for
the deposition of wear and corrosion resistant layers on thermally sta-
ble materials. However, temperature sensitive materials require gentile
treatment.

Figure 2.2: Design of the first ozoniser by von Siemens [24].

Without being aware of the potential magnitude of his invention, von
Siemens proposed an electrical discharge device for the industrial pro-
duction of ozone in 1857 [24]. The novel feature of this configuration
was an electrical discharge confined by the glass walls of two concentric
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tubes (Figure 2.2). As such, von Siemens succeeded in igniting a non-
thermal discharge. Consequently, excessive gas heating could be avoided
though operated in air at atmospheric pressure. Since the dielectric glass
barriers have a strong influence on the discharge properties, this type of
discharge is often referred to as dielectric barrier discharge (DBD) or sim-
ply as barrier discharge (BD). The current flows in randomly distributed,
small discharge filaments that are often referred to as micro-discharges
due to their typical geometrical expansion of ∼ 100 - 200 µm [25].

Slow progress was made until in the late 80’s and early 90’s, researches
succeeded in stabilizing atmospheric discharges and reported about the
appearance of a stable glow discharge in a configuration similar to that
used by von Siemens [26, 27]. As a consequence, this new method was
seen as great opportunity for large scale surface modification at low
processing costs. For this reason, a lot of effort has been put into the
understanding and enhancements of these non-thermal BD over the last
twenty years. As a result, a large number of different discharge types
with non-thermal character have been reported, which include various
types of coronas [28, 29], micro-hollow cathode discharges (MHCD) [30],
microwave (MW) and radio-frequency (RF) glow discharges [31, 32], di-
rect current [33], and of course conventional BD [34, 35]. The technical
field where these non-thermal discharges are applied is manifold. These
days, atmospheric discharges gain more importance and are seen in in-
dustry as the most promising candidate for future development in the
area of plasma technology [9]. The following list gives an non-conclusive
overview of the technical fields where BD are applied [23]:

• ozone production

• plasma display panels

• sterilization/decontamination

• pollution control

• surface material processing

• aerodynamics

The aforementioned types of non-equilibrium, atmospheric pressure
plasmas indeed have relatively low gas kinetic temperature. However,
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RF discharges, MHCDs, plasma torches, and pulsed glow discharges are
still lacking sufficiently low overall gas temperature Tg with respect to
the surface modification of temperature sensitive materials (e.g poly-
mers, pharmaceutical agents) [36]. On the contrary, the gas temperature
Tg is typically close to room temperature for BD independent of the dis-
charge mode (filamentary or glow like) as well as corona discharges, and
thus show ideal conditions for the aimed purpose of surface treatment
of sensitive materials at atmospheric pressure. Typical operating param-
eters and thereof resulting plasma properties for different atmospheric
discharges are depicted in Table 2.1. The unique characteristic of com-
mon filamentary µ-BD, which include high electron temperature Te and
electron density ne while keeping the gas temperature low, makes this
discharge type a promising choice for the purpose of this project.

As a consequence, the subsequent overview of literature about surface
treatment and film depositions is going to be focused mainly on work
applying dielectric barrier discharges.

Table 2.1: Overview of plasma properties for different atmospheric plas-
mas (f : frequency, Pel: electrical power, pel: power density, ne: elec-
tron density, APGD: atmospheric pressure glow discharge, APFD: at-
mospheric pressure filamentary discharge, adapted from [37]).

Parameters: RF APGD APFD Corona

f [kHz] 13.5 · 103 0.05 - 50 0.05 - 50 1 - 103

Pel [W] 20 - 500 10 - 2000 20 - 1000 n/a
pel [W·cm−3] 3 - 30 0.5 - 1 1 - 50 1 - 50
Te [eV] 1 - 4 3 - 5 1 - 10 3 - 7
ne [cm−3] 1011 - 7·1012 1011 - 5·1012 1014 - 1015 109 - 1013

Tg [K] 300 - 700 300 - 500 300 - 400 300 - 400

2.2 Fundamentals of barrier discharges

In general, BD arrangements are typically characterized by the presence
of at least one dielectric layer (insulator) and a gas gap between two elec-
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trodes. Figure 2.3 shows a selection of the most common BD setups. In
principle, they can be categorized in two main groups: volume discharges
(2.3 a-c) and surface discharges (2.3 d). The latter are often investigated
in relation to aeronautical applications where external electrodes are dis-
advantageous. In this field, surface BD have successfully been applied on
airfoils to delay the separation of the boundary layer flow, and thus re-
duce the drag coefficient [38, 39]. Furthermore, a large scale coplanar
BD setup was recently presented for in-line processing of polymeric fab-
rics in a diffuse plasma [40]. In principle, the discharge modes obtained
are similarly to those observed in volumetric BD although surface BD
exhibit primarily a filamentary behavior at atmospheric pressure [41].

discharge gap

GND

HV
dielectric barrier

a) b)

c) d)

GND electrode

HV electrode

surface 

discharge

Figure 2.3: Common BD electrode configurations: a) asymmetric BD,
b) coaxial design, c) symmetric BD, and d) coplanar design for surface
discharges (adapted from [41, 42]).

The second and more widespread group of discharges include volu-
metric BD, for which a broad range of application have been established
over the last years. These include surface treatment and film deposi-
tion (see section 2.3), exhaust gas purification [43–45], ozone production
[44], UV light sources [46], chemical analysis [47, 48] or nanoparticle
synthesis [49]. According to public perception, the most famous repre-
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sentative of BD are plasma display panels, which are made of millions
of submillimeter-sized discharge cells [50].

2.2.1 Breakdown mechanism

The electrical gas breakdown in a BD generally follows the same physic
as between two metal electrodes and as such obeys the empirical relation
found by Paschen in 1889. According to Paschen’s law, the breakdown
voltage for a given gas is only a function of the pressure p multiplied by
the inter-electrode distance delec (Figure 2.4). After initial breakdown,
numerous discharge regimes are developed such as Townsend discharge,
normal glow, sparks and arcs. At atmospheric pressure, the discharge is
usually filamentary and in special configurations sometimes also similar
to a glow discharge. However, the following transient processes involved
in the gas breakdown are important for barrier discharges and are there-
fore distinguished in:

• Townsend breakdown

• Streamer breakdown

The main difference of both transition mechanisms can be seen in the
characteristic time scale of the discharges to occur.

Townsend breakdown

The Townsend breakdown mechanism is based on the successive multi-
plication of electrons in a homogeneous electric field. Omnipresent, free
electrons are accelerated by the applied electric field towards the anode.
By this process, the electrons obtain sufficient energy so that the high en-
ergetic fraction of the electrons can ionize other gas species. As such, an
electron avalanche is generated which drifts from the cathode to the an-
ode. On its way, further ionization occurs which is described by the first
Townsend ionization coefficient αT . Positive ions move the opposite way
and release further electrons at the cathode surface (second Townsend
coefficient γT ). Once the voltage is high enough to produce enough elec-
trons, a self-sustained breakdown occurs. The breakdown conditions by
Townsend is formulated as:

γT ·
(
eαT ·d − 1

) ≥ 1 (2.1)
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Using this Townsend breakdown criterion, an analytical approximation
of Paschen’s law can be derived (see [51]).

Ubd =
B · p · delec

ln A·p·delec

ln(1+1/γT )

(2.2)

where A and B are experimentally determined gas constants. The ap-
proximated Paschen curves for helium and air are shown in Figure 2.4.
External parameters like humidity or the frequency have a pronounced
effect on the effective evolution of the Paschen curve as it has been shown
for the latter by Baars et al. [52].

p⋅delec [bar⋅mm]

0.001 0.01 0.1 10 100

0.1

1

10

100

1

U
b
d
 [
k
V

]

He

air

Figure 2.4: Calculated Ubd according to equation 2.2 as func-
tion of p · delec (Paschen curve) for He (A =210mm−1·bar−1,
B =2.6 kV·mm−1·bar−1, γT =0.021) and air (A =1130 mm−1·bar−1,
B =27.4 kV·mm−1·bar−1, γT =0.005) [51].

Streamer breakdown

For strong electric fields and high p · delec values the number of elec-
trons in the avalanche head reaches a certain critical value ∼ 108 before
approaching the anode [23]. This accumulation leads to the formation
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of a sufficient space charge that distorts the applied electric field. This
effect has not been considered by Townsend but leads to a completely
different breakdown mechanism, which is much faster (∼ 1 ns) and is
mainly driven by a strong electric field induced by the avalanche head
itself. Once the streamer bridges the gap, a small conducting gas chan-
nel - a discharge filament - is formed. During the subsequent discharge
phase, charge is transferred through the filament and accumulated on the
dielectric layer. Typically, a multitude of these discharge filaments are
established randomly and homogeneously distributed over the electrode
area.

2.2.2 Discharge regimes

The existence of different discharge regimes has already been mentioned
in the previous sections. Under normal conditions a filamentary mode of
the BD is observed. Nevertheless, it has also been demonstrated that ho-
mogeneous or uniform discharges can be established under special condi-
tions [27, 53]. In a transient region between homogeneous and filamentary
discharges, a third regime is obtained that is characterized by successive
short current pulses during one discharge half-cycle. It is often referred
to as multi-peak or multi-pulse regime. In this work, the latter term is
used for the corresponding discharge appearance.

Filamentary BD

In the filamentary mode, the discharge starts with breakdown processes
at different positions [42]. Once the electric field inside the gap is suf-
ficiently high, the first discharge phase is initiated according to the
Townsend breakdown mechanism followed by the formation of a streamer
(2.5). After the streamer head has crossed the gap, charge is transferred
through the filament and accumulates on the dielectric surface. This
leads to a local collapse of the electric field and thus a self-induced de-
struction of the plasma channel. The complete discharge development
takes a few nanoseconds and has been investigated and simulated by
several authors [42, 54–56]. The transferred charge of one filament is typ-
ically 0.1 - 2.8 nC and proportional to the gap width [57]. The electron
densities, current densities, and electron energies are correspondingly
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Figure 2.5: Micro-discharge development, a) Townsend phase , b) de-
velopment of cathode layer, c) ionization- or streamer phase, d) die- and
recovery phase (1 : HV electrode, 2 : discharge gap, 3 : dielectric barrier,
4 : GND, 5 : concentration of electrons, 6 : discharge channel, 7 : residual
plasma channel, 8 : surface charge, adapted from [9]).

high.
Once the discharge process is finished, another micro-discharge at the

same location can only be initiated by further increasing the electric field
to compensate the deposited charges or by changing its polarity. As a
consequence, alternating fields are required to continuously drive these
discharges. During the reversed voltage half-cycle, the filaments appear
either at the same spot (regular pattern formation) or randomly depend-
ing on the charge migration on the dielectric surface. In either case, the
external electrical field is enhanced by the deposited charges from the
previous cycle and thus the external breakdown voltage is reduced in the
subsequent discharge processes. In stationary conditions, this voltage is
known as the burning voltage Ub.

Diffuse/homogeneous BD

Most of the pioneering work in this field has been done by Okazaki
et al. since 1978. Due to reasonable prospect of a cheap homogeneous
plasma process at atmospheric pressure, many groups turned towards the
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Figure 2.6: 10 ns exposure time photographs, a) filamentary discharge in
N2 (dg =4mm) [58], b) light emission during a APTD in N2 (dg =1mm)
[35].

investigation of diffuse discharges. In particular Massines and co-workers
performed a lot of fundamental studies to confirm the existence of a glow
discharge mode [53]. In contrast to filamentary discharges (streamers),
whose discharge physic is dominated by the creation of a space charge
field and thus the fast propagation of an ionizing wave to the cathode,
the production of electrons at low electric fields by Penning ionization
is crucial for a slow discharge development in homogeneous discharges.
The process of Penning ionization is characterized by the reaction 2.3
followed by 2.4 [59]. The effect of metastables M∗ and thus the presence
of a second component X with low ionization energy is important to
sustain the discharge. Nevertheless, if the concentration of X is too high
(e.g. few ppm of O2), the metastables are efficiently quenched and a
transition from the glow regime to filamentary BD can occur [60].

e + M → M∗ + e (2.3)

M∗ + X → X+ + e + M (2.4)

Over the years, differences in the discharge properties (current densities,
light emission) were found for various gases [61]. Strongly dominated
by the works of Massines et al., diffuse discharges are commonly distin-
guished in two categories: atmospheric pressure glow discharges (APGD)
and Townsend discharges (APTD). For the APGD observed in nobel
gases (He, Ar, Ne), the discharge is sustained by the production of elec-
trons and ions through Penning ionization in the positive column. On
the other hand, no positive column is observed in Townsend discharges
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(N2, air). Here, the diffuse discharge is sustained by seeding electrons,
which are created through secondary cathode emission by metastables
remaining in the gas phase between discharge cycles [59].

Figure 2.6 illustrates the difference between a filamentary and a diffuse
discharge regime. The latter has extensively been used for the treatment
of polymer surfaces [62, 63] and the deposition of thin films [64, 65] due
to more homogeneous radical distribution inside the discharge volume.

Multi-pulse BD

As mentioned earlier, a special form of diffuse BD can be observed that
is characterized by successive short current pulses during one discharge
half-cycle. Typically the leading pulse has a higher amplitude than the
succeeding pulses. Also, the current pulses are stable in amplitude and
appear usually at the same time during a discharge cycle. A characteris-
tic electrical signal of a multi-pulse discharge in helium is shown in Fig-
ure 2.7. The multi-pulse regime typically evolves from a diffuse discharge
by increasing the applied voltage [66], decreasing the signal frequency
[67] or by admixture of impurities in the range of 100 - 800 ppm (e.g. N2)
[68]. In the present work, a strong dependency of the gas velocity on the
number of repeating pulses is discussed.

It is not fully understood, but this phenomenon was first interpreted
by Akishev et al. as the oscillation of a cathode sheath of glow discharge
and accordingly modeled by Golubovskii and co-workers [70, 71]. On
the other hand, Mangolini et al. have shown that the successive pulses
correspond to breakdowns at different radial positions [72].

2.2.3 Characterization

The measurement techniques in atmospheric discharges must satisfy spe-
cial requirements that are different compared to those in low pressure
plasmas. Not only is the spatial restriction of BD to the sub-millimeter
range often a limiting issue, but also the nature of the discharges them-
selves. Single filaments are characterized by time scales of a few nanosec-
onds, current amplitudes that expand over several order of magnitude,
spatial extensions of a few hundred micrometers and very faint light
emissions. Therefore, BD have first been addressed by space and time
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Figure 2.7: Typical multi-pulse discharge in He (f =5 kHz, dg =1mm,
p =1000 mbar, adapted from [69]).

averaging methods. First evidence of filamentary BD was shown by mea-
suring the charge deposition on photographic plates e.g. Lichtenberg fig-
ures (Figure 2.8). On this basis, first rough models about the charge
transfer were developed [73].

Photographic methods were later combined with oscillographic mea-
surement [74]. Important electrical parameters were soon derived by the
charge-voltage (Q/U) representation that is also known as the Lissajous
figure. In principle, the transferred charge is measured by an external
capacitance. As explained in [75] and discussed in more detail in sec-
tion 4.1.1, the Q/U -diagram allows the determination of the power con-
sumption in a µ-BD. Since this method permits a precise measurement
of the power, the Lissajous figure has been established as standard pro-
cedure for the determination of electrical parameters in atmospheric BD
applications. However, information that would allow better insight into
the micro-physical behavior of such discharges is missing.

Latest technological developments and improved temporal and spatial
resolutions permit highly sophisticated investigations of µ-BD nowadays.
Two research groups in Moscow and Greifswald have strongly influenced
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Figure 2.8: Lichtenberg figure obtained from a short time exposure of a
photographic, dielectric plate during one half-cycle of a 400Hz discharge
in air (dg =1mm, original size: 7 cm× 10 cm, exposure time: te =1,25ms)
[42].

the development of cross-correlation spectroscopy (CCS) in plasma diag-
nostics [76]. CCS is based on the main idea to replace a direct measure-
ment of a single pulse luminosity by statically averaged determination of
the correlation function between two optical signals. The recorded quan-
tity is a probability density function (PDF), which is proportional to the
light intensity of a discharge event. The theoretical background of the
method can be found in [55]. Today, resolution of about 0.1 ns in time
and 0.1 mm in space is possible [76]. Fundamental work with respect to
the discharge development of surface BD in air [77], either diffuse or fil-
amentary volumetric discharges in helium, neon [68] or nitrogen [78] as
well as their corresponding transition phases [56] has been done. Other
common spectroscopic techniques include absorption spectroscopy [79],
optical emission spectroscopy (OES) [80] or laser induced fluorescence
techniques. The latter can be used to measure the local radical concen-
tration and radical distribution in gases such as nitrogen [81] or oxygen
(Figure 2.9) [82, 83].

However, large space requirements for the equipment and optical ac-
cessability to the discharge device sometimes hinder their use. In applica-
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Figure 2.9: a) Schematic illustration of an atmospheric plasma jet
(f =13.56MHz), b) spatial density distribution of O atoms in the after-
glow of the RF discharge (He/O2, cad =1 vol.-%, uc≈ 20m·s−1, adapted
from [83]).

tions such as the treatment of inner surfaces of micro-channels [84] or the
advancing technology of plasma printing [85], the feasibility of most of
the aforementioned methods is questioned. Here, the plasma is spatially
confined to a scale comparable to the intrinsic dimension of a micro-
discharge and therefore the total transferred charge is small. According
to Samoilovich et al. [57], a filament even extinguishes as the available
electrode area becomes too small to provide the critical charge neces-
sary to sustain such micro-discharges. If BD devices were operated close
to this limit (dimensions ∼ 100 - 500 µm [86]), even common measuring
methods as the Lissajous figure are hardly applicable [75].
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Statistical characterization

For this reason, an evaluation tool for miniaturized discharge cells is
proposed, which permits to overcome these deficiencies. Individual dis-
charge bursts of a representative number of discharge cycles are analyzed.
Consequently, statistical information is obtained on important discharge
parameters. Similar approaches have already been followed in the late
90’s to determine the magnitude of transferred charge in different gases
[74, 87]. Corresponding studies have been repeated for surface and vol-
ume discharges by Gibalov et al. [54]. Jidenko and co-workers also applied
the statistical characterization of BD in air focusing on the influence of
dielectric walls inside the discharge gap perpendicular to the electrodes
[88]. More recently, Siliprandi et al. pursued a similar approach to de-
scribe the temporal behavior of filamentary discharge currents in air [89].
In general, however, the statistical properties of the collective behavior
of the current bursts have not been discussed thoroughly in literature so
far.
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2.2.4 Terminology

Within the scientific community, various expressions for the same dis-
charge processes have emerged over the years. In order to remain con-
sistent in this work, the following terms and definitions are used in con-
nection with the description of µ-BD (Table 2.2).

Table 2.2: Terminology of discharge related terms that have been used
in this work.

Term Definition

filament a single discharge channel (micro-discharge) that
manifests after a streamer breakdown for a very short
time period of 10 - 100 ns [90, 91] and a diameter
< 200 µm [59].

burst typically several filaments combined (sets of fila-
ments or micro-discharges [57]), which occur prac-
tically simultaneously and cannot be distinguished
from each other in time. The total transferred charge
by one burst Qb is approximately the sum of the
number of filaments Nf multiplied by the charge
transferred by one single filament q, thus Qb≈Nf · q
[75].

pulse similar to bursts but specifically applied for diffuse
discharges (APGD or APTD), which are character-
ized by one or more large discharge events per half-
cycle. The corresponding time scale is in the range
of few µs, which is hundred times longer than a dis-
charge burst [62].

peak used in context with characteristic features in e.g.
probability density functions and not with discharge
events as often the case in literature.
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2.3 BD for surface modification

Surface modification techniques have been explored for many years to
improve the surface properties of polymers. Extensive literature is now
available and summarized in various reviews [21, 44, 75, 92, 93]. Conse-
quently, only the most relevant aspects of surface modification at atmo-
spheric pressure are summarized in this section. Since the benchmark was
set to treat polymeric materials, the first part stresses major concerns
that have been observed while treating flat substrates at atmospheric
pressure. In the second part, the surface modification of particulate ma-
terials and the corresponding design concepts will be evaluated with
respect to their efficiency and applicability in industrial processes.

2.3.1 Surface treatment

In general, gas-phase processes for the oxidation of polymer materials
show the unique advantage of changing the surface chemistry in the out-
most surface layer without effecting the material’s bulk properties. The
effective modification depth depends strongly on the energy input of the
process considered. In oxygen containing plasmas, the material is typi-
cally affected to a depth of ∼ 1 - 3 nm [94]. The complex surface chemistry
between radicals and the polymer structure was elaborately described by
Strobel an co-workers [29, 94]. Besides various radicals, photons emitted
in the UV range have also sufficient energies to effect the topmost poly-
mer layers, and thus can cause surface degradation or roughening. It is
therefore distinguished between species that form new chemical functions
(e.g. O, N, OH,...), and those affecting the chemical bonds (e.g. photons,
electrons, nonreactive ions He+) [63]. As a consequence, not only the
incorporation of polar surface groups increases the surface energy, but
also mere cleaning or surface roughening were found to have a decisive
influence on the wettability behavior. Furthermore, cross-linking and the
formation of double bonds by chemically non-reactive species (e.g. He
metastables) lead to surface stabilization [92]. Consequently, four major
effects are identified regarding the interaction of plasmas and polymer
surfaces as schematically summarized in Figure 2.10.

In contrast to cleaning, crosslinking, and surface activation, etching
was presumed to be less important in atmospheric compared to low pres-
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Figure 2.10: The four major effects of cold plasmas on polymer sub-
strates with respect to wettability (adapted from [95]).

sure plasmas due to the decreased formation of intense sheath potential
regions. However, homogeneous roughening of the surface is still found af-
ter excessive plasma treatment in filamentary BD [16, 96]. Some authors
attribute these topographical changes to the formation of water-soluble,
low molecular weight oxidized materials (LMWOM) [94, 97, 98]. Never-
theless, these effects are more pronounced in filamentary discharges.

In this context, the group of Massines addressed the role of different
BD regimes on the efficiency of polypropylene surface treatment and
concluded that the location of dissipated energy is crucial in particular
for atmospheric treatment since the mean free path of active species
is short (i.e. ∼ 10 nm) [21, 63, 92]. As a result, higher surface energies
were obtained by APGD due to the formation of a homogeneous cathode
glow close to the polymer surface and ability to form active species by
Penning ionization in its vicinity. In filamentary BD, the dissipation of
energy is confined in the discharge channels, thus being less efficient. The
randomly distributed filaments are also seen to cause inhomogeneous
surface treatment since only fractions of the surface directly interact
with the individual micro-discharges (current filaments).

The remote treatment of polymers is a convenient approach to prevent
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surface roughening, decrease UV exposure and avoid inhomogeneities
in the chemical composition. Despite short radical lifetimes, sufficiently
high atomic oxygen concentrations were measured in the near afterglow
region of high power discharges (Figure 2.9, [83]). Although the sur-
face chemistry changes compared to direct plasma treatment (presence
of different long-lived species), high surface energies and thus high sur-
face wettability were obtained for polymer films [4, 99–102] or textiles
[21, 103]. The travel distance of radicals between the plasma source and
the substrate varied from less than one millimeter to several hundred
millimeters, which is accordingly reflected in the required power sources
(mostly in the RF or MW range).

In contrast to many studies, Klages et al. approached the remote
surface treatment of polyethylene (PE) by a filamentary discharge at
lower frequencies (f =25 kHz) [104]. The incorporation of primary amino
groups was still efficient despite a considerable afterglow delay of 10 to
29 ms. In another work, Dinkelmann and co-workers have also addressed
the surface activation in a remote BD configuration and could success-
fully functionalize textiles based on polyethylene terephthalate [105].
Consequently, the objective of a low-temperature afterglow treatment
in a low energy BD seems feasible.

2.3.2 Applications to powder treatments

Plasma surface modification of heat-sensitive particulates, as often en-
countered in the pharmaceutical and chemical industry, is of increasing
interest in the field of powder technology. Elaborate research on parti-
cle surface modification has been done so far for different low pressure
plasma systems such as, e.g. in circulating fluidized bed reactor (CFBD)
[106–108], drum reactors [109], and downstream reactors with active pro-
cess gas flow [11] or solely driven by gravitation [110]. Also, the feasibil-
ity of remote treatment techniques was addressed [111]. In general, these
low pressure systems show excellent performance in introducing a large
variety of surface functionalities on polymer particles or in generating
nanoparticle-like surface structures. This can be applied to decrease the
inter-particular forces and hence to increase the flowability of a bulk solid
[7]. An excellent overview about non-equilibrium plasma particle coating
at low pressure can be found in [112]. But, low pressure systems often
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suffer from severe drawbacks that hinder their successful deployment in
industry.

In the past, very few methods have been proposed to treat powders
adequately at atmospheric pressure, which is surprising considering their
importance in industry where most raw materials and process interme-
diates are in particulate state [113]. Among the first who applied an
RF plasma at atmospheric pressure to treat polystyrene powder used as
antifoamer agent were Kogoma and co-workers [114]. The experimental
setup resembled a CFBR, in which the dispersion of the powder was
realized with an ultrasonic homogenizer and the particle circulation by
introducing the process gas flow at the bottom (Figure 2.11 a). The typ-
ical treatment time was 20min resulting in an undefined residence time
distribution of the particles. Unfortunately, the effective treatment time,
the temperature distribution inside the plasma zone considering an in-
put power of 1000 W as well as the clogging behavior were not addressed
in this publication. After slight modification of the same reactor, the
residence time was later reduced to a few milliseconds [115].

Another design for atmospheric powder treatment was described in
a preliminary study by Mc Sporran et al. [116] and later investigated
in detail by Alexandrow et al. [117]. They designed a conventional BD
reactor for the remote deposition of silicon oxide layers (Figure 2.11 b).
The novelty of the process was that an organosilicon precursor was intro-
duced downstream of the discharge region. This proved that the radical
density outside the discharge zone is still sufficient to perform chemi-
cal reactions despite the high particle collision frequency at atmospheric
pressure.

The deposition of SiOx thin films on particles was also addressed by
Kersten and co-workers who have patented an atmospheric treatment de-
vice that allows horizontal powder transport over a vibrating conveyor
plate [118]. Both, the ground electrodes and the high voltage electrodes
were incorporated into the plate generating a filamentary surface dis-
charge. In first experiments, SiOx layers have successfully been deposited
on NaCl and KBr powders [119].

Over the last three years, similar research was done at the Czech Tech-
nical University in Prague on the in-situ surface modification of high
density polyethylene (HDPE) powder in the gas gap of a simple BD
at atmospheric pressure (Figure 2.12 a) [120]. The powder batches were
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Figure 2.11: a) In-situ treatment of polystyrene powder in an RF dis-
charge (PRF =1000 W, dg =3 mm, tr =20 min) [114], b) BD for remote
deposition of SiOx films (dg =5mm, f = 50Hz, HMDSO, Pel =40-80 W)
[116].

repeatedly filled into the discharge channel between 1 to 100 times to ar-
tificially simulate larger devices. It was shown that the capillarity values
from dynamic capillarity rising measurements have reached a saturation
point after approximately 40 - 50 transits through the reactor. In the
latest report, this number could be reduced to 20 to obtain the same
saturation level [121]. Unfortunately, the way the particle agglomerates
had been dispersed is not mentioned despite the importance of this pro-
cessing step in terms of treatment homogeneity [122]. In addition, since
the device was operated in stagnant air, the treatment might be inho-
mogeneous due to the randomly distributed micro-discharges being in
contact with the particles. Both subjects have neither been discussed
nor investigated.

In the course of this project, more research groups have dedicated their
work to low-temperature particle modification at atmospheric pressure.
In an unpublished study, Van de Peppel et al. presented a promising
design of BD reactor, which is based on a CFBR and can be oper-
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Figure 2.12: a) In-situ treatment of HDPE powder in a parallel plate
BD setup (f =50Hz, P =10 - 150mW, w: reactor width, adapted from
[121]), b) riser tube cross sections of CFBR based on surface and volu-
metric BD for the treatment of CuO particles (f ∼ 100 kHz, dtz =20 mm,
adapted from [123]), c) shell type BD reactor for in-situ particle treatment
(di =24 mm, f ∼ 20 kHz, adapted from [124]).

ated either in surface or volume BD mode (Figure 2.12 b) [123]. The
liquid-based counter electrode is directly used as active cooling, thus high
power operation up to 300 W is feasible. Preliminary studies proofed the
coating ability of copper oxide particles after circulating approximately
100 times through the treatment zone. Shorter and more accurate resi-
dence times are achieved by Nessim et al. in a new shell-type BD with
cylindrical discharge section for in-flight coating of pyrophoric metallic
nanoparticles with SiOx and the surface treatment of polymeric powders
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(Figure 2.12 c) [124]. The proposed design convinces with respect to sim-
ple cleaning, elongation of the treatment zone by adding more electrode
pairs, and the availability of different gas or precursor injection ports.
Experiments showed best wettability enhancement for PE powders at a
power density of 1.5W·cm−3. Complete surface functionalization (satu-
ration of surface oxygen concentration) was achieved after five repeated
treatments corresponding to a total residence time of 0.5 s. However,
power absorption due to particle plasma interactions were also reported
(change in the discharge behavior and reduction of luminosity).

2.3.3 Opportunity of afterglow BD treatment

Most research in the field of plasma surface modification at atmospheric
pressure is devoted to flat substrates. Doubtless, there is indeed an enor-
mous market potential and most characterization techniques are well es-
tablished. Surprisingly enough, knowledge about particle related plasma
processing at industrial scales is still in its infancy despite the fact that
most of the processed material in pharmaceutical, chemical, and poly-
mer industry are particulate solids. Over the last ten years, a clear trend
towards low temperature atmospheric treatment of sensitive particulate
can be seen. Most progress has been made in direct plasma treatment
despite several drawbacks such as particle-plasma interactions that can
lead to enhanced powder deposition and thus reactor clogging. Scientific
advancement towards short time processing of powders in the afterglow
of a BD is thus plausible considering the facts of better discharge control
(no instability effects of particles on the discharge behavior), reduced
particle charging by electron impacts, mild and homogeneous surface
treatment (independence of BD regime), and lower thermal loads.
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2.4 Compressible flows

The aspired remote treatment of particulate material at atmospheric
pressure by increasing the travel distance of active species requires high
gas velocities. The consequential high process gas consumption is ap-
proached by constraining the plasma to the sub-millimeter scale. Flow
velocities higher than 0.3 of the speed of sound cs are associated with
relatively large pressure variations and the assumption of constant den-
sity becomes invalid. This ratio is defined as the Mach number according
to equation 2.5.

Ma =
u

cs
(2.5)

c2
s =

(
∂p

∂ρ

)

a

(2.6)

The magnitude of the Mach number mainly determines the compress-
ibility effects of a flow. Such flows can therefore be classified according
to Table 2.3.

Table 2.3: Classification of compressible flows according to [125].

Flow Ma Criterion

incompressible < 0.3 density variations due to pressure
changes are neglected

subsonic 0.3− 0.8 incompressibility assumption in-
valid, no shock waves

transonic 0.8− 1.2 duct flow is chocked, shock waves
appear

supersonic ∼ 1− 3 shock waves present, information
propagates along certain directions

In the literature, the gas flow through long channels (dh << l) is often
referred to as pipe or duct flow and has been thoroughly investigated in
experiments and theory. In geometrical setups where gas expands from a
pressurized volume into a low pressure environment, the velocity devel-
opment along the channel axis at critical conditions can be calculated for
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isothermal and adiabatic conditions (Figure 2.13). The main difference
between these two assumptions is the magnitude of the critical Mach
number that is reached at the channel’s exit for chocked flow (i.e. es-
tablished shock wave at the exit, further decrease of pressure will not
increase the flow rate through the channel).
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Figure 2.13: Theoretical calculation of the velocity development in a
duct at critical conditions for isothermal and adiabatic assumption and
an inlet Mach number Ma1 =0.3 [126].

Considering the facts that the gas temperature inside a BD is not
accurately known and that the difference between the velocity profiles is
small, the channel velocities at different positions are calculated under
isothermal conditions in this work. Thus, a maximal deviation of 16%
in the channel velocity compared to the results for adiabatic conditions
is expected at the critical position. However, the error rapidly decreases
to 6.5 % at an axial position x=0.98·L upstream from the channel exit.

Isothermal conditions also implicate that the speed of sound remains
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constant for an ideal gas. Hence, equation 2.6 reduces to

cs =
√

γ · p
ρ

=

√
γ ·Ru · T0

M̃air

=
√

γ ·R · T0 ≈ 343 m · s−1 (2.7)

where the isentropic exponent equals γ =1.4 for an ideal gas, the specific
gas constant for air R =287 J·kg−1·K−1 [125] and the room temperature
T0 =20 ◦C. Furthermore, the correlation, which is derived from the mass
balance over the gas duct and expressed in equation 2.8, can be used to
calculate the Mach number at different positions along the channel.

Mai =
p1

pi
·Ma1 (2.8)
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Chapter 3

Experimental

In the course of this work, two completely different setups have been
assembled to meet the experimental objectives, which included the elab-
orate investigation of

• the statistical characterization of BD in a single discharge channel

• the powder surface modification at atmospheric pressure

In a first step, the effect of the changing discharge area, variable pres-
sure levels, and high gas velocities upon the statistical BD properties
were investigated. As a consequence, the main focus of the correspond-
ing setup was based on the requirement to have a flexible, single-channel,
miniaturized discharge system that allowed simple variation of the chan-
nel geometry (e.g. shape, cross-section) and electrode configuration. The
second design involved more aspects related to surface processing of tem-
perature sensitive particulate materials. Here, a lab-scale powder treat-
ment device was engineered that could operate continuously at atmo-
spheric pressure. Special attention was drawn to prevent powder depo-
sition. The benchmark for the powder troughput was defined at around
2.5 kg·h−1, which corresponds to a typical mass flow rate known for lab-
scale devices [1]. The proper dimensions and all technical drawings of
the main components can be found in Appendix A.
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3.1 Single-channel discharge device

For the electrical characterization of an atmospheric barrier discharge,
a common parallel plate discharge setup was realized. Figure 3.1 shows
a schematic overview of the entire experimental system, which basically
consists of a pressure chamber 1, the operational utilities, and the elec-
trode assembly 2 (further called discharge cell) where the BD setup is
integrated.
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PIC
O2
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8
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Figure 3.1: Process flow diagram of the experimental setup, 1 : pressure
chamber (reactor hull), 2 : electrode assembly (discharge cell), 3 : purging
gas inlet, 4 : top window, 5 : side window, 6 : rotary vane vacuum pump,
7 : coarse vacuum pump (rotary claw), 8 : manual needle valve, FIC: flow
indicator controller, PIC: pressure indicator controller.

The process gas supply is illustrated on the left hand side of the pres-
sure chamber. The required gases, e.g. helium and oxygen, are first pre-
mixed and then introduced directly into the discharge cell 2. Several mass
flow controllers (Bronkhorst, Switzerland or MKS Instruments, USA)
calibrated for different flow ranges allow precise controlling of the ad-
mixing gas concentrations. The discharge cell is placed in the reactor
chamber in order to provide a well defined environment (e.g. constant
pressure, known gas composition), into which the process gas can expand.
An additional gas inlet 3 into the chamber (purging gas inlet) permits
to prevent the accumulation of process gases and to gain better control
of the pressure at minimal gas flow rates (25 sccm). Preliminary exper-
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iments showed that in particular noble gases (He, Ar) with low electric
strength are likely to cause parasitic discharges and spark formation out-
side the electrode assembly. Their existence can be monitored during the
experiments by optical access from the top 4 or through side windows 5
(Borofloat 33, Schott AG, Switzerland). For optical investigations (e.g.
OES), all windows can be replaced by quartz glass (Lithosil Q1, Schott
AG, Switzerland), which allows light transmission in the visible and low
UV range (170 nm to 2250 nm).

The pressure chamber was designed for absolute pressure operation
between 0.1 and 2.5 bar. In order to provide a clean reactor environment
before the experiments, a rotary vane vacuum pump 6 (DUO 016 B,
Pfeiffer Vacuum, Germany) was implemented with a minimum operating
pressure of 10−3 mbar. A secondary coarse vacuum pump 7 (Mink 1142B,
Bush AG, Switzerland) was used during operation to adjust the chamber
pressure from 100 to 1000 mbar over a large range of flow rates 0.1 -
160 slm (flow rates are given in standard liters per minute instead of SI
units due to better readability). For this reason, two pressure controllers
for different flow ranges have been installed on the low pressure side
(P-702CV and P-502C, Bronkhorst, Switzerland). Pressure levels above
1000 mbar are manually controlled by a needle valve 8. Additionally,
several feedthroughs were installed on the back of the reactor chamber:
two insulated high-voltage (HV) feedthroughs and a total of four pressure
feedthroughs in order to determine the pressure inside the chamber or
at different positions along the discharge geometry (see section 4.3.2).

3.1.1 Electrode assembly - discharge cell

The typical BD arrangement was placed into a separate discharge cell
that allows flexible variation of the channel geometry and the inter-
electrode gap distance (< 6mm). The setup is schematically shown in
Figure 3.2 a and consists of a typical asymmetric BD: a counter electrode
9, a gas channel 10, an insulating layer 11, and a high-voltage (HV)
electrode 12. The asymmetry is shown by a direct interaction of the
plasma with the counter electrode. As dielectric material, an acrylic glass
plate (Amsler AG, Switzerland) with a relative permittivity εr,d of 2.3
and a total thickness of either 1 or 2mm was used. Therein a linear
discharge channel was incorporated by conventional micro machining
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technology. In order to avoid a possible discharge induced etching of the
polymeric material a silicon-oxide (SiOx) protective coating was applied
(see section 3.1.2). The BD were confined in simple straight ducts with
effective gap heights dg of 0.5 and 1 mm. Channel widths of 2 and 8mm
were applied to investigate discharges areas of 60 and 240mm2.
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Figure 3.2: a) BD setup for small discharge channels with b =2, 8mm,
b) reference discharge cell with b =45 mm, 9 : counter electrode, 10 : gas
channel, 11 : insulating layer (PMMA), 12 : HV electrode, 13 : HV connec-
tion, 14 : process gas, 15 : epoxy enclosure, 16 : connection to acquisition
circuit, 17 : sinter plate.

All BD arrangements were entirely enclosed by a non-conductive poly-
mer polyoxymethylene with a dielectric strength of 25 kV·mm−1 (POM-
C, Amsler&Frey AG, Switzerland) to prevent parasitic discharges. It also
provides sufficient mechanical strength and enables proper sealing of the
channel at elevated pressure. A helium leak test has shown a pressure
tightness of up to 5 bar.
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Reference discharge cell

A second discharge arrangement was used for the validation of the re-
sults obtained from the Lissajous figure. Here, a larger discharge area A
of 1600 mm2 was realized with a circular electrode design (Figure 3.2 b).
The broad channel was also directly incorporated into the circular, insu-
lating layer by conventional micro-machining and its surface protected
by a SiOx layer. The process gas was homogeneously distributed over
the channel width by a porous sinter plate 17.

3.1.2 Surface protection by PECVD

The choice of a polymeric dielectric was mainly motivated by the op-
portunity of simple and flexible mechanical processing. Unfortunately,
polymers are subject to etching effects cause by plasma-wall interac-
tions. Glass or ceramic like materials would have been more appropriate
though very difficult to process (hydrofluoric acid (HF) etching required
for channels in a glass matrix [127, 128]). Although surface interactions
are less pronounced at atmospheric pressure compared to low pressure
plasma applications, where strong ion bombardment caused by enhanced
sheath voltages results in significant surface etching, the plasma chemi-
cal abrasion of surface compounds can cause additional impurities to the
gas discharge and thus errors in the measured discharge characteristics.
Furthermore, the topography of the surface structure can significantly
alter. In order to avoid discharge induced etching as repeatedly reported
in the past [63, 97, 129] and enhance the reactor’s lifetime, the poly-
methyl methacrylate (PMMA) surface was coated with a silicon oxide
(SiOx) thin film in a low pressure radio frequency discharge at 0.2 mbar.
Hexamethyldisiloxane was used as precursor at an oxygen-to-monomer
ratio of 15 resulting in SiOx with a silicon to oxygen ratio x close to 2
and a layer thickness of approximately 150 nm [130]. Scanning electron
micrographs taken of the coated dielectric surface showed no defects or
roughening of the SiOx layer, which is a known effect of surface etching,
after several hours of BD operation.
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3.1.3 Execution of µ-BD experiments

After assembling the discharge cell, it was mounted onto the correspond-
ing position holder inside the pressure chamber and properly connected
to the gas and electrical supply utilities. Special attention had to be paid
to the electrical connections (zero electrical resistance between HV elec-
trode and supply cable). Otherwise microscopic discharges would lead to
undesired discharge peaks in the measuring circuit. They are usually dis-
tinguished by their appearance in the current characteristics well below
the breakdown voltage. Prior to each experiment, the reactor chamber
was evacuated by the rotary vane pump to a residual pressure lower than
0.1 mbar for at least 15 min. The pumping was maintained for another
15 min during purging with process gas to remove possible impurities in
the gas feed lines. Subsequently, the evacuation was stopped and the vac-
uum chamber filled by the process gas until a pressure higher than that
of the surrounding atmosphere. Then, the operation pressure could by
set and maintained by the pressure control unit. Experiments in helium
additionally required a purging gas flow of 5 slm.

Before the first measurement of the day was taken, the BD was op-
erated for at least one hour to reach stable operation conditions and
uniform temperature distribution. For all subsequent measurements, the
time between the application of new experimental settings and the be-
ginning of data acquisition was 15min.

Process gas quality

The names and quality of all process gases used in this work are summa-
rized in Table 3.1. All gases have been supplied by Pangas, Dagmersellen,
Switzerland.

3.2 Atmospheric powder treatment device

The design of a novel powder processing system for short time particle
treatment was aimed to operate at ambient pressure conditions, i.e. be-
tween 800 and 1200 mbar. A large variety of such systems are available
and widely used in industry (see section 2.3.2). The most advanced ap-
proach for very fast processing of particles is the plasma down stream
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Table 3.1: Summary of process gases used, 1)hydrocarbon free synthetic
air as mixture of O2 6.0 and N2 6.0 [131].

Gas Abbre- Quality Major impurity content
vation [vol.-%] [ppm]

Helium He 5.0 ≥ 99.999 H2O≤ 5, O2≤ 5
Synthetic air1) air ≥ 99.9999 n/a
Oxygen O2 5.0 ≥ 99.999 H20≤ 3, N2≤ 5
Carbon dioxide CO2 3.0 ≥ 99.9 H2O≤ 67, NOx≤ 25
Nitrogen N2 5.0 ≥ 99.999 H2O= 0.25, CO2≤ 5

reactor (PDR) according to Spillmann et al. [6] and Arpagaus et al. [1],
where all particles are exposed only once to the plasma afterglow and
thus, extremely short residence times can be achieved. Additionally, the
configuration of the PDR provides the opportunity to incorporate the
particle plasma treatment in a continuous process chain. For this rea-
son, the PDR system previously used by Spillmann et al. was adapted
to meet the requirements of atmospheric particle treatment.

3.2.1 Treatment System

In principle, the basic concept of a PDR is also applied here for the
efficient treatment of powders. In contrast to large mean free path of
radicals at low pressure, the plasma is spatially confined at atmospheric
pressure. A remote configuration as depicted in Figure 3.3 was chosen
in order to maintain high production throughput, avoid plasma interac-
tions, and reduce the thermal load upon the particles,

The reactor principle is the following: the substrate powder is fed by a
twin screw volumetric feeder 18 (KT20, K-Tron Ltd, Switzerland) into
a vertical reactor tube 19. The storage container 20 is pressure compen-
sated by two connection lines in order to prevent uncontrolled powder
transport during both initial evacuation and continuous processing. The
powder is directly fed to a vertical gas stream, which is homogeneously
distributed over the cross section by a sinter plate on the top 21. This
so called carrier gas mainly transports the particles through a diverging
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nozzle 22 to the afterglow reaction zone of the atmospheric discharge
device 23. The nozzle is designed such that any powder agglomerates
are fully dispersed and the single substrate particles are homogeneously
distributed over the cross section of the cylindrical treatment zone 24
(dtz =10 mm). Therein, the particle loaded carrier gas is mixed with the
process gas stream, which is first plasma activated in the atmospheric
discharge device and then horizontally injected through a multitude of
small channels. These channels are circumferentially arranged around
the treatment zone in different layers over a variable total length, which
depends on the number of these units. Eight such discharge units com-
bined constitute the plasma module (hm =22 mm), which is described
in more detail in section 3.2.2. The total length of the treatment zone is
defined by the number of discharge modules (ltz ∼n · hm).

After the treatment zone, the modified particles are again separated
from the main gas flow by a cyclone 25 and recovered in solid collect-
ing vessels 26. At the exit of the cyclone, the gas flow is additionally
cleaned by a glass microfibre filter (GF/A, d =110 mm, Whatman Ltd,
England) to remove the residual fine fraction of the powder. Optionally,
the treatment zone can be slightly pressurized above atmospheric pres-
sure by adjusting the exit valve 27 or a partial vacuum can be drawn
within the treatment zone by a coarse vacuum pump 28 (Mink 1142B,
Bush AG, Switzerland).

3.2.2 Atmospheric powder reactor

As shown schematically in Figure 3.3, the atmospheric powder reac-
tor (APR) is a composite structure of several plasma modules mounted
inside a cylindrical reactor jacket. The enclosing jacket guarantees suffi-
cient mechanical strength for the pressurized gas feed and should allow
for approximately uniform distribution of the process gas to the indi-
vidual micro-channels. All plasma modules are concentrically arranged
around the vertical treatment zone (dtz =10 mm). The height of one
plasma module is hm =22 mm and it consists of several discharge units.

In the following, the constituent parts of the APR, namely the plasma
modules, which are again subdivided into discharge units, are going to
be described separately in more detail.
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Figure 3.3: Particle treatment system for ambient pressure operation,
18 : twin screw volumetric feeder, 19 : vertical reactor tube, 20 : storage
container for powder (V =20 l), 21 : sinter plate, 22 : dispersion nozzle, 23 :
atmospheric discharge device, 24 : treatment zone, 25 : cyclone for particle
separation, 26 : container for treated powder, 27 : manual valve, 28 : coarse
vacuum pump, PI: pressure indicator, FIC: flow indicator controller.

Discharge unit

An exploded view of the constituent parts of a single discharge unit
during manufacturing is shown in Figure 3.4. The illustrated situation
represents the manufacturing status prior epoxy casting, which slightly
differs from the final form. However, the assembly can be better explained
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this way.

HV

GND

29

Figure 3.4: Exploded view of a single discharge unit without epoxy
resin matrix. The electrodes’ orientation is the same for all HV electrodes
whereas those of the GND are turned by 90 degrees (29 : acrylic glass).

The plasma unit consists basically of two electrodes made of alu-
minium (HV and GND). In between, a two-layer acrylic glass disc is
inserted as a dielectric barrier with a total thickness of 2 mm (εr,d = 2.3).
The circular disc is assembled of a thicker layer (d=1.5 mm), wherein
a total of eight micro-channels are incorporated by conventional micro-
machining, and a thinner layer (d= 0.5mm). The latter was bonded to
the first layer using chloroform (CHCl3, Sigma Aldrich, Switzerland).
This solvent showed to be capable of dissolving and recombining the
contact layers and thus creating a strong polymer-like connection, which
proved completely gas tight. The incorporated channels are arranged
such that each channel cross-section is pointing towards the center of
the treatment zone that is drilled after epoxy casting into the center of
the arrangement.

In a next step, the characteristic shape of the two-layer polymer disc
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as seen in Figure 3.4 is precisely formed by a CO2 laser cutting process
(Legend 36EXT, Epilog Lasers, USA). The shape had been optimized
for this application with regard to high mechanical strength after epoxy
casting and minimal electric field enhancement, which is caused by ma-
terial transitions in a homogeneous electric field (e.g. polymer and epoxy
resin) [51]. Depending on the shape of the transition phase (vertical or
angular to field lines), 2 - 3 times higher local electric field values are
observed compared to those in a homogeneous dielectric system.

Channel design

Two different channel designs were considered for the experimental work.
The first is a linear channel of 2 mm width and 0.5mm height (Fig-
ure 3.5 a). In order to increase the discharge area and thus improve the
surface to volume ratio, a converging design with a channel height of
1 mm was realized (Figure 3.5 b). The length of the radial centerline is
constant for both channel designs (lr =40 mm). The same applies for
the central length of the discharge zone (ld =33 mm). However, the ef-
fective discharge area is about 3.5 times larger for the converging design
compared to the linear one (Alin =5.3 cm2 versus Acon =18.4 cm2 per
discharge unit).

b)a)

Figure 3.5: Topview of the micro-channels incorporated into the PMMA
discs, a) linear design, b) converging design, dashed line: electrode edge.
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Plasma module

Typically, eight such discharge units were combined to a plasma module
(Figure 3.6 a). All subcomponents of these eight discharge units were
embedded into an epoxy resin matrix (Araldit LY 5052/Aradur 5052,
ASTORit AG, Switzerland), which provides electrical and mechanical
strength. A detailed description of the casting process can be found in
Appendix A.3. The epoxy resin was cast under vacuum in order to pre-
vent gas bubble formation that would considerably decrease the dielectric
strength. Additionally, parasitic discharges in these micro-defects would
also falsify the electrical characterization since they are basically of the
same nature as the micro-discharge in the BD. Prior the epoxy cast-
ing process, all dielectric discs were plasma surface treated in a plasma
enhanced chemical vapor deposition (PECVD) process to improve the
adhesive strength between the epoxy resin and the polymer surface, since
natural bonding of epoxy to PMMA proved rather weak. By the deposi-
tion of a thin amorphous carbon-nitrogen (a-C:N:H) layer followed by a
transition layer including carbon and silicon oxide and a top coating of
pure SiOx, the adhesion of the epoxy could be enhanced. A detailed de-
scription of this intermediate layer and its effect on the mechanical prop-
erties is found in [130]. The layer thicknesses of ∼ 19 nm, ∼ 45 nm and
∼ 167 nm were determined as mean values from ellipsometry (M-2000F,
J.A. Woollam Inc., USA) and profilometry (TENCOR P10, Tencor In-
struments, USA) measurement. The deposited multi-layer structure on
PMMA showed excellent behavior in tensile strength tests (Zwick 1474,
Zwick, Germany) for the adhesion of epoxy in comparison to an un-
treated surface.

After epoxy casting, the APR was machine finished to the required
overall dimension (hlin = 22mm or hcon =26 mm, dAPR = 90mm) and a
center hole (dtz =10 mm) was drilled representing the treatment zone.
By the end of the production process, the APR is a solid epoxy block
with a total height of ∼ 25mm that consists of several electrodes and
a total of 64 linear or converging micro-channels. Figure 3.6 b shows a
photograph of a finished APR as implemented into the reactor jacket of
the treatment system. An external electrical connection socket allows to
supply all HV electrodes with the applied electrical potential.
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Figure 3.6: a) CAD design of the plasma module without epoxy resin, b)
epoxy cast discharge module, 30 : discharge channel, 31 : GND electrode,
32 : HV electrode, 24 : treatment zone.

3.2.3 Modified setup for cylindrical samples

A parameter screening to find appropriate working conditions for the
particle processing had been accomplished using reference polymer sam-
ples (PMMA, ds =5.2± 0.1 mm, ls = 40mm). For this purpose, a modi-
fied setup was used (Figure 3.7).

A special substrate holder 33 was designed to concentrically position
the cylindrical polymer samples 34 inside the treatment zone. Their bot-
tom ends exceeded the final row of plasma channels by approximately
4.5 mm (if the holder is directly placed on top of the discharge device).
If an additional carrier gas flow was introduced, the excess length de-
creased by 2mm, which equals the height of the three metallic spacers
35 placed between the discharge device and the substrate holder. For all
experiments, a single plasma module was taken and thus the number of
discharge units limited to eight.
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Figure 3.7: Modified atmospheric setup for cylindrical samples, 33 : sam-
ple holder, 34 : cylindrical sample, 35 : metallic spacers, 36 : metallic place
holder, 37 : reactor jacket.
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Figure 3.8: Schematic of the HV generator, 38 : arbitrary wave form
generator, 39 : 2-stage transformer, 40 : electrical load e.g. BD setup.

3.3 High voltage supply

The HV supply was self-assembled of low-cost, standard parts that were
available on the market (Figure 3.8). The sinusoidal voltage Ufg(t) was
supplied by a arbitrary waveform generator (PM5150, Philipps, Ger-
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many) at a frequency f between 1 - 10 kHz and a voltage amplitude Ufg,0

of maximal 5 V (ω =2πf).

Ufg(t) = Ufg,0 · sin(ω · t) (3.1)

This base signal was then amplified by an audio amplifier with a root-
mean-square power of 700 W (HotRod 2500, Magnat, Germany), and
then transformed by a two-stage transformer unit to a maximum peak-
to-peak voltage of 30 kVpp. The power to the amplifier was provided by
a special high-capacity battery (12 CP115/19, Oerlikon Batteries Ltd.,
Switzerland) at 12 V. The operation time of the HV generator is lim-
ited to two hours at maximum power, which corresponds to a current
of 60A in the supply cable. Such considerable currents at constant volt-
age can only be supplied by batteries. At such conditions, a cold water
cooling system was needed to efficiently remove the heat generated by
the high power transistors of the audio amplifier. At a cold water inlet
temperature of 15 ◦C, the transistor temperature did not exceed 25 ◦C.

Due to parasitic capacitances and inductances mainly in the trans-
former stage, the applied voltage signal Ua measured in the vicinity of
the BD arrangement sees a certain phase shift ϕ to the original base
signal. Ua can therefore be written according to equation 3.2.

Ua(t) = Ua,0 · sin(ω · t + ϕ) (3.2)

This phase shift ϕ of the transformer circuit will play an important role
in the calculation procedure of the displacement current (section 4.1.2).

3.3.1 Frequency response of HV generator

The dynamic behavior of the overall electrical system consisting of HV
generator and load circuit depends strongly on the applied signal fre-
quency f and the magnitude of the electric load Ztot. Since all com-
ponents of a typical resonance circuit exist in the setup, the frequency
response of the overall system can be obtained for the single-channel
discharge device (section 3.1) as well as for the APR (section 3.2).

As shown in Figure 3.9, the frequency response for a constant ap-
plied voltage Ufg =1 V distinguishes significantly for the different BD
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Figure 3.9: Frequency response of the electric system for two BD setups
(Ufg =1 Vpp).

arrangements considered. A strong increase of Ua is observed at a fre-
quency around ∼ 4.6 kHz for the reference discharge cell, which repre-
sents an electrical load of ∼ 76 pF. At this resonance frequency, the total
impedance Ztot of the electrical circuit decreases, which positively ef-
fects the corresponding amplitude of the applied voltage. Due to the
larger capacitance of the APR (CBD ≈ 640 pF), the total impedance of
the electrical circuit is generally higher that results in lower values of
the applied voltage. Additionally, the resonance condition shifts towards
lower frequencies. As a consequence, the APR can only be operated in
a small frequency range from 0.5 - 5 kHz. For f ≥ 5 kHz, a sustainable
operation of the system is not possible with this HV power supply since
the required voltages to operate the plasma cannot be obtained.



3.4 Data acquisition 51

3.4 Data acquisition

The equivalent electrical circuit for the signal acquisition is shown in
Figure 3.10. The applied voltage Ua is measured using a 1:1000 voltage
probe (P6015, Tektronix, USA) and the total current determined by
measuring the voltage drop across the measurement resistor Rm, which
is in series with the discharge arrangement. In order to calculate the gap
voltage Ugap according the principle proposed by Mangolini et al. [132],
an additional measurement capacitance Cm is introduced. At the same
time Q/U -diagrams can be derived. All signals were acquired by a digital
oscilloscope (WaveRunner 64Xi, 600MHz, LeCroy, Switzerland).

Cm

CBD

1:1000

1:10

1:10

Rm

Ua

Figure 3.10: Electrical network for data acquisition, 41 : HV generator
(see Figure 3.8), 42 : digital oscilloscope.

In order to cover the large range of observed discharge bursts and
to improve the signal-to-noise ratio of the data recorded, two identical
voltage probes were operated in parallel to acquire the current burst
signal at different resolutions, e.g. 50 mA/div (probe 1) and 10mA/div
(probe 2). The resolution is strongly depending on the experimental con-
ditions. In the data processing, both signals were merged, thus, enabling
to enhance the current detection limit while still being able to capture
large current peaks, which especially arise in µ-BD in air (Itot up to
200 mA). Figure 3.11 illustrates the advantage of this approach.

Special attention must be paid to the coarse resolution of the oscillo-
scope in vertical direction. As a matter of fact, the oscilloscope works
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with an 8 bit vertical resolution that results in 256 points over a total of
eight divisions. In other words, the best current resolution for probe 1 -
using the example values above - is 1.56mA and that for probe 2 around
0.31 mA. Consequently at the transition level from fine current resolution
to coarse current resolution, some interference effects can be observed in
the statistical evaluation of the burst current Ib, which must be taken
into account during data evaluation and interpretation of the results.

According to the manufacturer, a threefold higher electrical loading to
the internal amplifier of the oscilloscope is still feasible without changing
the measured signal quality due to supersaturation of the amplification
elements. Therefore, the signal of very strong bursts is still accurately
acquired for the higher resolution probe (probe 2) despite exceeding the
maximum vertical resolution.
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Figure 3.11: Principle of double probe measurement, a) coarse resolu-
tion (probe 1), b) high resolution (probe 2), c) small bursts are analyzed
applying the improved resolution of probe 2, d) large peaks that exceed
the maximal resolution rmax,2 of probe 2 are completed by the coarse
current signal of probe 1 in the time range where Itot≥ Irmax,1 =30 mA.
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Chapter 4

Analytical methods

4.1 Electrical characterization

The quantitative description of BD at atmospheric pressure is a chal-
lenging issue and different approaches have already been elaborately dis-
cussed in section 2.2. The most important aspect is the existence of a
filamentary and diffuse discharge regime depending on the plasma condi-
tions applied. Filamentary µ-BD typically exhibit a collective behavior,
i.e. individual breakdown channels (filaments) occur discretely in space
and time. However, as soon as the critical electric field inside the dis-
charge gap is reached, a large number of these filaments typically ignited
almost instantaneously, which reflects in a slightly broader current burst
still in the nanosecond time range but with arbitrary shape unlike the
continuous spikes observed for a single filament measured by Eliasson et
al. [91]. In this work, the simultaneous breakdown of several filaments is
always considered as a single event and therefore simply referred to as
discharge burst (Table 2.2). These bursts typically appear several times
during a discharge cycle (Figure 4.1 a). Diffuse discharge regimes in pure
helium, on the other hand, exhibit broad discharge pulses of longer time
duration in the microsecond range (Figure 4.1 b). This comparatively
slow discharge process does not exhibit severe analytical problems to
the current determination. The quasi-stationary properties allow the ac-
quisition of less current pulses and thus faster data processing.
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Figure 4.1: a) Filamentary discharge regime of an O2 BD, b) multi-pulse
discharge regime in He (dashed line: calculated displacement current ID).

4.1.1 Lissajous figure

The most commonly used method to accurately determine the discharge
power of a BD is to integrate the discharge bursts on an external mea-
suring capacitance Cm of known value, which allows relatively slow
voltage measurements at low potential. The obtained charge transfer
(Q= Cm ·U) is plotted against the applied voltage to derive the so called
Lissajous figure (Figure 4.2 b). As explained in detail in [75], the electric
energy consumed per voltage cycle Eel is equal to the area of the Q/U -
diagram. The dissipated power Pel can be estimated by equation 4.1

Pel =
1
Tp
· Eel = f · Eel (4.1)

Ubd = Umin · 1
1 + Cg/Cd

(4.2)

where Tp is the period length and f the frequency of the applied voltage
signal.

Generally, the geometrical shape of an ideal Lissajous figure resembles
a parallelogram, which provides a simple opportunity to derive the dis-
charge voltage Ubd and the effective capacitances of the discharge setup
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Figure 4.2: a) Schematic view of an asymmetric BD arrangement with
corresponding equivalent circuit, b) idealized Q/U -diagram of a dielectric
discharge adapted from [34, 75].

[75]. Ubd is given by equation 4.2 [75]. During the active discharge phase,
the slope of the Lissajous figure dQ/dU corresponds to the capacitance of
the dielectric Cd. Charge is transported in filaments or in a homogeneous
plasma phase and thus the gas gap bridged by a highly conductive gas.
On the other hand, the passive phase is characterized by the absence of
discharge activity. Therefore, the gas gap represents an additional capac-
itance Cg and the barrier device behaves like a combination of two serial
capacitances. The decreased slope of the Lissajous figure now equals the
total capacitance CBD, which is given by the expression

CBD =
Cd · Cg

Cd + Cg
(4.3)

As a consequence, the Lissajous figure enables us to exactly determine
the capacitance of a complex, arbitrary setup as in the case of the APR
or the discharge cell. The theoretical calculation of a parallel plate setup
based on the single capacitances of each layer according to equation 4.4
cannot compete with the described method. Nevertheless, the theoretical
calculation has been used to verify the values of the Lissajous method
though the more accurate values of the latter were finally taken for the



58 4. Analytical methods

statistical evaluation.
Cd,th = εo · εr · d

A
(4.4)

4.1.2 Statistical description

An alternative approach to get a better inside into the discharge physics
of µ-BD at different conditions is the statistical evaluation of the col-
lective behavior of the discharge bursts. In comparison to less sensitive,
global techniques such as the overall power calculation by the Lissajous
figure, the statistical approach reveals more detailed information about
local discharge effect, e.g. charge transfer, burst durations, burst cur-
rents. However, the statistical description is still to be understood as a
compromise between integrative methods (Lissajous), and highly sophis-
ticated, spatio-temporal characterization methods that simultaneously
account for several thousand single discharge filaments and their optical
emission, e.g. cross correlation spectroscopy [55].

The objective of this sections is to elaborately present the procedure
from the original current signal obtained at different conditions to the
probability density function (PDF) of the electric parameters and thus
to the statistical properties of µ-BD. As shown in Figure 4.1, streamer
induced filaments clearly distinguish from homogeneous discharges by
the characteristic time scale, which has a slight effect on the procedure
followed. In order to obtain a large number of discharge bursts and there-
fore a representative set of statistical data for each data point, a total
number of 3000 discharge cycles was typically analyzed. In the case of
quasi-stationary discharges in helium, 500 discharge cycles were sufficient
to obtain representative statistics.

After data acquisition by the digital oscilloscope, the recorded data
was post-processed numerically using an evaluation software imple-
mented in Matlab. The software was built to sequentially follow the
subsequent procedure:

1. Import of the acquired data files

2. Substraction of displacement current

3. Detection of discharge peaks
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4. Evaluation of the characteristic parameters

5. Data handling and storage

6. Derivation of the statistical properties

In the following each step of the evaluation sequence is briefly sum-
marized.

Import of the acquired data files

The measured current signals were stored in a special binary file format
(*.trc) created by the oscilloscope during high speed data acquisition.
In order to properly implement the binary data into the evaluation soft-
ware, a special Matlab routine was used, which was provided by Le Croy
Corporation. The reading routine had originally been designed by the
Hochschule für Technik Luzern and later revised and adapted by LeCroy.

Substraction of displacement current

Prior the detailed evaluation of each discharge burst, the total discharge
current Itot is decomposed into a displacement current ID evoked by the
capacitive impedance of the electric circuit that comprises the discharge
arrangement and the ohmic plasma current IP due to the discharge pro-
cess.

Itot = ID + IP (4.5)

The displacement current was calculated from the applied voltage Ua

according to equations 4.6, 4.7, and 4.8 (derivation see Appendix B.1).

ID(t) = ID,0 · sin (ω · (t + ∆t) + β + ϕ) (4.6)

ID,0(t) =
Ua,0 · ω · C

1 + (ω ·Rm · C)2
(4.7)

β = arctan
(

1
Rm · ω · C

)
(4.8)

where ID,0 corresponds to the amplitude of the displacement current,
ω =2πf is the angular frequency, β the phase shift of the discharge setup
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according to equation 4.8, and ϕ the phase shift of the transformer cir-
cuit. In principle, ϕ is obtained by fitting the original sinusoidal signal
sin[ω· (t+∆t)] to the phase response of Ua. The time delay ∆t equals the
time offset on the oscilloscope trigger time, which was deliberately in-
troduced to avoid discharge peaks in the current signal of one half-cycle
being separately shifted to its following half-cycle as shown in Figure 4.1.
As such, the time delay is merely introduced to properly display the dis-
charge bursts within the time window of the oscilloscope. The amplitude
ID,0 is derived from the amplitude of the applied voltage Ua,0, the mea-
surement resistor Rm, and the collective capacitance C of all capacitive
impedances in the circuit according to equation 4.9. Subsequently, the
calculated displacement current is then subtracted from Itot.

C =
CBD · Cm

CBD + Cm
(4.9)
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Figure 4.3: Discharge current IP used for the statistical evaluation after
the substraction of ID from Itot. The signal corresponds to a regular series
of current pulses for a multi-pulse µ-BD in He at atmospheric pressure.
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Detection of discharge peaks

The remaining current signal IP consists of the characteristic current
bursts only (Figure 4.3). Individual bursts are detected by a standard
search routine. A minimum peak detection limit Imin must be defined
manually according the the signal-to-noise ratio. Signal variations below
Imin are not considered as discharge burst but are attributed to the
background noise. In the same evaluation step, the total number of bursts
per discharge cycle Nb is recorded. The same applies for each independent
half-cycle Nb1 and Nb2 respectively.

t

I(t)

0

Ib

τb,0

Qb  •Ib
1
e

τb,e

Figure 4.4: Definition of burst durations τb,0 and τb,e, maximum burst
current Ib, and total transferred charge Qb, which equals the peak area
integrated over the time limits defined by τb,0.

Evaluation of the characteristic parameters

Once all bursts have been recognized, a detailed statistical analysis of
the electrical parameters is performed for each burst as defined according
to Figure 4.4, i.e. burst duration measures τb,0 and τb,e, maximal burst
current Ib, or the total transferred charge per burst Qb. For very fast
streamer discharges (e.g. air), the burst duration τb,0, which is defined
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as the length of a discharge burst at the lowest current resolution [89], is
preferentially used to relatively compare different signals since it allows
a better distinction of the characteristic probability peaks (see compar-
ison in Figure 4.5). On the contrary, consideration of τb,e, which equals
the time span of the discharge burst at 1/e of the burst current maxi-
mum Ib, is indispensable for an accurate analysis of slow current burst
developments as in the case of helium [59]. There, the extended tail of
the discharge pulse would cause considerable variations in the burst du-
ration using τb,0. In other words, either of the two definitions τb,0 or τb,e

is advantageously used depending on the time scale considered (helium
versus air). In the literature, the latter definition is also used to describe
the characteristic time scale of a single discharge burst. In particular,
in systems where the peak tail is superimposed by a damped oscillation
caused by the improper tuning of the electric supply circuit [133], an
accurate determination of the burst end is numerically rather difficult.
The definition of the burst duration at the half-maximum of the burst
current is also common, i.e. τb at 0.5·Ib [88, 132, 134].
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Figure 4.5: Significance of different definitions for the burst duration on
the PDF of a filamentary discharge in air.
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Data handling and storage

The numerical data evaluation software proceeds such that the deter-
mined electrical parameters of proceeding discharge cycles are stored in
parameter-related matrices. The values are sorted in a way that they
can easily be accessed later for the investigation of global and local ef-
fects: temporal behavior of µ-BD over the time frame of data acquisition
(5 - 10 min), local distinction of the burst duration between the first and
very last burst within the same discharge cycle, or to describe the effect
of the asymmetric BD by distinguishing between both half-cycles.

The construction of the storage matrices is based on the typical layout
depicted in Figure 4.6. The numerical frame is a m × n-matrix whose
size is automatically defined by the maximal number of detected burst m
and the number of discharge cycles being analyzed n (n typically 3000).
In principle, the columns are filled from left to right by the increasing
number of discharge cycles. The row values correspond to the consecutive
bursts detected in a discharge cycle. As an example, the first column in
Figure 4.6 shows the transferred charge of six bursts. Negative associated
values correspond to those in the negative half-cycle Qb1 and the positive
values to those of the second half-cycle Qb2. The residual values remain
zero indicating the end of the detected bursts.

−−

−−−−

−−−−−−

−−−−−−

000695.100

000944.100

0918.10930.10888.1

437.1731.10767.10905.1

723.1698.10660.1938.1726.1

508.1864.1785.19084.1767.1928.1

440.1889.1883.1887.1843.1908.1

660.1674.1680.1667.1667.1695.1

2
nd

 discharge cycle

b1st

b2nd

0000

0

0

0

0

0

0

0

0

a1,n

0

0am,1

Figure 4.6: Typical matrix for the data storage of each electrical pa-
rameter (here, example of Qb with values in [nC]).
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The extraction of specific data-sets is fast once the matrices are devel-
oped for all discharge cycles. Furthermore, post-processing of the data
matrices at a later stage and recovering of special discharge features is
immediately done due to the simple accessibility of the values.

Derivation of the statistical properties

The statistical evaluation occurs in a separate routine that loads the pa-
rameter matrices (e.g. Qb, Nb) and derives the histogram representation
of the analyzed data. The class length of the histogram depends on the
data range considered (e.g. Qb,max≈ 2 nC). The number of classes k can
be estimated either by equation 4.10 for 50< nh < 500 or more general by
equation 4.11, which represent typical guidelines often used in statistics
[135].

k ≈ √
nh (4.10)

k 6 5 · log(nh) (4.11)

where nh is the total number of values (e.g. total number of detected dis-
charge events). Figure 4.7 shows a typical histogram of Qb following the
statistical guidelines. However, they seem not to hold for a filamentary
discharge with typical discharge numbers in the range of 104 - 106 val-
ues. Here, equation 4.11 suggests k≈ 20 - 30. Due to the large spectrum of
data (Qb,max≈ 2 nC) the resulting class lengths are inadequately broad
for a good resolution of the histogram representation. As a consequence,
certain effects remain covered by the poor axial resolution as shown ex-
emplarily for the same filamentary discharge in Figure 4.7 a. The problem
clearly originates from the huge spectrum of measured charge transfers.
A few individual bursts exceed the typical values of the vast majority
(90 % of Qb≤ 0.5 nC), and thus limit the applicability of the statistical
guidelines. As a consequence, the class length is approached as a constant
input parameter of the evaluation software and adjusted case-specifically
according to the second criterion with nh equivalent to 90 % of all bursts
detected.

A more general consideration of a statistical distribution is given by
the probability density function (PDF), which is generally expressed as
p(x). The comparison of PDF is better suited compared to the absolute



4.1 Electrical characterization 65

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.0 0.1 0.2 0.3 0.4 0.5

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Qb [nC]

1.00.50.0

P
a
b
s
/1

0
5
 [

c
o

u
n

ts
]

1.5 2.0

1.0

0.8

0.6

0.4

0.2

0.0

1.00.50.0 1.5 2.0

Qb [nC]

P
a

b
s
/1

0
5
 [

c
o
u

n
ts

]

Qb [nC]

a) b)

Figure 4.7: Histogram representation of the charge transfer (Pabs:
absolute frequency, O2, A =240mm2, Cm =1.49 nF, Rm =500Ω,
Ũe =10 kVpp, V̇tot =50 sccm), dashed line: 90% of all data has
Qb < 0.5 nC, a) according to common guideline from equation 4.11 (class
length: 0.1 nC), b) the same guideline applied to data < 0.5 nC (class
length: 0.01 nC), insert: magnification of Qb range from 0 to 0.5 nC.

values from the histogram representation since
∫ ∞

−∞
p(x)dx = 1 (4.12)

i.e. all figures are normalized, and thus the same electrical parameters
directly comparable. Normally distributed values (e.g. Pel, Nb) are not
represented by their PDF but by their mean value (expectations) x̄i

(denoted by a horizontal bar over the quantity e.g. N̄b) and the stan-
dard deviations σi. The corresponding probability function for a normal
distribution according to Gauss is expressed by equation 4.13 [135].

p(x) =
1√

2π · σi

· e− 1
2 ·

(
x−x̄i

σi

)2

(4.13)
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4.1.3 Determination of the burning voltage

In contrast to the breakdown voltage Ubd given between two metallic
electrodes by the Paschen’s law, the burning voltage Ub is defined as the
potential difference across the gas gap under stationary discharge con-
ditions, i.e. at presence of residual surface charges or active gas species
from a previous discharge cycle. Its value is generally lower compared
to Ubd due to the presence of primary radicals that reduce the required
electric field for breakdown initiation [136]. In the statistical approach,
the burning voltage is defined accordingly as the instantaneous gap volt-
age Ugap at the moment of breakdown. This moment is indicated by the
sudden rise of the discharge current. As a consequence, the Ugap has to
be derived first in order to calculate Ub.

CBD
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Figure 4.8: a) Definition of gap and dielectric voltages in the BD
setup, b) Ugap calculated from equation 4.16 with theoretical capacitance
Cd,th =32.5 pF and Cd =40 pF obtained from the slope of the Lissajous
figure (O2, A =1600mm2, Ua =10 kVpp, Cm =1.49 nF).

Considering a typical BD setup as shown in Figure 4.8 a, the gap
voltage can be derived by

Ugap = Ua − Ud − UCm − URm (4.14)

The voltage drop over the dielectric layer Ud cannot be accessed directly



4.1 Electrical characterization 67

by measurement, but behaves proportional to the voltage drop over the
measuring capacitance according Mangolini et al. [132]. The dielectric
voltage can be expressed by

Ud =
Cm

Cd
· UCm (4.15)

where Cd can either be calculated theoretically for a parallel plate capac-
itance or derived from the Lissajous figure. Substituting equations 4.15
into equation 4.14, Ugap can be expressed according to equation 4.16 for
which all voltage values are directly accessed by measurement.

Ugap = Ua − UCm ·
(

1 +
Cm

Cd

)
− URm (4.16)

The quality of the voltage signal Ugap strongly depends on the ratio
of the dielectric to the measuring capacitance given by the parameter
F =(1 + Cm/Cd). If CmÀCd, the parameter F increases and the noise
of the voltage signal UCm is strongly amplified. As a consequence, the
signal-to-noise ratio of Ugap decreases. On the other hand, the adap-
tion of Cm to Cd would considerably increase the voltage drop over the
measuring capacitance and equally decrease that over the discharge ar-
rangement. In this case, the signal-to-noise ratio of Ugap would be large,
but UCm could not be measured realistically (voltage drop in the kV
range). Studies of the electrical circuit have shown that values for F in
the range of 30 - 60 results in good signal-to-noise ratio of Ugap. An exam-
ple of the gap voltage calculated according to equation 4.16 with F ≈ 40
is depicted in Figure 4.8 b. As illustrated, Ugap is very sensitive to varia-
tions in the dielectric capacitance. Thus, deviations from the real values
(theoretical versus measured) result in continuous decrease of the gap
voltage over the discharge phase. The voltage curve calculated from the
correct dielectric capacitance represents the expected behavior of Ugap.
According to literature, the gap voltage typically remains constant for
APFD during the discharge phase [75].

Once the gap voltage is given, the statistical burning voltage can be
derived. It is assumed that at the moment of discharge breakdown, the
instantaneous gap voltage equals the local burning voltage. Thus, Ub

is determined for each discharge burst found in the current signal. The
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Figure 4.9: Example of a PDF for the statistical burning voltage with
Ūb =1647 V, σUb =69 V (O2, A =240mm2, Ũe =4kVpp, Cm =1.49 nF,
Cd =12.1 pF, dashed line: mean value).

statistical evaluation over all discharge cycles typically reveals a normally
distributed PDF for Ub (Figure 4.9). As a consequence, the burning
voltage is given by its mean value Ūb and the standard deviation σUb

.

4.2 Characterization of treated samples

4.2.1 Contact angle measurement

The effect of plasma treatment was characterized by dynamic water con-
tact angle measurements (WCA) according to the Wilhelmy method (see
Figure 4.10).

Correspondingly, the advancing and receding contact angles can be
determined by measuring the force acting on an arbitrarily shaped test
sample while slowly submerging into a test liquid, for which the corre-
sponding surface tension must be known. The measured total force F is
composed of the wetting force Fw (known as Wilhelmy force) and the
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Figure 4.10: Principle to determine the contact angle according to Wil-
helmy with immersion depth ddepth (adapted from [137]).

buoyancy force Fb.

cos θ =
1

lwet · σl
· (Fw + Fb) (4.17)

According to equation 4.17, the contact angle θ can be related to the
measured force F , the surface tension σl and the wetting length lwet.
For cylindrical PMMA samples, the buoyancy force is determined by
equation 4.18 where ρl, d, ddepth and g correspond to density of the test
liquid, the sample diameter, immersion depth and the gravity constant
respectively.

Fb = ρl · g · d2 · π
4

· ddepth (4.18)

Procedure for WCA measurements

The contact angle measurements were carried out by means of a tensiom-
eter (K100, Krüss GmbH, Germany). New samples were always cleaned
with isopropanol and soft wipes (Kimwipes), washed with both iso-
propanol and deionized water, and finally dried with pressurized Argon
prior plasma treatment. This procedure allowed a high reproducibility of
the initial WCA of 80.1± 0.8◦ for the cleaned PMMA sample cylinders.
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Possible electrostatic charging could successfully be reduced by dipping
the samples into stagnant water for at least 10 s prior drying.

All contact angles were determined for deionized water assuming a
constant liquid surface tension σl = 72.8mN·m−1 that was shown to cor-
respond well to the laboratory deionized water supply [138].

4.3 Supplementary techniques

4.3.1 Temperature measurement

The gas temperature in the discharge channel was determined by a
fibre-optical temperature measurement system (Polytec, TS200, Ger-
many), which is based on the temperature depending frequency response
of a GaAs crystal. The lower bandwidth of the crystal’s backscattered
light emission varies by increasing temperature. The spectral change of
0.4 nm·K−1 is analyzed by a spectrograph resulting in a temperature
resolution of 0.1 ◦C.

Fibre-optical systems have the main advantage of being independent
to electromagnetical fields and resistent to reactive environments. Due to
their non-conducting sensor heads, these systems are ideally applicable
to plasma processes [139]. In Table 4.1 the technical details of the applied
system are summarized.

Table 4.1: Technical details of the fibre optical temperature measure-
ment system (provided by supplier).

Sensor head diameter: 1 mm
Sensor material: PTFE
Crystal material: GaAs
Sampling rate: 2 Hz
Resolution: 0.1 ◦C
Temperature Range: -200 to 300 ◦C
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Sensor head positioning

The temperature of the process gas was determined at the exit of the
linear discharge channel for the single-channel discharge device and at
the end of the reaction zone for the particle treatment device. In the lat-
ter case, the exact position of the sensor head is depicted in Figure 4.11.
The tip of the fibre optical probe exceeds the probe holder by 5 mm and
as such represents the position of the cylindrical samples where also the
WCA is determined. The gas temperature is determined when stationary
conditions are reached.

(5)

optical fibre

(40)

substrate holder

(35)

plasma 

module

wall

tip holder

Figure 4.11: Positioning of the optical fibre in the treatment zone. The
shape of the tip holder equals that of a PMMA sample.

4.3.2 Determination of channel velocity

As discussed in section 2.4, high flow velocities in small channels cause
transonic flow effects leading to strong pressure gradients along the chan-
nel axis and an expanding gas jet at the channel’s exit. In order to cal-
culate the local gas density, and thus being able to estimate the local
gas velocity, the pressure distribution was determined by measuring the
pressure at four different positions along the channel axis (small illus-
tration in Figure 4.12). Assuming an isothermal expansion process and



72 4. Analytical methods

ideal gas, the mass balance can be simplified to approximate the mean
channel velocity by equation 4.19 (evaluation in section 2.4).

ūc =
V̇o

dg · b ·
po

pi
(4.19)

where V̇o is the volume flow at standard calibration conditions (298 K,
1013.25 mbar), dg the channel height or gap height, b the channel width,
po = 1013.25mbar the reference pressure, and pi the pressure at the mea-
suring position i.
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Figure 4.12: Pressure distribution along the channel axis for different
mass flow rates ṁ0, dashed line: critical mass flow ṁcr at choked condition
(air, dg =434 µm, b =2mm, V̇cr =9.7 slm, ph: pressure reactor hull, p1: at
38mm from exit, p2: at 26 mm, p3: at 14 mm, p4: at 2mm).

Figure 4.12 shows the measured pressure distribution along a confined
channel for different mass flow rates. In this preliminary experiment, the
backside of the rectangular-shaped polymer plate, where the gas channel
is incorporated, was completely sealed by a second PMMA layer. The
pressure connections fixed by epoxy proved mechanically stable to an
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absolute pressure of 6 bar. The results showed the feasibility to obtain
critical flow conditions by varying ph and p1 while keeping the pressure
in the discharge zone constant. Choked flow condition is expressed by
constant mass flow despite changing pressure in the reactor chamber.

Table 4.2: Average channel velocity at positions 1, 2, 3, and 4 for chocked
air gas flow according to the pressure distribution in Figure 4.12.

Position x [mm] ucr [m·s−1] Ma [-]

1 38 119 0.40
2 26 131 0.44
3 14 150 0.50
4 2 242 0.81

Once the local pressure distribution at critical flow condition is mea-
sured, the mean channel velocities for the different positions can be cal-
culated by equation 4.19 (corresponding results shown in Table 4.2). At
position 4, the Ma number reaches a value of 0.81 indicating that the
corresponding value at the exit cross section (2mm downstream, x=0)
is in the range of 0.8 - 0.9. This value approximates the theoretical Ma
number at critical condition for isothermal flows (Macr,a =0.85). Thus,
the assumption of isothermal flow is valid.
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Reproduction of channel flow at BD operation

Unlike the continuous pressure monitoring in the channel without
plasma, the velocity could not be determined simultaneously to the BD
characterization since parasitic discharges would occur in the pressure
sampling lines. Thus, the pressure profile was measured in advanced us-
ing a modified setup (Figure 4.13 a) and than reproduced by adjusting
the same mass flow rate ṁ0 and identical pressure values at channel po-
sition p1 and inside the reactor chamber ph. As such, the PMMA plate
containing the discharge channel could be placed into the single-channel
discharge device and the identical local parameters (ṁ0, p1, ph) applied
during BD characterization assuming that the flow and pressure profile
remains identically (Figure 4.13 b). By this procedure, the velocity pro-
file for positions 1 - 4 could be determined in advance without disturbing
the BD by parasitic discharges.

p1

counter electrode

HV electrode

ph

a) b)

m0 m0

p1

ph

p1 p2 p3 p4

Figure 4.13: Procedure to determine the channel velocity avoiding intru-
sive pressure measurement during BD characterization, a) local pressure
field determination, b) reproduction of critical flow by applying the same
ṁ0, p1, and ph.
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Chapter 5

Experimental results:
µ-BD characterization

The first part of the experimental discussion is devoted to results ob-
tained in the single-channel discharge device (section 3.2). The main
objective is to evaluate the applicability of the statistical description of
µ-BD at atmospheric pressure as alternative to well-known techniques
such as the Lissajous figure. Since the accuracy of the latter is strongly
limited for small discharge areas (discussed in section 2.2.3), the results
from the reference cell setup will be compared to those obtained from
the Lissajous figure. Upon success, the statistical method can be applied
to smaller channels, where the effect of the gas velocity on the discharge
behavior of dry air and helium will be investigated.
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5.1 General discharge characteristic

5.1.1 Statistical determination of discharge power

Despite its limitations, the Lissajous figure as discussed in section 4.1.1
is used to obtain reference values for the electrical power to validate
the statistical evaluation method. For this reason, the same µ-BD in
helium and oxygen is characterized statistically and with the Lissajous
method in the reference discharge cell (A =1600 mm2). Once Pel is ob-
tained according to its definition in section 4.1.1, the power values can
be compared and discussed.

In the statistical evaluation, the electrical power is calculated by the
integration of the discharge current over one discharge period Tp and
then multiplied by the applied frequency f =1/Tp. The dissipated power
of the discharge bursts is obtained using the ohmic plasma current IP ,
for which the displacement current is already subtracted (equation 5.1).
No power dissipation over one discharge cycle is expected from the ca-
pacitively coupled displacement current.

PIP
=

1
Tp
·
∫ Tp

0

Ugap(t) · IP (t) dt (5.1)

On the basis of 3000 discharge cycles, the mean dissipated power can
be estimated accurately. Since the statistical properties of PIP

are nor-
mally distributed, the PDF is presented as the mean value P̄IP and the
corresponding standard deviation σPIP

.
If this approach was applied, the statistical result significantly devi-

ates from the value obtained from the Lissajous figure, e.g. in case of a
helium discharge (P̄el =15.7 mW, P̄IP

=5.2 mW). This discrepancy can
be explained by the fact that only the burst current without the dis-
placement current has been considered. The negligence of ID seems to
strongly affect the obtained dissipated power.

For this reason, the same experimental data were reconsidered dis-
tinguishing between three distinctive power fractions: (i) the power dis-
sipated by the current bursts only PIP

, (ii) the apparent displacement
power PID evoked by the capacitive impedance of the electric circuit,
and (iii) the total power Ptot obtained from the unmodified current sig-
nal Itot. Table 5.1 gives an overview of the different power values for
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Table 5.1: Mean dissipated power derived by the statistical eval-
uation method P̄I and the Lissajous figure P̄el for He and O2

(A =1600mm2, V̇ =1 slm, Cm =1.5 nF, Rm =500Ω, Ua,He = 1.6 kVpp

and Ua,O2 =10.5 kVpp). The gap voltage Ugap was calculated according
to equation 4.16 with FHe =47.3 and FO2 =38.25.

Gas P̄el [mW] P̄IP
[mW ] P̄ID

[mW] P̄Itot [mW]

He 15.7± 0.2 5.2± 0.2 10.7± 0.1 15.8± 0.3
O2 682± 14 201± 7 491± 11 691± 18

µ-BD in helium and oxygen.
The results show that PItot approximates the value obtained from

the Lissajous figure the best. As such, the consideration of the total dis-
charge current is assumed to be the best way to determine the dissipated
power for the statistical evaluation. Therefore, the sum of PIP

and PID

must lead to the same power. This matter is confirmed by the experi-
mental data. As direct consequence, the displacement current cannot be
neglected for the power calculation due to the following reason: a typical
micro-discharge consists of both a nanosecond burst of comparatively
high amplitude caused by electrons and a subsequent slow pulse of con-
siderably lower amplitude. The second pulse corresponds to the charge
transferred by ions at a much lower drift velocity, thus taking a time
period of a few microseconds. By subtracting the displacement current
during the evaluation procedure, the ion current is obviously underesti-
mated causing the observed error in the determination of the discharge
power. Since the amplitude of the ion current is about 2 - 3 orders of
magnitude smaller than that of electrons, it cannot be perceived in the
discharge current. As such, the apparent PID does not equal to zero
but represents the power dissipated by the ions. Likewise, the dissipated
power by the electron transport is found in PIP

.
As a consequence, the total current must be used for the calculation

of the dissipated power within the statistical evaluation procedure ac-
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cording to equation 5.2.

PItot =
1
Tp
·
∫ Tp

0

Ugap(t) · Itot(t) dt (5.2)

The high accuracy of the Lissajous technique comes from the integration
of the separated current bursts by the measuring capacitance, which
allows relatively slow measurements of the charge transfer. However, the
statistical method shows a similar accuracy in both cases and further
reveals detailed information about the discharge process.

5.1.2 Effect of process gas contamination

One critical issue for the proper characterization of µ-BD in pure gases
is the effect of impurities on the statistical properties. Particularly for
pure gases and those able to create a diffuse discharge mode such as
nitrogen and most noble gases [140]. In this work, the enhanced risk of a
discharge transition from diffuse to a filamentary mode for pure helium
requires special attention to identify possible sources of contamination.
As observations have shown, these can include leakages, improper joints
in the gas supply system, diffusion of purging gas into the discharge zone,
or even contamination by chemical species outgassing from the feed line
material. In the latter case, flexible connection lines made of polyamide
(PA) showed a significant destabilization of the diffuse discharge in he-
lium (Figure 5.1 a). Especially those of later manufacturing date caused
a transition from multi-pulse to filamentary regime. Due to continuous
product enhancements of the polymer tubing (e.g. additional chemical
compounds - so called plasticizer - to improve the material’s flexibility),
the release of volatile species is thought to be a considerable source of
contamination.

Discharge destabilization was also observed at low channel velocities
(e.g. uc =0.11 m·s−1, Figure 5.1 b), which is probably related to gas con-
tamination by back diffusion of impurities, i.e. purging gas from the pres-
sure chamber environment into the discharge channel. Since the ratio of
momentum diffusivity and mass diffusivity given by the Schmidt number
(equation 5.3) is close to one, the process is strongly diffusion controlled
at low velocities [141]. The counter diffusion of impurities expresses in
instable discharge peaks with oscillating amplitudes (Figure 5.1 b), but
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Figure 5.1: Influence of gas impurities on the current characteristic
in He BD (A =240mm2, Ua =4kVpp, p =1000mbar), a) V̇He =50 sccm,
effect of improper gas supply line that releases volatile species, b)
V̇He =50 sccm, uc =0.11m·s−1 c) V̇He =500 sccm, uc =1.06 m·s−1.

stable in time. By increasing the channel velocity to around 1 m·s−1,
the discharge pulses stabilize in amplitude and time (Figure 5.1 c) as
typically known for multi-pulse Townsend discharges [89]. In order to es-
timate the proper reference conditions for subsequent experiments, the
channel velocity must exceed the diffusion rate of contaminants into the
discharge zone. For this purpose, at least qualitative information about
diffusion related effects inside the gas channel are required.

Sc =
ν

D
=

µ

ρ ·D = 1.87 (5.3)

Approximation of counter diffusion

A basic computational fluid dynamic (CFD) simulation was therefore
performed on a commercial CFD software (Fluent 64bit, version 6.3.26,
Ansys, Germany) to estimate the required minimum gas flow necessary
to avoid counter current diffusion of destabilizing contaminants. The
computational environment included the original channel geometry and
a volume fraction of the adjoining pressure chamber (Figure 5.2 a). The
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geometrical dimension as well as the definition of the in- and outlet
surfaces are depicted in Figure 5.2 b.
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Figure 5.2: a) Schematic view of the discharge cell positioned in the
pressure chamber with the mesh environment (highlighted), b) definition
of in- and outlet surfaces for the gas volume considered.

Boundary and initial conditions

A constant helium flow enters through the small cross section of
the discharge channel at variable flow rates of V̇He,in =25 - 500 sccm
and expands into the reactor hull. The choice of the numerical
model strongly depends on the expected flow regime. The Reynolds
number with respect to the gas channel is used as quantitative
parameter to distinguish between laminar and turbulent flow con-
ditions (equation 5.4). At maximum flow rate, the corresponding
Reynolds number is Rec = 15.5 (ρHe=0.1625 kg·m−3, uc =1.04 m·s−1,
dh =1.8 mm, µHe =1.9618 · 10−6 Pa·s [142]). Hence, the gas flow is lam-
inar (Recr < 2300) and a parabolic flow profile can be expected.

Rec =
ρHe · uc · dc

µHe
(5.4)
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The purging gas stream (air) is introduced from the top, which is a
simplified assumption of the real situation. Actually, the diluent enters
the pressure chamber at the back side and gets transported through a
flexible tubing to the vicinity of the discharge arrangement. However, due
to the high volume flow V̇air À V̇He, the air is quickly distributed inside
the chamber. In order to conservatively scope for this dilution within
the numerical model, the same gas flow quantity was applied to the
inflow boundary condition at the top face of the simulation volume. The
back-side plane of the simulation volume (see Figure 5.2) was arbitrarily
chosen as outlet surface, where the mixture of air and helium leaves the
simulation domain to meet the mass balance of the system.

Table 5.2: Gas properties and basic conditions used for the simulation
of the He/air mixing process.

Quantity Variable Value Unit

Inbound flow He V̇He,in 25, 50, 500 sccm
Inbound flow air V̇air,in 0.35 m3·hr−1

Collision diameter σHe, σair 2.551, 3.711 Å
Collision integral Ω 0.7424 -
Diffusion coefficient DHe−Air 0.646 cm2·s−1

Density ρHe, ρair 0.1625, 1.293 kg·m−3

Initial condition:
He concentration cHe 0.0 vol.-%

Table 5.2 summarizes the parameters used for the laminar flow simula-
tion in Fluent. The diffusion coefficient DHe−air was estimated according
to the common approach for gaseous diffusion by Chapman and Enskog
[141]. It can be expressed as

DHe−air =
1.86 · 10−3 · T 3

2 ·
√

1
M̃He

+ 1
M̃air

p · σ2
12 · Ω

(5.5)

where T is the temperature, p the pressure measured in atmosphere, and
the M̃i are the molecular weights. The quantities σ12 and Ω are charac-
teristic molecular properties. The collision diameter σ12 is the arithmetic
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average of the species’ collisional diameters σi and equals 3.131 Å (equa-
tion 5.6).

σ12 =
1
2
· (σHe + σair) (5.6)

The dimensionless quantity Ω (collision integral) represents the interac-
tion between the two species, which is described by the Lennard-Jones
potential and can be calculated to 0.7424 for a helium-air mixture [141].
After evaluation of equation 5.5, a helium-air diffusion coefficient of
DHe−air =0.646 cm2·s−1 is obtained (p =1000 mbar and T =20 ◦C).

All simulations were run twice on the same geometry but with differ-
ent mesh sizes, i.e. a coarse and a fine grid with 0.25 and 1.5 millions
cells respectively. Since the obtained concentration and velocity profiles
corresponded in both simulations, no further mesh improvement was
necessary.

In summary, the numerical simulation of an expanding helium plume
into an air environment was performed based on the following assump-
tions:

• laminar flow

• incompressible gases

• steady-state

Results

A general overview of the helium flow emerging the channel for
V̇He,in = 500 sccm is given in Figure 5.3. The plume is turning towards
the lower boundary surface due to the asymmetric inflow conditions and
gets quickly diluted by the purging gas. The asymmetry is only an arte-
fact of the unfortunate choice of the inlet condition and does not have
an effect on the concentration profile inside the channel (the iso-surface
for cHe =95 % is still symmetric). Similar spatial development of the
helium concentration was obtained for lower helium gas flows (see Ap-
pendix B.2). A closer look on the helium concentration profile at the
central axis inside the channel reveals a strong cHe variation for lower
gas flow rates (Figure 5.4). In other words, the purging gas significantly
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Figure 5.3: Sectional view of the results from the simulation of the
He concentration at V̇He,in =500 sccm. The central cut is shown semi-
transparently to obtain insight upon the iso-surfaces hidden behind.

permeates into the discharge channel for V̇He,in≤ 50 sccm, and thus can
strongly effect the discharge properties.

In order to experimentally validate the quantitative results of the sim-
ulation, a total gas flow of 500 sccm was taken and mixed with a defined
concentration of air or oxygen. The resulting effect on the discharge cur-
rent is shown in Figure 5.5. In both cases, a transition from the quasi-
stationary, multi-pulse discharge in helium to an instable, transitory dis-
charge mode is observed. The lower contamination limit is between 100
to 500 ppm for air and below 40 ppm for pure oxygen as determined by
the electrical discharge behavior for the defined gas mixtures. Similar
limits have been reported in the literature [56, 68, 143].

Comparing the discharge properties of the µ-BD described at the
beginning of this section 5.1.2 in Figure 5.1 b to those observed af-
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Figure 5.4: He concentration profile inside the gas discharge channel
obtained from Fluent simulation for different V̇He.

ter deliberate contamination of a pure helium discharge (Figure 5.5 b),
the discharge patterns would agree for a contamination levels exceed-
ing 2000 ppm (0.2%). This effect is supported by the numerical results,
which indicate an air concentration inside the channel in the range of a
few percent for V̇He =50 sccm, which is high enough to evoke a transition-
like discharge patterns.

Conclusion of CFD simulation

The previous considerations have shown the importance of a proper pro-
cess gas feed and the requirement of minimum gas flow inside the channel
to avoid counter diffusion of contaminating species. The latter effect is
strongly enhanced if the gas type at use deviates from the process gas,
e.g. air instead of helium. Therefore, the reference conditions for all sub-
sequent velocity experiments in helium cannot be defined at stagnation
conditions but must be around V̇He = 500 sccm (uc≈ 1m·s−1).
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Figure 5.5: Influence of a defined air or O2 contamination on the
discharge properties of a He µ-BD (cad given in ppm, A =240mm2,
Ua =4 kVpp, f =1kHz, V̇tot =500 sccm).
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5.2 Influence of pressure and excess voltage

Preparatory studies were performed to describe the influence of critical
parameters upon the statistical discharge characteristics. Transonic flows
in small ducts involve large pressure gradients along the channel axis and
thus have a significant effect on the local burning voltage. Therefore,
the influence of the pressure on the characteristics is described prior to
the variation in the velocity. Consequently, all results described in this
section are obtained from measurements at stationary conditions.

5.2.1 Influence of pressure on statistical properties

The pressure range to be considered was estimated according to pre-
liminary studies with high velocity flows in small channels (cross section
Ac =1×2 mm2). It was shown that the pressure along the electrodes var-
ied between 0.8 bar and 1.3 bar at critical channel flow. As a consequence,
the discharge parameters at three different pressure levels p =600 mbar,
1000 mbar and 1400 mbar were investigated. A negligible small gas flow
rate of 50 sccm was applied for synthetic air resulting in average chan-
nel velocities as small as 0.18 m·s−1, 0.11 m·s−1 and 0.08m·s−1 (equa-
tion 4.19). In contrast to helium, this flow rate is sufficient for synthetic
air to gain information on the statistics at near stagnation condition
since dilution of the gas outside the discharge zone by an additional
purging gas is not required.

First results for the PDF of burst duration at a constant applied volt-
age for synthetic air are shown in Figure 5.6. Obviously, the charge trans-
fer in the filamentary discharge occurs preferably in smaller bursts with
short duration as also supported by the PDF of the charge transfer (Fig-
ure 5.7). In contrast, the PDF reveals a broader distribution at lower
pressure, that indicates short peaks as well as a significant number of
long-lasting discharges resulting in higher charge transfer levels. As a
consequence, the mean transferred charge per cycle Q̄cl and the burst
density per cycle decrease with increasing pressure (Table 5.3).
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Figure 5.6: Pressure influence on the burst duration at constant Ua (air,
A =240mm2, Ua =16 kVpp, Rm =1006Ω).
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Table 5.3: Discharge properties for a stagnant discharge in air at different
pressure (A =240mm2, Ua =16 kVpp).

p [mbar] Nb [cycle−1] Qcl [nC]

600 18± 2 33.2± 1.0
1000 12± 2 20.8± 1.3
1400 8± 2 8.6± 2.2

The aforementioned broadening of the PDF with decreasing pressure
can be explained by the following mechanism: since the applied voltage
and thus the voltage drop over the discharge gap is kept constant, the
voltage excess (i.e. the difference of Ua to the burning voltage Ub) is
increasing with decreasing pressure according to Paschen’s law [20].

Ue = Ua − Ub (5.7)

As a consequence, the time frame for plasma ignition in one half-cycle
is enlarged at low pressure. In other words, the time period, in which
the momentary gap voltage is greater than Ub, is extended. At the same
time, the voltage gradient dU/dt is much higher at the beginning of
the discharge phase. At higher dU/dt, a retardation of the burst break-
down is more likely to occur resulting in higher amounts of charge ac-
cumulated and transferred within a shorter burst duration. Thus, the
streamer mechanism is favored to the Townsend induced ignition for
higher dU/dt [59, 68, 134]. Consequently, an increasing diversification of
observed burst durations is obtained at lower pressures because the effec-
tive burning voltage can be reached several times within one half-cycle at
however different dU/dt. Accordingly, fewer bursts occur as Ue decreases
with increasing pressure. Therefore, only two characteristic probability
peaks are observed at 1400 mbar (Figure 5.6). They typically exhibit
long burst durations, since dU/dt is comparably small (Figure 5.8).

5.2.2 Excess voltage

In order to minimize the effect of different voltage gradients and different
discharge time frames for the µ-BD, the voltage surplus Ue (further-on
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Figure 5.8: Thought model for the influence of dU/dt and Ue on the
discharge behavior at constant Ua (∆tP : possible duration of the plasma
discharge phase).

called excess voltage) has been kept constant. For historical reasons, a
second definition of Ũe besides the one already introduced in equation 5.7
is used in this work. The second definition expresses the difference be-
tween the external voltage at breakdown Ua,bd and the applied voltage
during the measurement (equation 5.8). Although both definitions have
the same meaning, their difference manifests in the fact that Ũe is once
determined before the measurement, whereas Ue can be calculated for
each discharge cycle using the first definition.

Ũe = Ua − Ua,bd (5.8)

The results for the same BD in synthetic air for Ũe∼ 0.2 kVpp,
Ũe∼ 8.0 kVpp and varied pressure as shown in Figure 5.9 indicate a
direct relationship between Ũe and the number of different burst du-
rations. Exemplarily, three probability peaks were detected at similar
τb,0 in case of small Ũe. Interestingly, only the height of the probability
peaks of certain events changes with pressure, which could also result
from small velocity variations between the pressure levels under con-
sideration (uc = 0.18m·s−1, 0.11 m·s−1, and 0.08 m·s−1, section 4.3.2).
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Global parameters, such as the mean charge transfer per cycle are only
weakly affected for synthetic air as the small variations in the number
distribution suggest (Figure 5.10).
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Figure 5.9: PDF of the burst duration τb,0 for different pressure (air,
A =240mm2), a) Ũe∼ 0.2 kVpp, b) Ũe∼ 8.0 kVpp.
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Figure 5.10: Influence of different Ũe on the variation of the mean charge
transfer per cycle Q̃cl for different pressure (air, A =240mm2, solid line:
linear fit to entire data set).

5.2.3 Influence of p and Ũe on helium discharge

A similar effect of the excess voltage could be observed on the PDF of
burst durations for helium discharges (Figure 5.11). However, gas flow
rates as small as the negligible values applied for synthetic air could not
be investigated. A minimum of 500 sccm helium had to be maintained
in order to prevent back diffusion of the purge gas from the reactor hull
(see section 5.1.2) into the BD. Otherwise small impurities of air led to
the transition from the quasi-stationary, multi-pulse in pure helium to
filamentary mode typical for air. Moreover, the helium discharges appear
to be more sensitive to gas velocity variations at an elevated velocity level
caused by the required minimum gas flow. Therefore, the mean channel
velocity was kept constant at 0.84m·s−1 and the mass flow was adjusted
to 240 sccm, 400 sccm and 560 sccm correspondingly.

Figure 5.11 shows the influence of the excess voltage on the PDF
of the burst duration for varied pressures in pure helium. Similar to
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synthetic air, the PDF indicates a direct relationship between Ũe and the
set of favored burst durations. For Ũe∼ 0.2 kV, two pulses per half-cycle
were observed with typical burst durations of 8.5µs and 13 µs. For large
Ũe, the number of pulses increases to nine whereas the burst duration
becomes shorter, the higher the voltage gradient dU/dt at the time of
the breakdown. In order to improve the interpretation of the PDF of
burst duration, a representative discharge characteristic at 1000 mbar is
shown in the same figure. As the burning voltage is reached earlier in the
discharge cycle, the first peak advances and becomes shorter in time.
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Figure 5.11: Typical multi-pulse discharge in He, left: sectional view of
IP , right: PDF as function of Ũe, a) Ũe≈ 0.2 kVpp, b) Ũe≈ 3.0 kVpp.
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These results for air and helium discharges show that by comparatively
considering Ũe one can compensate the variation of the burning voltage
caused by pressure changes. Thus, the apparent influence of the voltage
gradient at a given time in the discharge cycle can be emphasized. In-
terestingly, Ũe affects the burst durations of both gases similarly despite
the existence of different discharge mechanisms for helium and synthetic
air. In both cases, the PDF broadens and the number of discharge events
per cycle increases for higher excess voltages.
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Figure 5.12: Number of current pulses Np per half-cycle observed for
a He discharge in the multi-pulse mode for variable Ũe and different p
(A =240mm2, uc =0.84m·s−1).

As well as the burst duration, the number of pulses also depends on the
excess voltage for helium. Here, a single pulse was detected for Ua∼Ua,bd.
Increasing Ũe causes a transition to multi-pulse mode. The number of
pulses per half-cycle for Ũe the range of 0 - 6 kVpp is shown in Figure 5.12.
Also the pressure does exert its subtle influence here. In order to obtain
the same number of pulses at 1400 mbar as at 600 mbar only a slightly
higher excess voltage is required. Except for the lower range of excess
voltages, the pulse number increases directly proportional to Ũe. In other
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words, an increase of Ũe by 1 kVpp at low voltages has a stronger effect
on the length of the discharge time frame than at higher levels of Ũe.
This might be strongly influenced by the use of a sinusoidally shaped
applied voltage in this study. Driving voltages of different wave forms
(e.g. rectangular) will probably result in other findings.

5.2.4 Conclusion of pressure effects

As shown in this section, the statistical interpretation of BD at low ve-
locities reveals a strong dependency of the discharge burst duration and
the charge transfer from the temporal gradient of the sinusoidal driving
voltage in both helium and synthetic air. In this respect, the excess volt-
age defined as the difference between the applied voltage and the burning
voltage may serve as similarity parameter. As such, it accounts for the
pressure dependence of the burning voltage according to Paschen’s law.
Consequently, similar discharge characteristics were obtained indepen-
dently of the pressure if the excess voltage was kept constant.

5.3 Velocity effects on statistical discharge
properties

The mean channel velocity was calculated from the overall mass bal-
ance and the pressure profile along the channel axis as described in sec-
tion 4.3.2. Incompressible flow was assumed for small channel velocities
(Ma < 0.3). On the other hand, the non-intrusive method to determine
the pressure profile before BD characterization was applied for compress-
ible flows.

5.3.1 Helium characteristics

On the basis of the findings in the previous section, where the chan-
nel velocity must be kept constant to obtain representative results, the
high sensitivity of helium BD to velocity variations is investigated here.
In comparison to the weak effect of relatively wide pressure variations
(∆p =400 mbar), already small variations in the mean channel velocity
exert a clear change of the PDF in helium and provokes a pronounced
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effect on the number of discharge pulses per half-cycle (Figure 5.13).
The accuracy of Ũe is depending on the appearance of an additional
peak and can be estimated to ± 0.2 kVpp. The ratio ∆Ũ1/∆Ũ2 between
the different Ũe to obtain the same number of discharge pulses corre-
sponds to those of the considered velocity values. Thus, the required
excess voltage for identical Np increases proportional to the velocity.
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Figure 5.13: Number of pulses Np observed in the multi-pulse regime
for variable Ũe as well as different uc, ∆Ũ1/∆Ũ2 behaves propor-
tional to uc (He, A =240mm2, V̇He = 290 sccm, 400 sccm, and 670 sccm),
p =1000 mbar.
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The comparison of the pressure (Figure 5.12) and the velocity influence
(Figure 5.13) allows the following statements:

i. Transonic flows are not necessarily required to investigate the effect
of increased velocity in a helium BD.

ii. Pressure gradients forming along the channel axis due to the gas
compressibility, which becomes relevant at elevated flow velocities,
can be neglected for the pressure range p =600 - 1400mbar when
electrically characterizing helium BD.

Changes in the electrical properties can therefore be allocated to the
velocity variation only. Consequently, the burst current characteristics
shown in Figure 5.14 illustrate the effect of increasing channel velocity
on the discharge current IP at constant Ũe.

The number of observed pulses decrease with increasing velocity. For
each pulse disappearing, the remaining pulses continuously broaden until
only one long pulse remains for channel velocities uc > 30 m· s−1. Due
to the pulse broadening, discrete pulses can hardly be distinguished in
the velocity range from 10 to 25m· s−1. Nevertheless, the current signal
seems to reveal two to three pulses that gradually merge to a single
one. This single pulse is similar to those observed in homogeneous glow
discharges at low applied voltage [59]. Thus, the increase in velocity
seems to exert the same effect as a reduction of the excess voltage. It
causes a transition from the multi-pulse to the single-pulse regime (glow
discharge).

Influence of Ũe at high velocity

The effect of enhanced velocities on the discharge current is further in-
vestigated by varying Ũe at uc =30 m· s−1. Increasing the applied voltage
usually causes a transition to multi-peak regime [69], which is not explic-
itly observed for the voltage range explored here (Figure 5.15). However,
a wavelike deformation of the pulse shape is found, which could be at-
tributed to the oscillating transport of charges as observed elsewhere
[72].
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Figure 5.15: Discharge current Itot as function of Ũe at high channel
velocities (He, A =240 mm2, V̇He = 14 slm, p =1000mbar, uc =30 m·s−1,
dashed line: calculated displacement current ID).

5.3.2 Synthetic air characteristics

In this work, already small variations in the channel velocity result in sig-
nificant alterations of the discharge characteristics in helium compared
to that in synthetic air. For the latter, the velocity needs to be increased
to the transonic flow range (section 2.4). Otherwise no significant differ-
ences in the electrical discharge properties are observed. Since transonic
flow causes significant pressure gradients and thus local density varia-
tions along the channel axis, the local burning voltage is also affected. In
order to minimize this effect, the pressure at position A inside the duct
was kept constant (pA =1200 mbar) by adjusting inlet and outlet pres-
sure to obtain the required channel velocity (Figure 3.2 in section 4.3.2).
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Position A is located x =15 mm upstream of the channel exit (approx-
imately centered to the HV electrode and thus the discharge area). Its
definition can be found in Figure 3.2. For the characterization of the µ-
BD, the applied voltage was kept const at Ua =19 kVpp corresponding to
Ũe,A =6 kVpp at position A and a correspondingly lower Ũe,A≈ 1 kVpp

further upstream (upper electrode edge). At critical conditions, however,
the reactor hull pressure was too low to prevent parasitic discharges out-
side the electrode arrangement causing considerable uncertainty errors
of the PDF for local velocities uA larger than 200m·s−1 (at point A).
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Figure 5.16: Influence of transonic channel flow on Nb and Q̄cl (air,
A =60mm2, Ũe,A≈ 1 kVpp), data points for uc > 200m·s−1 include par-
asitic discharges at the outside of the BD arrangement.

The effect of increased velocity on the burst duration is shown in Fig-
ure 5.17. Similarly to helium, the burst density per cycle and the mean
charge transfer is strongly reduced with increasing velocity (Figure 5.16).
A similar transition happened in helium where several pulses merged into
one broader discharge peak of longer duration. The individual discharge
pulses themselves show also a higher duration as well as a shift to higher
charge transfer values. Such a shift was not observed for very small ve-
locities in pure air, and thus cannot be ascribed to a variation of Ũe due
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to changing pressure gradient along the channel axis. If this was the case,
one should have observed a broadening of the PDF and additional diver-
sification of favored burst durations towards lower time scales (compare
to Figure 5.9). As a consequence, the observed behavior is not just an
artefact of pressure gradients but clearly results from a discrete influence
of the velocity.
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Figure 5.17: Influence of increasing gas velocities uA on the characteris-
tics of µ-BD in synthetic air, position A is 15mm upstream of the channel
exit (A =60 mm2, Ũe,A =4.5 kVpp, pA =1200 mbar), a) PDF of the burst
duration, b) PDF of the transferred charge.
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5.3.3 Qualitative model for velocity dependencies

The presented results on the influence of elevated gas flow velocities in
small ducts has revealed similar electrical discharge characteristics for
the different gases investigated, although helium is subject to a different
discharge mechanisms than synthetic air [34, 59]. Generally, a shift to
higher discharge burst durations is obtained for higher gas flows. At the
same time, the total transferred charge per burst raises and the burst
density decreases. Although an explicit statistic of the burst properties
is hindered by the limited distinguishability between discrete discharge
peaks for increasing velocities in helium (pulse merging), the correspond-
ing results shown in Figure 5.14 suggest a similar decay in the maximum
burst current as witnessed for synthetic air. Also, the number of bursts
decreases exponentially with the channel velocity.

The main difference between helium and air is thus the required veloc-
ity level where changes in the electrical characteristics become evident.
Significant variations are already perceivable for very small velocity in
helium, whereas an increase to transonic flow conditions is required in
air. This is thought to be due to the electronic structure of helium op-
posite to nitrogen and oxygen in air with the result that the charac-
teristic lifetimes of the dominating intermediated plasma species differ
significantly. In helium, the discharge process is vitally supported by the
creation of long-lived metastables in helium [59]. These metastables can
act as some sort of energy repository for subsequent discharge bursts. In
BD involving oxygen, however, electron impact dissociation and direct
ionization dominate and provide charge carriers as well as considerable
amounts of highly reactive neutrals. Lifetime and thus migration of the
charged species is strongly connected to the formation of space charge
avalanches, which typically decay within a few nanoseconds [57, 59]. The
radicals created in air also tend to recombine very fast. Their lifetime is
extremely short compared to those of metastables in helium.

Consequently, a weak gas drift at gas velocities below transonic flow
conditions can only cause considerable displacement of the long-lived
metastables in helium but not of the short-lived, excited species in air.
The latter remain essentially confined in the discharge filaments. Only at
higher velocities in air, radicals can also experience significant drift away
from their place of origin. As sufficient convective drift is impressed, the
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effect on the discharge properties is the same as for the gentle displace-
ment, which already affects helium metastables considerably.

The removal of excited species from their place of origin by enforced
convection results in decreasing radical density. This process of dilution
counteracts the formation of chemically-bound energy repository for fa-
cilitated re-ignition of the discharge at the same electrode or barrier
position. Consequently, a higher burning voltage, which is closer to the
initial breakdown value predicted by Paschen’s law, is required for each
re-ignition and thus the charge transfer increased. Furthermore, the num-
ber of bursts decrease as the amount of deposited charge per burst raises.
This is because the counteracting secondary field (emanating from the
charge accumulation on the dielectric barrier) develops faster and thus
compensates the primary electric field in the discharge gap earlier.

The same qualitative model can also explain the phenomena observed
in the special case of helium, where a transition from multi-pulse to a
single-pulse mode is observed. Here, the presence of metastables pro-
motes Penning ionization. Since the necessary electron energy of 19.8 eV
to create metastables is considerably lower than the direct-ionization
threshold of 24.6 eV [21], the step-wise ionization is usually an effective
mechanism of continuous charge carrier production at comparably low
electric fields. As the created metastables are more and more diluted by
an increasing superimposed gas drift, the Penning ionization becomes in-
effective and vice versa direct ionization more important to sustain the
discharge. This would, however, require to increase the effective electric
field. In other words, the necessary burning voltage increases simultane-
ously with higher velocity and thus the apparent excess voltage decreases
for constant applied voltage.

The effective driving force to remove intermediate species and meta-
stables still remains undiscovered. On the one hand, it can be assumed
that the mere evacuation with the gas flux leaving the micro-channel re-
sults in a corresponding dilution. On the other hand, a higher three-body
recombination collision rate at the channel walls as well as pronounced
quenching due to varying pressure gradient cannot be excluded. Never-
theless, all potential processes signify a global loss of energy, which must
be compensated by a higher burning voltage to sustain the discharge.
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5.3.4 Summary velocity effects

The investigated increase of the drift velocity towards transonic gas
fluxes through µ-BD has a similar effect on the statistical properties as a
simultaneous decrease of the excess voltage (section 5.2.2). This results
in a strong reduction of the discharge burst number and a shift to higher
burst durations. This is already evident for small velocity variations in
helium, whereas transonic flow conditions are required in synthetic air.
It is discussed that the very different lifetimes of helium metastables and
short-lived radicals in oxygen containing BD are responsible for this dis-
crepancy. But, as soon as sufficient gas drift is impressed to affect the
respective discharge mechanism by the convective transport of interme-
diate species from the discharge, both discharge types act analogously
independent of the different mechanisms. This suggests that the appar-
ent burning voltage increases, the higher the gas flow velocity in the
channel is.
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Chapter 6

Semi-empirical model

The description of statistical discharge properties showed certain advan-
tages to other evaluation techniques such as providing valuable informa-
tion about the collective behavior of micro-discharges. However, certain
parameters (e.g. the plasma burning voltage) were shown to have been
strongly influenced by geometrical constraints. These values can either
not be calculated with sufficient accuracy or deviate from the theoretical
value due to additional parasitic capacitances. For this reason, a semi-
empirical model (SEmM) was derived that considers the deviation from
an ideal BD at low excess voltages.

6.1 Effect of Cd on the statistical evaluation

As described in section 4.1.3, the calculation of the burning voltage de-
pends strongly on the accurate knowledge of the gap voltage. A similar
dependency applies for the latter, which requires the precise value of the
dielectric capacitance in order to properly predict Ugap. The gap voltage
is calculated from the measured voltage signals according to equation
6.1.

Ugap = Ua − UCm ·
(

1 +
Cm

Cd

)

︸ ︷︷ ︸
F

−URm (6.1)
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where Ua, UCm
and URm

are the voltages measured at the positions
illustrated in Figure 3.10 in section 3.4. Cm and Cd are the correspond-
ing measuring and dielectric capacitances. The latter value can either
be calculated theoretically or is derived from the Lissajous figure (sec-
tion 4.1.1). The theoretical calculation is based on the assumption of a
parallel plate setup according to equation 6.2.

Cd,th = ε0 · εr · A

d
(6.2)

where ε0 =8.854·10−12 F·m−1 corresponds to the electrical permittivity
in vacuum and εr ≈ 2.3 - 3.4 to the relative permittivity of PMMA [144].
The capacitance of the protective SiOx layer (see section 3.1.2) is negli-
gible since the total capacitance in serial electrical networks is defined by
the smallest value (Cd,PMMA =32.5 pF1 versus CSiOx ≈ 370 µF2). Once
the dielectric capacitance is known, the gap voltage Ugap can be calcu-
lated for both approaches. The corresponding results for a filamentary
BD in the reference discharge cell are shown in Figure 6.1.

The gap voltage decreases during the active discharge phase ∆tP when
calculated using the theoretical capacitance Cd,th =32.5 pF. This is not
the case for a filamentary discharge where the gap voltage typically re-
mains constant [75]. If Ugap is calculated using the dielectric capacitance
of the Lissajous figure (Cd =40pF), the voltage signal remains constant
during ∆tP . As a consequence, the theoretical assumption of a parallel
plate setup is not adequate enough to determine the proper value for
Cd,th. Two possible reasons can be identified for this discrepancy. First,
the dielectric thickness might vary over the surface due to inaccuracies in
the manufacturing process. Micrometer measurements of the dielectric
layer at different positions showed indeed a significant variation of its
thickness resulting in an average value of d= 1.0± 0.1 mm leading to a
theoretical capacitance variation of σCd

=2.9 pF. However, this value is
too small to cause the observed deviations. Secondly, the assumption of
complete breakdown and thus a fully ionized gas gap cannot be applied.
As a consequence, the two considered values for the capacitances are not
the same and thus should not be compared. In other words, the theoret-
ical Cd,th reflects an ideal situation whereas the value Cd obtained from

1equation 6.2 with A =1600 mm2, dd,PMMA =1mm, and εr = 2.3
2equation 6.2 with A =1600 mm2, dSiOx =150 nm, and εr =3.9
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Figure 6.1: Calculated gap voltage Ug for a filamentary BD in O2 ac-
cording to equation 6.1 for different assumptions of Cd (A =1600mm2,
Ua =10 kVpp, p =1000 mbar, Cd,th: calculated, Cd from Lissajous figure).

the Lissajous figure results from the influence by real parasitic capaci-
tances and thus represents the experimental setup in a better way.

Similar observations have been made for smaller electrode areas
(A =240 mm2), for which the calculated capacitance neither matched the
real values from the Lissajous figure. Here, the deviations were found to
strongly depend on the applied voltage and ranged from 0.2 to 1.9 pF.
The higher Ua was, the lower the difference to the theoretical value
Cd,th =12.5 pF (A =240mm2). As a direct consequence, the PDF of
the burning voltage strongly mismatches a normal distribution function,
which is usually observed when applying the apparent capacitance from
the Lissajous figure to the statistical evaluation of Ub (Figure 6.2). A
mean burning voltage of 1625 V (Ugap based on Cd,th) instead of 1200 V
(Ugap based on Cd from the Lissajous figure) is obtained for an oxygen
BD in the single-channel discharge cell. The difference of Ūb is significant
(Figure 6.2).
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Figure 6.2: PDF of the statistical burning voltage in an O2 discharge
for Cd,th =12.5 pF (calculated) and Cd =10.6 pF from the Lissajous figure
(A =240mm2, Ua =10.5 kVpp, Ũe =0.3 kVpp).

In conclusion, the assumption that the dielectric capacity is constant
seems not to hold for the calculation of the gap voltage. Thus, it cannot
be used for statistical determination of the burning voltage. In equa-
tion 6.2, the exact knowledge of the apparent Cd is essential for the
quality of the statistical evaluation. However, its real value depends on
the experimental parameters. In order to prevent confusion between the
theoretical Cd,th (constant) and the apparent Cd from the Lissajous fig-
ure (variable), the latter will be defined as the apparent dielectric capac-
itance Cd,a for the following discussion. Equation 6.1 rewrites as

Ugap = Ua − UCm ·
(

1 +
Cm

Cd,a

)
− URm (6.3)

As described in section 4.1.1, the determination of Cd,a from the Lis-
sajous figure requires a manual approximation of the slope of the Q/U -
diagram by measuring ∆Q for both active discharge phases. Their ratio
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defines Cd,a for the first and second half-cycle, which can be used as input
parameter for the statistical analysis. However, this evaluation process
is rather time consuming and an alternative strategy, which allows faster
data processing, should be considered. Furthermore, the arbitrary choice
of the slope in the Q/U -diagram makes this method vulnerable to addi-
tional deviations in Cd,a, which would have a significant influence on Ūe

(Figure 6.3). For these reasons, a direct approximation of Cd,a during
the statistical evaluation is addressed.

CBD
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Figure 6.3: Example of a Lissajous figure with ∆Q =∆UCm ·Cm (O2,
A =240mm2, Cm =1.49 nF, Rm =500.3Ω).

6.1.1 Approximation of Cd,a by statistical analysis

The approach to determine the apparent capacitance during the evalua-
tion procedure is based on the following strategy: since the gap voltage
remains constant during the discharge phase, the temporal variation of
Ugap during ∆tP is only determined by the signal-to-noise ratio. By
changing Cd,a in the calculation of Ugap, the signal either continuously
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descents or ascents during ∆tP (see Figure 6.1). Consequently, the vari-
ation of the gap voltage σUgap increases correspondingly in both cases.
Thus, the minimum σUgap is only obtained for a constant gap voltage.
By scanning the effect of various, arbitrary Cd,a on the gap voltage, a
parabolic dependency of Cd,a on σUgap is obtained. The minimum corre-
sponds to the apparent capacitance. This value should be equal to CLF

d,a

from the Lissajous figure (LF). The described approach is limited if less
than two discharge bursts per half-cycle are found, which is usually not
the case for BD in most gas mixtures considered (with exception of pure
He at low voltages). For smaller burst densities, the variation of the
predicted Cd,a increases significantly.

The numerical optimization process implemented in Matlab is rapid,
and thus Cd,a can be determined over several discharge cycles, which was
not feasible with the Lissajous figure. In this work, the mean value C̄d,a

was typically calculated by averaging over 200 discharge cycles. Despite
the limitations at low burst densities, the statistical approximation of
Cstat

d,a is determined with sufficient accuracy as the comparison with the
results from the Lissajous figure confirms (Table 6.1). At large burst
numbers, i.e. high Ue, the standard deviation becomes smaller than 0.2%
of the mean value.

Table 6.1: Comparison of the statistically derived Cstat
d,a to those obtained

from the Lissajous figure for BD in O2 (A =240mm2). The standard
deviation of CLF

d,a was determined manually for Ue =1.0 kV.

Ue [kV] C̄LF
d,a [pF] σCLF

d,a
[pF] C̄stat

d,a [pF ] σCstat
d,a

[pF]

0.8 10.3 9.9 0.2
1.0 10.7 0.3 10.4 0.2
2.3 11.5 11.8 0.1
3.1 12.1 12.1 <0.1
4.1 12.0 12.1 0.1
4.9 12.3 12.2 <0.1
5.8 12.2 12.2 <0.1

As described at the very beginning of this section, the apparent capac-
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itance strongly depends on the process conditions (Table 6.1). Although
the variations seem to be small, they have a distinctive influence on the
burning voltage. Figure 6.4 shows the behavior of the apparent capaci-
tance for both available methods as a function of the excess voltage. At
increasing Ue, the measured apparent capacitances show clear tenden-
cies to geometrical parameters, which are known from the experimental
setup. These include the capacitance of the total BD arrangement CBD

for Ue≈ 0 and the theoretical dielectric capacitance Cd,th for Ue→∞.
Obviously, the equivalent electrical circuit of the BD setup changes when
higher voltages are applied.

Lissajous figureCBD

Cd,th

6

7

8

9

10

11

12

13

0 1 2 3 4 5 6 7

Ue [kV]

C
d

,a
 [
p
F

]

statistical

Figure 6.4: Apparent capacitance Cd,a as function of the applied excess
voltage (O2, A =240mm2).

6.1.2 Concluding remarks on the effect of Cd

It was shown for a filamentary BD in oxygen that small excess voltages
(Ue≤ 4 kV) have a decisive influence on the electrical circuit and thus
on the calculation of the burning voltage. The assumption of a constant
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dielectric capacity Cd for the calculation of the gap voltage as described
in section 4.1.3 seems not to hold in this voltage range. Due to changes
of the Cd, the apparent capacitance Cd,a was introduced, which can be
obtained from manual analysis of the Lissajous figure. An alternative
method based on the statistical evaluation was described and compared
to the values from the Lissajous figure. It was shown that the measured
Cd,a approaches the theoretical value at high excess voltages. Thus, the
proper choice of Cd in the calculation of the gap voltage is essential in
order to get meaningful values for the burning voltage.

6.2 Model of the apparent barrier capaci-
tance

The dependency of the apparent capacitance on the excess voltage as
shown in Figure 6.4 suggests some transitional effects between the break-
down conditions and the fully developed BD. It seems that the available
electrode area is only partially covered by the active discharge phase if
the applied electric field is close to the critical one to sustain a proper
discharge. The formation of local discharge zones, which grow in size by
applying higher voltages, has already been observed in different applica-
tions [145, 146]. In contrast to the limited optical access of the presented
setup, surface BD can be observed in a better way and have shown a
similar behavior at varying Ua (Figure 6.5).

a) b)

Figure 6.5: The influence of Ua on the plasma expansion of a surface BD
in air, a) at Ua =1.4 kVrms, b) at Ua =3.3 kVrms (adapted from [145]).
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Figure 6.6: Simple model of the present BD setup, a) definition of the
complementary area fraction Ai, b) equivalent electrical circuit.

In order to verify the assumption of a transient BD expansion for
low Ue and to better understand this formation process, a SEmM is sug-
gested for the calculation of Cd,a as a function of Ue. The model assumes
the partial coverage of the discharge channel at applied voltages close
to the breakdown voltage (Ue≈ 0). Figure 6.6 schematically illustrates
this situation for the present BD setup. The conductivity of the area
fraction Ai, which remains unaffected by the BD, is low compared to
the ionized regions. As a consequence, an additional area dependent gas
capacitance C1 = f(Ai) has been introduced into the equivalent electrical
circuit. The dielectric capacitances C2 and C3 correspondingly depend
on the plasma coverage ratio (ACR =1-Ai/A). This ratio equals unity
if the total electrode area is covered by the BD. Thus, the area fraction
of the non-conductive phase Ai tends to zero.

The electrical equivalent of the three capacitances corresponds to the
apparent capacitance of the experimental setup. It can be calculated as
a function of Ai according to equations 6.4 and 6.5.

Cd,a =
C1 · C2

C1 + C2
+ C3 (6.4)

Cd,a

A
= ε0 · εr,g · εr,d

εr,g + εr,d
·
(ai

d

)
+ ε0 · εr,d ·

(
1− ai

d

)
(6.5)

where εr,g and εr,d are the relative permittivities of the gas and the
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dielectric material respectively, d the thickness of the dielectric, which
equals the one of the gap height dg, and ai the ratio of the non-ionized
area fraction to the total area (ai = Ai/A). Since Cd,a solely depends on
the variable parameter ai, a semi-empirical correlation between the area
coverage and the excess voltage is required.

6.2.1 Correlation between ai and Ue

A direct correlation between the plasma expansion inside the discharge
channel and the applied voltage has not been reported in literature to the
best of our knowledge. Based on the behavior of Cd,a as a function of Ue

(Figure 6.4), an exponential decrease of the non-ionized area at higher
voltages is a reasonable assumption. After initial breakdown, the plasma
expansion is favored by the production and diffusion of excited species.
However, this expansion process is decelerated strongly when the area is
almost completely covered. As a consequence, the non-ionized area ratio
ai can be expressed as

ai =
Ai

A
= e−b0·Ue (6.6)

where b0 is a semi-empirical value representing the ability of the BD
to expand over the electrode area (so called plasma expansion affinity).
Thus, ai can be replaced in equation 6.5 to directly formulate the de-
pendency of Cd,a on Ue according to

Cd,a = ε0 · εr,d · Ai

d︸ ︷︷ ︸
a

·


1− e−b0·Ue ·


1− εr,g

εr,g + εr,d︸ ︷︷ ︸
b





 (6.7)

In practice, the physical parameters εr,g, εr,d, A, and d summarized in
equation 6.7 by a and b are insufficiently known or have to be determined
for the various BD conditions (e.g. frequency change). Nevertheless, they
can be replaced by applying the boundary conditions observed in Fig-
ure 6.4: Cd,a(Ue =0) = CBD and Cd,a(Ue→∞) =C∞d . Thus, the final
form for the semi-empirical correlation between Cd,a and Ue is presented
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in equation 6.8 including the depending variable b0, which expresses the
plasma expansion affinity.

Cd,a = C∞d ·
[
1− e−b0·Ue ·

(
1− CBD

C∞d

)]
(6.8)

The numerical value for b0 is obtained by a non-linear-least-square fit of
the semi-empirical equation to the statistically determined Cd,a. Based
on the measured values for the previously discussed BD in oxygen (Fig-
ure 6.4), b0 is determined to 1.1 with a correlation coefficient R2 =0.99.
Thus, the SEmM seems to represent the observed behavior quite accu-
rately. The original data and the corresponding theoretical correlation
are depicted in Figure 6.7.

Once the plasma expansion affinity for a specific gas is known, the
plasma coverage ratio of the electrode area at a given excess voltage
can be estimated. Here, the applied excess voltage of 1 kV results in a
plasma extension over the available electrode area of approximately 60 %.
On the other hand, the required excess voltage to achieve a plasma ex-
pansion of more than 95 % (i.e. ai =0.05) can be estimated. This results
in Ue,95%≈ 3.0 kV.

Since the simple model proved accurate for an oxygen BD, the applica-
tion of the same model to other conditions should be validated. Thus, the
dependency of b0 on other parameters such as various gases or different
BD setups (variation of A) is investigated.

6.3 Mechanism of expansion coefficient

The semi-empirical model was first applied to various gases in order to
find possible correlations between different discharge mechanisms (e.g.
streamer versus Townsend) and the expansion coefficient b0. Besides the
fundamental interest in the behavior of b0, this property is important
to estimate the required excess voltage to sustain a discharge at full
plasma expansion. Additionally, the influence of the electrode area is
investigated. This could lead to possible rules for the up-scaling of BD
devices to arbitrary electrode shapes (e.g converging APR).
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Figure 6.7: SEmM for Cd,a as a function of Ue applied to the experi-
mental data for a BD in O2 (A =240mm2, b0 =1.112).

6.3.1 Influence of gas type

The SEmM was applied to experimental data obtained in the minia-
turized discharge cell (A =240 mm2) for different gases such as oxygen,
carbon dioxide, synthetic air, and helium. In general, a distinctive re-
duction of the apparent capacitance could be observed at low voltages
independent of the discharge gas (Figure 6.8). However, this effect is less
pronounced in helium.

The different gases mainly differ regarding their rate of plasma expan-
sion and the approximation value C∞d for Ue→∞. The latter parame-
ter equals to ∼ 12.1 pF for oxygen containing gases and approximately
11.7 pF for helium. In the case of synthetic air, the large deviation of
Cd,a does not allow an accurate interpretation of the data for high Ue.
However, the curve is more likely to coincide with those of oxygen and
carbon dioxide rather than the one of helium. As a consequence, the
model prediction is also lowered. Disregarding the values for synthetic
air, a significant difference in the approximation values between oxygen
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Figure 6.8: SEmM applied to the experimental data of Cd,a for O2,
CO2, air, and He with plasma mobility coefficients b0 =1.1, 0.9, 1.2, and
9.7 respectively (A =240 mm2).

containing gases and helium can be found. This discrepancy may result
from a possible discharge expansion beyond the apparent electrode area
in axial channel direction (Figure 6.9 a). Although the plasma expansion
is restricted by the solid dielectric perpendicular to the channel, its inlet
and outlet regions could be ionized at high Ue. The combination of in-
homogeneous electric fields and the presence of radicals and metastables
from the discharge might suffice to cause external BD processes, thus low-
ering C∞d . This additional parasitic capacitance of the boundary regions
has not been considered before. Therefore, the approximation value for
helium deviates stronger from the theoretical prediction Cd,th =12.5 pF,
which is based on the electrode area only. On the contrary, oxygen con-
taining gases are more strongly confined in space due to the formation
of short-lived species, and thus constricted to the channel length defined
by the electrodes (Figure 6.9 b). This is the reason why the deviation of
the approximation value C∞d to Cd,th is less pronounced.
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Figure 6.9: Schematics of the boundary channel regions close to the
electrode arrangement, a) possible plasma expansion for He, b) parasitic
capacitance Cp of the non-ionized gas region for O2 BD.

The results in Figure 6.8 also indicate that the rate of plasma expan-
sion b0 varies between unity for oxygen containing gases and a significant
higher value for helium. This indicates a fast development of the BD over
the electrode area for helium, which can be contributed to the different
discharge mechanism in comparison to oxygen. The ability of helium to
generate a glow discharge regime due to the formation of metastables by
Penning ionization, is thought to have the same physical background. In
general, the long lifetimes of metastables allow for a discharge expansion
over much larger areas. This effect is also important for the expansion
behavior at low excess voltages. As a consequence, the required excess
voltage to develop full discharge expansion is below 1 kV for nobel gases.
On the other hand, Ue≥ 3.0 kV is needed to fully expand oxygen con-
taining gases due to the higher quenching effect of oxygen [58].

Helium mixtures

The addition of carbon dioxide or oxygen to pure helium causes transi-
tion to a filamentary BD. Despite the large standard deviations of the
experimental results for the gas mixtures as shown in Figure 6.10, an ap-
proximation towards the behavior of an oxygen containing gas discharge
can be found. This would also agree with the previous interpretation that
the metastable density is effectively reduced by quenching processes in-
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volving oxygen species and thus restricts the plasma expansion [59]. As
a consequence, the fittings according to the SEmM are between those
for BD in the pure gases. The approximation level of Cd,a for Ue→∞
increases, since the exterior discharge retreats towards the boundary re-
gion of the electrodes. This effect is less pronounced for CO2 compared
to oxygen due to different dilution rates. Additionally, the plasma ex-
pansion is decelerated and therefore a higher voltage is needed to reach
full plasma expansion (Ue≈ 1.5 kV).

6.3.2 Plasma expansion at different A

The influence of the electrode area is investigated in order to find a
scaling coefficient for the required excess voltage to reach total ionization.
The BD is operated in pure carbon dioxide and the investigated electrode
areas size 60mm2, 240 mm2, and 1600mm2. Figure 6.11 displays the
experimental results and the corresponding curves for the SEmM. Due
to the variation of the discharge area, the boundary conditions for the
SEmM change accordingly. The total capacitances CBD of the three
BD setups were 8.4 pF, 7.5 pF, and 15.5 pF for the effective electrode
areas of 60 mm2, 240 mm2, and 1600 mm2. The reduction of CBD from
8.4 to 7.5 pF despite larger discharge area originates from the design of
the single channel discharge cell (section 3.2), which comprises a fixed
electrode size. Thus, variable channel widths have the observed influence
on CBD.

For discharge areas A≥ 240 mm2, the correlation between the excess
voltage and the apparent capacitance follows the same trends as de-
scribed previously. This reflects in similar plasma expansion coefficients
of b0≈ 1. In contrast, the same trend could not be found for the small-
est discharge area. Experiments showed that the channel was completely
ionized as soon as breakdown occurred. A proper estimate of b0 is diffi-
cult to obtain since no experimental data in the critical range (Ue≤ 1 kV)
is available. The numerical fit to the existing data shown for A =60 mm2

therefore comprises a high numerical deviation (b0 =4.6± 3.5 pF). Differ-
ent fittings would also agree well with the measurements. If the expansion
coefficient is assumed to be a constant gas parameter (e.g. b0≈ 1), the
prediction by the SEmM would still comply with the experimental data
within the error limits of Cd,a (short dashed line in Figure 6.11).
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Figure 6.11: Influence of the discharge area on Cd,a for BD in pure CO2.
Curves correspond to the SEmM with b0,60 =4.6 and 1.0, b0,240 =0.9, and
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At the time being, a detailed interpretation of this effect on the ba-
sis of the available experimental data is difficult. Due to the continuous
reduction of the discharge area, additional microphysical effects may be-
come more important, e.g. a strong increase of the surface to volume
ratio. At critical confinement, BD even extinguish as the available elec-
trode area becomes too small to provide the critical charge necessary
to sustain such a discharge [57]. Here, the discharge area is still large
enough in axial direction. However, the ratio of channel width to chan-
nel height approaches unity, so that surface discharge effects become
more and more important. Access to discharge information for Ue in the
range of 0 - 1.5 kV was limited. It remains a future challenge to quantify
the effect of Ue on Cd,a by the presented method.

6.4 Conclusion

The statistical burning voltage was found to be very sensitive to a vari-
ation of the apparent dielectric capacitance. Since Cd represents a con-
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stant material property, an apparent capacitance Cd,a was introduced
that accounts for the partial expansion of the plasma phase inside the gas
channel at low applied voltages. Its dependence on the excess voltage can
be described by a semi-empirical model, which assumes exponential ex-
pansion of the discharge phase over the electrode area. A semi-empirical
value b0 accounts for the temporal ability of a gas discharge to expand
over a defined discharge area. Helium has shown the highest b0 values
compared to oxygen containing gas species (O2, CO2, air). The latter
gases showed an expansion coefficient close to unity. An obvious corre-
lation between b0 and the geometrical constraints could not be found.
However, for small discharge areas the plasma seems to ignite instanta-
neously within the complete channel. No direct evidence for a decelerated
expansion was found compared to for large areas (≤ 240mm2) was found.
In summary, the model was successfully used to approach the influence
of low excess voltages on the expansion of filamentary and diffuse BD.
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Chapter 7

Experimental results:
surface treatment

Within the scope of this chapter, the application of µ-BD to the surface
treatment of polymeric materials in remote configuration will be dis-
cussed. Preliminary experiments with high density polyethylene (HDPE)
powder have shown the necessity for a simpler approach to screen dif-
ferent parameter settings. Consequently, the particulate material was
replaced by a solid polymer sample that allowed a more accurate deter-
mination of the water contact angle (WCA) and an independent varia-
tion of the treatment time. For powders, the residence time is directly
related to other process parameters such as the gas flow rate or the re-
actor length. Additional advantages of solid samples were the lack of
equipment cleaning after each experiment and the short experimental
procedure (no powder accumulation for WCA determination needed).
Adapted to the circular shape of the treatment zone, a cylindrical sam-
ple was chosen. Due to the very high surface quality and therefore re-
sulting accurate water contact angle of the untreated sample (WCA0),
polymethyl methacrylate (PMMA) was taken as reference material. Un-
fortunately, no comparable studies were found in literature to revise
the obtained results. The same PMMA cylinders were therefore surface
treated in a low pressure oxygen plasma and the corresponding WCA
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used as indication for a good surface oxidation.
In the following, the influence of the process gas mixture, the treat-

ment time and the discharge power is discussed for both the linear and
the converging reactor designs. Since the apparatus is also designed for
the treatment of heat-sensitive products, the average gas temperature is
additionally investigated.

7.1 Cylinder treatment in the linear design

In this section, all experiments were performed with the linear atmo-
spheric powder reactor (APR) design according to Figure 7.1. The cross
section of the straight duct size 2mm× 500 µm and its total length equals
40 mm. The effective discharge zone expands over ∼ 33mm inside the gas
channel.

(33)

Figure 7.1: Sectional view of the APR with a linear channel design
pointing towards the center of the treatment zone (dashed line: electrode
edge).

The total volume flow was kept constant at 20 slm, which results in
an average micro-channel velocity of 6 m·s−1. This value corresponds
to the estimated velocity of emerging activated gas species from the
micro-channel array into the treatment zone. Therein, the superficial
gas velocity increases gradually over the length of the treatment zone
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(ltz ≈ 22 mm) from ∼ 0.8 to 6.5 m·s−1. This velocity gradient might have
a significant effect on the treatment homogeneity along the cylindrical
PMMA samples, which has not been considered since the WCA had al-
ways been determined as an averaged value over the last 5 mm of the
cylindrical sample. The pressure inside the treatment zone was main-
tained at 900 mbar. Consequently, the pressure at the inlet of the dis-
charge channels varied between 930 and 960 mbar depending on the gas
composition applied. The effect of the variation in pressure as well as
the influence of the gas composition on the breakdown voltage Ubd have
been considered by using the excess voltage of Ũe =1 kVpp for all mea-
surements.

7.1.1 Treatment time

In a first step to describe the effect of the remote plasma treatment on
PMMA surfaces, the influence of the treatment time on the WCA for
three different gas mixtures is investigated. In all cases the admixture
concentration cad was 10 vol.-% and the excess voltage Ũe=1kVpp. Fig-
ure 7.2 shows an exponential decrease of the WCA with the increase in
treatment time. Regardless of the admixed gas component, the WCA fi-
nally approaches a saturation level for treatment times larger than 120 s.
The saturation values differ depending on the type of gas mixture con-
sidered, e.g. a WCA of 59◦ could be reached for He/CO2.

In comparison with a direct BD treatment of polypropylene (filamen-
tary and glow like mode), the improvement of the WCA reveals the same
trend. However, the remote plasma approach is less efficient in terms of
treatment time [63]. Nevertheless, these results indicate that the concen-
tration of excited species approximately 5mm from the plasma source is
still high enough to significantly alter a polymer surface.

7.1.2 Process gas composition

The effect of the gas composition and the concentration of the admixing
components on the WCA are shown in Figure 7.3. For concentrations
higher than 25 vol.-%, the required excess voltages for gas mixtures with
N2 and CO2 exceeded the proven electrical strength of the APR and
were therefore not measured. Nevertheless, the obtained WCA for these
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Figure 7.2: Effect of variable treatment time on the WCA for a He dis-
charge with admixtures of CO2, O2 and N2 (admixing gas concentration
cad =10 vol.-%, p =900mbar, Ũe =1kVpp, maximal measurement uncer-
tainty ± 1.5 ◦, dashed line: WCA0, solid lines: arbitrary fits).

two gas components already indicate a certain saturation level above
10 vol.-%, so that the WCA will not improve significantly for higher gas
concentrations.

In the case of N2, a similar maximum concentration in He has been
found by Borcia et al. when treating high-density polyethylene [147]. It is
also known from numerical estimations of the electron energy for He/N2

mixtures in BD that the characteristic energy decreases for increasing
N2 admixtures and remains constant for N2 concentrations higher than
30 vol.-% [34]. Thus, the rate constant for the production of active species
also remains in the same range. At smaller volume fractions of N2, the
simulations show higher electron energies, which indicates that the disso-
ciation reaction is still limited by the concentration of nitrogen molecules.
As a consequence, the efficiency of the surface treatment decreases. On
the other hand, since the dissociation energy of N2 is around 9.8 eV
[63, 148], a different pathway described by Massines et al. is also pos-
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Figure 7.3: Effect of different gas concentrations on the WCA of a He
discharge with admixtures of CO2, O2 and N2 (tr =120 s, ptz =900mbar,
Ũe =1 kVpp, measurement uncertainty ± 1.5◦), dashed line: WCA0, right
insert: extension for 0≤ cad≤ 5, solid lines: arbitrary fits.

sible to efficiently generate metastable nitrogen atoms. This alternative
way to the dissociation is the exothermic recombination of N+

2 with sur-
face electrons to create 2N∗ [63].

A similar mechanism as the one described above is expected for the
dissociation of CO2, which is also limited by the low energy of the elec-
trons at higher concentrations. Here, the direct dissociation will likely
be favored by the high energetic electrons for low CO2 concentrations
(dissociation energy 5.5 eV [148]).

A different behavior could be observed for small amounts of O2 ad-
mixed to He (Figure 7.3, right side). In this case, the WCA drops rapidly
to a minimum contact angle of 65◦ for small O2 admixtures of 0.25 vol.-%
(2500 ppm). When further increasing the O2 concentration, the activa-
tion of the surface worsens and the WCA remains at an elevated level
around 72± 1◦. It is assumed that the observed optimum for the O2

concentration is the result of two counteracting processes. First, the
characteristic energy of electrons is efficiently quenched by the intro-
duced O2 mainly leading to the generation of oxygen radicals, which are
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held to be essential for the initial rapid decay of the WCA. On further
increase of the O2 content, the characteristic energy level remains low
(similar to He/N2 mixtures). As a result, the WCA is expected to level
off at higher admixture concentrations (see in the case of N2 and CO2).
However, the experimental data show a clear increase. It is assumed
that the production of ozone at increasing O2 concentrations causes this
discrepancy. Recent numerical calculations for atmospheric He/O2 mix-
tures have shown that the ozone concentration strongly increases while
the density of metastable oxygen O∗ decreases by a factor of 10 for O2

concentrations in the range of 0.5 - 5 vol.-% [149]. Above 5 vol.-%, the
ozone density approaches a constant level. Consequently, the rise in the
WCA originates from the enhanced production of ozone coupled with the
consumption of active species, which are later missing in the afterglow
for the polymer treatment.

The electric discharge characteristics clearly showed the occurrence of
filamentary BD for admixtures of O2 and CO2. A single stationary dis-
charge peak was observed for He/N2 indicating a diffuse glow discharge
mode. However, a remarkable effect on the WCA at the polymer surface
attributed to the discharge mode was not perceivable.

Table 7.1: Optimal admixing gas concentrations to the main process gas
He for the linear APR.

Diluent cad [vol.-%]

Oxygen O2 0.25
Nitrogen N2 ≥ 10
Carbon dioxide CO2 ≥ 10

7.1.3 Conclusion of preliminary experiments

First results showed that an average treatment time of nearly 120 s is
necessary to achieve adequate surface modification. The current height
of the treatment zone corresponds to an estimated residence time of the
powder particles in the range of 10ms, which is far too low to expect
any surface modification. However, it is expected that an increase in
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excess voltage Ũe or frequency f (i.e. higher power) would positively
contribute to a faster treatment time. Further, the optimal admixing
gas concentrations were found and summarized in Table 7.1.

7.2 Cylinder treatment in the converging
design

An APR reactor design with converging channels has been chosen to
investigate the effect of higher power inputs and larger discharge arrays
upon the treatment efficiency (Figure 7.4). The latter was increased from
a total discharge area of 44.8 cm2 (VD,lin =2.11 cm3) for the linear APR
to 147.2 cm2 (VD,con =14.7 cm3) for the converging APR. Furthermore,
the channel height was increased from 500 µm to 1 mm. Since the width
of the channel exit cross section remains the same, the total volume flow
was doubled to 40 slm in order to meet the same averaged channel exit
gas velocity of 6 m·s−1.

Figure 7.4: Sectional view of the APR with a converging channel design
pointing towards the center of the treatment zone.

7.2.1 Effect of higher discharge power

It has been shown for a single linear discharge channel that the dissipated
power of a BD is proportional to the applied voltage Ua and the frequency
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f . The power evaluation from the Lissajous figure reveals the expected
behavior for the converging APR as presented in Figure 7.5.
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Figure 7.5: Dissipated power according to the Lissajous figure as a
function of Ua. The applied voltage at breakdown Ua,bd is estimated
at ∼ 1.2 kVpp (He/O2, cad =0.25 vol.-%, V̇tot =40 slm, p =900 mbar, solid
lines: linear fits).

The applied voltage was limited by the electrical strength of the cur-
rent APR design. Additionally, the losses in the HV transformer unit
strongly increased for frequencies higher than 5 kHz causing currents up
to 60A in the power supply circuit. Consequently, the maximum effective
power input was ∼ 3.5W for the converging APR. Nevertheless, the in-
fluence of the applied power on the treatment efficiency could be studied
for a He/O2 discharge with an admixture concentration cad =0.25 vol.-%
(Figure 7.6). The treatment time of the samples was 40 s. The results
indicate an exponential decrease of the WCA with increasing power. For
a power input larger than 3.5W, a certain saturation effect of the surface
modification can be expected. The saturation probably correlates to the
maximum density of surface functional groups that can be incorporated
by plasma treatment on PMMA. The WCA after low pressure plasma
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treatment in pure oxygen at a power input of 200 W has been added as
reference and can be used as a benchmark for a high degree of surface
treatment. For this purpose, the PECVD reactor setup as described in
[130] had been used.
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Figure 7.6: The WCA as function of the dissipated power (He/O2,
Ũe ≈ 0.8, 1.8, and 2.8 kVpp, Ua =2.0, 3.0 and 4.0 kVpp, V̇tot =40 slm,
p =900 mbar, tr =40 s), solid line: arbitrary fit, dash-dotted line: low pres-
sure activation (cO2 =100%, PRF =200W, p =0.1 mbar, tr =30 s).

It can be noticed that the WCA improvement does not depend on
the signal frequency nor on the applied voltage. As expected, the total
dissipated power is the decisive factor for the surface modification. The
results at Pel =1 W exemplarily show that the same WCA were obtained
either for f = 2kHz and Ua =3 kVpp or f =5 kHz and Ua =2 kVpp.

7.2.2 Treatment time

As the power enhancement showed a significant improvement of the
WCA, the effect of the treatment time on the WCA has been recon-
sidered. In Figure 7.7, the dependence of the WCA on the treatment
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time for optimal O2 and CO2 admixtures at 0.3 and 3.5 W is shown.
The tenfold increase in power reduces the treatment time to obtain the
same degree of surface modification by a multiple. For CO2, the lowest
contact angle of 52◦ is reached after 10 s of remote plasma treatment and
remains almost constant thereafter. For long treatment times, the WCA
slightly increases again. This might result from excessive plasma treat-
ment [94], which usually results in polymer degradation and enhanced
formation of LMWOM. Although a change of the WCA was observed
after rinsing the treated samples with deionized water, which is a well-
known indicator for the presence of LMWOM, their existence could not
be clarified with the available analytical systems.
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Figure 7.7: WCA as function of the treatment time for O2 and
CO2 at different power inputs (He/O2, cad =0.25 vol.-%, He/CO2,
cad =10 vol.-%, V̇tot =40 slm, p =900 mbar, measurement uncertainty
± 1.5◦, dashed line: WCA0, dash-dotted line: low pressure activation, solid
lines: arbitrary fits).

A similar decrease of the WCA with treatment time is observed for
admixtures of O2. Here, the plateau of constant WCA is reached af-
ter treatment times of 60 - 80 s. The degradation of the polymer due to
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overexposure does not occur within the maximum treatment time inves-
tigated. The same applies for the low power treatment, where the WCA
could still be enhanced after 120 s.

Consequently, the efficiency of the remote surface treatment could be
further improved by continuously increasing the power input for future
applications as long as the reactor temperature remains below a critical
value given by the thermal resistance of the reactor material. In the
current APR the maximum temperature is limited to ∼ 50 - 60 ◦C.

7.2.3 Linear APR versus converging APR

When both reactor designs are compared, a significant difference can be
found in terms of treatment efficiency. In Figure 7.8, the WCA for a
O2/He discharge is shown for the linear and the converging APR. The
converging design is less efficient despite identical excess voltage, channel
velocity, pressure and signal frequency. This can be explained by the
lower power density pel, which equals to 0.020 W·cm−3 (Pel =310 mW)
for the linear APR and 0.059 W·cm−3 (Pel =125 mW) the converging
design (equation 7.1). It appears obvious that for a three times higher
power density, a higher radical concentration and thus, a more efficient
treatment can be expected.

pel =
Pel

VD
(7.1)

In order to meet the same power density in the converging APR an ab-
solute power input of 0.87 W would be needed. The corresponding electri-
cal settings (i.e. excess voltage and frequency) can be estimated accord-
ing to Figure 7.5 (f =2kHz, Ua =2.9 kVpp or f =1 kHz, Ua =4.2 kVpp).
Despite the consideration of the power density, the resulting WCA for a
treatment time of 40 s only decreases from 72.8◦ to 69.5◦. In comparison,
the WCA obtained in the linear APR is 65.5◦.

For the time being, the linear setup shows a better surface modifi-
cation performance. However, several influencing factors have not been
discussed so far such as the length of the plasma module (lm,lin≈ 22mm,
lm,con≈ 26mm), the averaged channel velocity in the treatment zone
(ūtz,lin≈ 5m·s−1, ūtz,con≈ 10m·s−1), pressure loss over the discharge
channel, and electrode gap spacing (dg,lin =0.5mm, dg,con = 1.0mm).
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Figure 7.8: Efficiency of surface treatment for both APR types (He/O2,
cad =0.25 vol.-%, Ũe =1kVpp, f =1 kHz, p =900mbar, measurement un-
certainty± 1.5◦, dashed line: WCA0),

1) WCA obtained by the converging
APG at identical power density as in the linear APR.

7.2.4 Temperature determination

As discussed above, the progress of surface modification is accelerated
by increasing either the applied voltage or the signal frequency. Thereby,
significantly higher electron densities as well as mean electron energies for
the formation of radicals can be provided. At the same time, more energy
is transferred to the heavy particles (e.g. ions, neutrals). Thus, the over-
all gas temperature increases. Despite the advantages of faster surface
treatment, the reactor temperature should not exceed ∼ 50 - 60 ◦C due
to limitations of the polymeric materials employed in the current design.
Higher temperatures should also be avoided with respect to tempera-
ture sensitive products. The neutral gas temperature inside the treat-
ment zone was therefore determined to scope for the beneficial cooling
effects of the process gas flow. The corresponding measuring setup is il-
lustrated in Figure 4.11 in section 4.3.1. The tip of the fibre optical probe
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exceeded the probe holder by 5 mm and as such represented the posi-
tion of the cylindrical samples where also the WCA was determined. The
power input was chosen according to the previous configurations and the
temperature was determined when stationary conditions were reached.
Before plasma ignition, the process gas temperature in the treatment
zone was T0 =25.4± 0.4 ◦C (room temperature). The measured neutral
gas temperatures T during BD operation were ∼ 27.5 and ∼ 29.0 ◦C (Ta-
ble 7.2), and thus the absolute temperatures increased by 2.2 and 3.7 ◦C
respectively. The theoretical, adiabatic power Ptha to heat the corre-
sponding helium gas flow corresponds to approximately 50 - 60 % of the
total power dissipated in the BD. Similar values could be found in liter-
ature [112]. Assuming a maximal thermal load to the polymer samples
of 45 ◦C and a linear correlation between Pel and ∆T , the helium gas
flow would allow a sufficient cooling if the maximal input power does not
exceed 20 W.

Table 7.2: Neutral gas temperature inside the treatment zone (He/O2,
cad =0.25 vol.-%, f =5 kHz, V̇tot =40 slm, p =900mbar, ∆T = T -T0)

Ua [kVpp] Pel [W] T [◦C] ∆T [◦C]

3.0 ∼ 2.4 ∼ 27.5 ∼ 2.2
4.0 ∼ 3.5 ∼ 29 ∼ 3.7

7.3 Conclusion of treatment experiments

The afterglow treatment efficiency of the proposed linear and converging
APR was investigated with respect to the surface wettability of cylin-
drical samples. These allowed very accurate determination of the WCA
and fast parameter screening to identify critical process parameters.

Preliminary results in helium with optimized admixture concentra-
tion of 0.25 vol.-% for oxygen and ∼ 10 vol.-% for nitrogen or carbon
dioxide showed that the surface treatment in the afterglow region of a
low power BD at ambient pressure is feasible. In contrast to CO2 or
N2, small amounts of O2 admixed to the He discharge showed better
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results. It is speculated that the formation of ozone is favored at high
O2 concentrations, leading to a steep decreased of the radical atomic
oxygen, which is held responsible for the effective surface activation. A
stationary discharge pulse was observed for He/N2 indicating a diffuse
discharge regime. A remarkable effect on the WCA attributed to the dis-
charge mode was not perceivable, thus strongly supporting the hypoth-
esis of remote treatment being less dependent on the discharge regime.
Besides the process gas composition, the dissipated power was another
crucial parameter for the afterglow treatment. At maximum available
power (∼ 3.5 W), saturation of the WCA for CO2 was reached within
10 s and a sufficient wettability obtained in 1 - 2 s of remote plasma ex-
posure. Due to the limited electrical strength of the prototype APR,
an increase of the frequency is a possible way to further accelerate the
surface treatment process.
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Chapter 8

Conclusions

A novel concept for the remote plasma treatment of temperature sensi-
tive materials with respect to higher surface energies and thus improved
wettability was presented. A lab-scale, modular setup applying a simple
micro-barrier discharge (µ-BD) was realized and elaborately investigated
with respect to the efficiency of surface treatment in the afterglow region
and the thermal exposure of the samples. In a first step, the BD prop-
erties in a single channel were described under the expected conditions.
No remarkable changes to the discharge behavior could be observed by
later scaling to the multi-channel atmospheric powder reactor (APR)
since particle-plasma interactions were avoided in the respective design.

In order to minimize the overall process gas consumption of the APR,
the discharge volume was constricted to narrow flow channels with small
effective discharge areas. Thus, the electrical description of the micro-
physical discharge processes by common measuring methods (Lissajous)
or the optical access was strongly limited. As a consequence, the descrip-
tion of the µ-BD inside a single channel was approached by the statistical
evaluation of single discharge bursts in terms of charge transfer, number
density of discharge events, burst duration or dissipated power.
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µ-BD characterization in single discharge channel

The statistical interpretation of µ-BD revealed that the temporal gradi-
ent of the sinusoidal driving voltage significantly affects the discharge
burst duration and the charge transfer in helium and synthetic air.
For this reason, the excess voltage defined as the difference between
the applied voltage and the burning voltage was introduced to serve as
similarity parameter. As such, it accounts for the pressure dependency
of the burning voltage according to Paschen. For constant excess volt-
ages, similar discharge characteristics were obtained for different pressure
levels, which was necessary for the deeper understanding of the micro-
discharges properties at transient flow regimes where pressure gradients
are significant.

In this respect, the increase of the gas drift towards transonic gas ve-
locities through µ-BD showed the same effect as a simultaneous decrease
of the excess voltage. Hence, the discharge burst number was significantly
reduced and the statistically significant burst durations shifted towards
higher values. In particular for helium, this was already evident for small
velocity variations at subsonic conditions, whereas transonic flows were
required in synthetic air. The different lifetimes of the corresponding
radicals were assumed responsible for this discrepancy. In helium the for-
mation of metastables by Penning ionization is favored, whereas a higher
density of short-lived radicals in oxygen containing µ-BD is common. It
was speculated that sufficient convective displacement of the correspond-
ing active species from the discharge location causes enhanced dilution
of radicals and thus a reduction of the apparent burning voltage. This
effect was observed for channel velocities around 10 to 30 m·s−1 in he-
lium and roughly 150 to 250 m·s−1 in air. Since metastables in helium
exhibit longer lifetimes, the necessary velocities were considerably lower
for the sufficient removal of metastables from the discharge region. Both
types of µ-BD (diffuse or filamentary) showed analogous behavior inde-
pendently of the different discharge mechanisms, which suggested that
the apparent burning voltage increases, the higher the gas flow velocity
in the channel is.
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Semi-empirical model of plasma expansion

On the basis of the statistical µ-BD properties presented in this work,
the burning voltage was found to be strongly sensitive to variations of
the apparent dielectric capacitance, which was introduced to describe
the µ-BD behavior at small excess voltages. Experimentally determined
values for this apparent capacitance were found between the total capac-
itance of the system without discharge and the dielectric capacitance of
the barrier only (µ-BD fully developed). As such, a semi-empirical model
based on the assumption of an exponential propagation of the conduc-
tive discharge phase over the discharge area showed good agreement with
the experimental values. The temporal ability to develop full discharge
expansion over a defined electrode area was high for helium and small
discharge geometries. In oxygen containing gases, an excess voltage of
3 kV was required to overcome the strong quenching effects and thus the
full expansion over the available electrode area. In larger BD arrange-
ments, no direct evidence was found that the plasma expansion would
behave differently with applied excess voltage and variable discharge area
and therefore cannot be used as design criterion for up-scaling.

Surface treatment of cylindrical polymer samples in the APR

The feasibility of the afterglow surface treatment of cylindrical-shaped,
polymethyl methacrylate (PMMA) samples in the proposed APR was
successfully shown for µ-BD in helium with small admixtures of oxygen,
carbon dioxide or nitrogen. At the presence, the water contact angle
(WCA) could effectively be reduced from 80◦ of the untreated sample
to 52◦ within 10 s of treatment duration at optimized conditions. The
process gas composition and the absolute dissipated power in the µ-BD
channels were identified as most critical parameters for fast surface treat-
ment. The latter was limited by the high-voltage power supply to 3.5W
resulting in a neutral gas temperatures increase inside the treatment
zone of a few degree. The admixing gas concentration was optimized
for nitrogen and carbon dioxide to 10 vol.-% with respect to low burning
voltage and maximum surface wettability. In contrast, helium discharges
with only traces of oxygen showed better treatment efficiency since the
formation of ozone at higher oxygen concentration was assumed respon-
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sible for a steep decrease of radical atomic oxygen. The presence of these
species is seen as the origin of any WCA reduction. Furthermore, no
remarkable effect on the WCA was found when comparing filamentary
and glow discharge regimes at atmospheric pressure. Thus, the type of
discharge formation is less important in remote modification processes.

In view of the current height of the treatment zone, the estimated
residence time of the powder particles passing though is approximately
10 ms and thus too low to expect a high degree of surface modification.
However, a further increase of the dissipated power to 30 W would still be
acceptable without additional cooling requirements and would positively
contribute to an adequate reduction of the WCA. Preliminary experi-
ments with fine powders showed no particle deposition during plasma
operation and no changes in the electrical discharge characteristics. The
APR concept as presented in this work proved therefore feasible with
high potential in future applications.
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Chapter 9

Outlook

The scientific interest in atmospheric plasma surface processing of par-
ticulate materials has been continuously growing over the last years as
the increasing number of publications and conference contributions sug-
gests. This thesis expresses one of the first works devoted to fast powder
treatment in a continuous downstream process for temperature sensitive
products at atmospheric pressure, and thus raises opportunities for more
fundamental questions and developments in particle technology. The ob-
jectives formulated in the beginning were rather advanced. As such, the
question of feasibility for polymer particle treatment in the afterglow of
a common BD is still not satisfactory answered.

As a consequence, elaborate investigations of various aspects are cru-
cial for the future application of the remote atmospheric powder reactor
(APR). Basically, these include further optimization using cylindrical
samples and modification of the present APR setup. Alternatively, the
adaption of the APR for continuous gas-phase synthesis of nanoscale
structures on particles should be considered for future advancement.

9.1 Investigations with cylindrical samples

The approach to treat cylindrical samples in the afterglow region of the
APR has proven advantageous with respect to fast process optimization
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and accurate measuring of the induced surface changes. The influence of
the power density was shown to be more important than the applied, si-
nusoidal voltage or the frequency. However, parameters such as different
bulk material (PE, PP or PA), changing carrier and process gas flows or
the length and diameter of the polymer probes have not been addressed
in detail. The latter two have a distinctive influence on the velocity pro-
file inside the treatment zone whereas the choice of a different polymer
would be more relevant to industrial applications and essential if other
surface characterizations methods were applied to quantify the degree of
surface functionalization (e.g. XPS) or its topography (e.g. AFM). The
incorporation of oxygen-based functional groups cannot be measured us-
ing PMMA due to its molecular structure containing oxygen atoms. The
use of alternative techniques to WCA measurements is also suggested
with respect to clarify the treatment homogeneity.

Higher treatment efficiency at constant power input and cost-effective
operation for industrial applications should be addressed by various
gas compositions and the replacement of the high-grate helium (He 5.0:
∼ 26CHF ·m−3) by cheaper argon (Ar 5.0: ∼ 17CHF·m−3, tech.Ar:
∼ 14CHF·m−3) or air. In the latter case, a HV proved design of the
plasma module is essential due to higher burning voltages. In process
gases with high admixtures of oxygen, the formation of ozone should
be prevented to maintain high atomic oxygen densities at the exit of
the BD channel. This can be achieved by adding traces (< 0.1 vol.-%)
of nitrogen-oxide (NO) or nitrogen-dioxide (NO2, available from Pangas
or Sigma-Aldrich) to the process gas, which is known from ozone pro-
duction as discharge poisoning [150]. Ozone formation is also suppressed
effectively by higher gas temperature [45, 134], which is less favored due
to the basic concept of low temperature treatment. In general, the ques-
tion of excited species in the afterglow jet of the BD should be addressed
more carefully in future investigations since they are expected to be the
key issue for improving the efficiency of short time surface treatment and
can be used as design criterion for the next generation of APR.

For this purpose, complementary methods to the statistical descrip-
tion should be revised in near future to deepen the understanding of the
relation between the discharge characteristics and the radical densities
in the plasma afterglow. This should be approached for a single dis-
charge channel in the corresponding experimental setup by additional
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spectroscopical methods (e.g. TALIF, OES, CCS). Imminent questions
about the influence of surface-to-volume ratio of the confined discharge
volume and its effect on the radical density distribution due to enhanced
wall recombination losses could thus be answered. Therefore, finding the
optimum compromise between the physical properties of the confined
discharge volume (shape, length, gap size, material), the electrical char-
acteristics of the µ-BD (charge transfer, burst duration and numbers,
volumetric expansion) and the maximum radical density in the afterglow
is a great challenge. Small channel cross sections imply high velocities
and thus large displacement distances but also high surface-to-volume
ratios and corresponding wall recombination losses. For example, the
proper choice of the wall material (e.g. teflon) could effectively reduce
wall recombination losses [82]. Since the experimental approach is quite
complex, theoretical calculations could be used in supporting manner
(turbulent, transonic flow simulation including plasma chemistry and
discharge physics).

9.2 Optimization of the current APR setup

Basically, the approached concept features all requirement for the suc-
cessful treatment of powders in a long term continuous mode. The cir-
cumferential introduction of the process gas flow combined with the high
momentum transfer at atmospheric pressure have so fare successfully
prevented powder adhesion to the reactor walls. Before a scale-up of the
existing system to an industrial relevant scale can be considered, the fea-
sibility to reliably decrease the wettability of polymer powders should
be proven. One of the most critical parameter in remote treatment is
the dissipated power. The direct success of efficient surface treatment is
therefore strongly depending upon the ability to considerably increase
the power density inside the discharge channels while maintaining a low
thermal load. The achieved maximum power densities have so far been
too low compared to typical values required for in-situ gas phase reac-
tions, which are in the range of 0.3 - 0.7 W·cm−3 [112]. With respect to
the afterglow treatment and the corresponding losses involved, power
densities around 1 to 5W·cm−3 should be aimed for, which correspond
to absolute power inputs of Pel≈ 15 - 75 W for the converging APR. It is
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therefore suggested that the HV generation is further improved to scope
with the increased demand of higher voltages and higher frequencies.
Impedance measurements of the current electrical circuit indicate strong
deviations from optimal operational conditions (low impedance and zero
phase shift) over the frequency range from 5 to 100 kHz (Figure 9.1).
The second stage of the HV transformer unit was identified as the main
source of the observed variations (see Appendix B.4). The installation
of a matching unit to minimize the power losses and the replacement of
the second HV transformer should be considered.
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Figure 9.1: Impedance analysis (SI 1260, Solartron, UK) of the total
electrical system as seen by the amplifier (converging APR in series with
transformer unit, Cm =10nF, and Rm =1014 Ω, Z: impedance, ϕ: phase
shift).

The second required adaption towards higher power operation includes
the design of the APR. The prototype generation presented in this work
was limited to operation conditions for Ua≤ 5 kVpp. Thus, the breakdown
voltage in certain gas mixtures (e.g. air) could not be reached much less
the required excess voltage for full discharge expansion. For this reason,
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a three dimensional simulation of the electric fields is suggested to reveal
local field enhancements that can lead to material failures and later to
the complete destruction of the device. Adjustments to the shape of the
PMMA disc or the electrodes might suffice to reduce these critical fields.
Alternatively, the dielectric strength of the plasma module must be in-
creased by improving the adhesion between the epoxy and the polymer
surface to prevent their separation during epoxy curing (higher temper-
ature combined with different thermal expansion coefficients) and thus
the formation of air gaps. This could be solved by choosing a different
epoxy quality or another polymer. The possibility to decrease the elec-
trode thickness by applying common sputtering processes for thin film
deposition (Cu, Ag) should also be addressed.

The replacement of the dielectric material by glass or ceramic would
allow higher electric strengths and prevention of uncontrolled decontami-
nation of the plasma by etching effects. However, both materials exhibit
great challenges in manufacturing and are often machined by laser or
water jet cutting. Channel-like structures can only be incorporated into
a glass matrix by few processes such as powder blasting, hydrofluoric
(HF) or deep reactive ion etching. In this respect, metallic electrodes of
covar are favorably used due to similar thermal expansion coefficients
compared to glass. Nevertheless, combining single discharge units (glass
layers) to a multiple-layer structure is still a challenging issue. The same
applies for ceramic materials that are frequently used in the electronic
industry and ozone production [151].

9.3 Statistical properties of µ-BD

The statistical properties of µ-BD have shown to be very sensitive to
variations in the gas composition. Motivated by the use of different gas
mixtures for surface functionalization, the statistical description should
be extended to discharges in gases of various compositions. By increas-
ing the admixture concentration in a helium glow discharge, the transi-
tion from a diffuse to filamentary BD regime could be addressed by the
presented statistical method expecting new insights into the discharge
physics.

Furthermore, the distinctive advantage of the statistical characteri-
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zation to measure weak discharge bursts should be used in future in-
vestigations to even smaller discharge volumes and channels with char-
acteristic gap sizes in the lower micrometer range (50 - 200 µm). These
studies would also be inline with the future trend to smaller channel
cross-sections and thus reduced gas consumption of the APR.

In asymmetric setups and at special discharge conditions (often in
APFD), a significant difference in the current characteristic of both half-
cycles was observed (Figure 9.2 a). The reason for this phenomenon is
expected in the different secondary electron emission coefficients γT of
the wall materials. By the presentation of the PDF, this effect could be
better quantified and accurately described with respect to the first and
the second half-cycle (Figure 9.2 b). This fundamental study would allow
elaborate conclusions about the effect of the wall material (γT , surface
roughness, dielectric permittivity) on the statistical properties of a BD.
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Figure 9.2: a) Typical asymmetric APFD in air (A =1600mm2,
Ũe =6 kVpp), b) PDF of Qb separated into 1st and 2nd half-cycle.

9.4 Possibilities for future applications

Once the feasibility of the APR is shown to reliably functionalize the sur-
face of polymer powders, the method could also be applied to selectively
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introduce different surface groups by changing the process gas composi-
tion. In biotechnological applications, the incorporation of nitrogen con-
taining (primary amino) groups provides reactive particle surfaces for
biomedical purposes such as the attachment of proteins and other bio-
molecules [104, 152].

A completely different field with enormous market potential in the
pharmaceutical and in the chemical industry is accessed by introducing
a large variety of organic and inorganic precursors for the remote deposi-
tion of homogeneous layers for e.g. surface protection [37, 117, 153] or the
formation of nanoparticles to improve e.g. the flow behavior of cohesive
powders [154]. The effort for the adaption of the current system depends
on the aspired precursors. For silicon containing films, gaseous precur-
sors such as silane (SiH4) are often used [65, 155, 156]. However, liquid
monomers e.g. tetramethylsilane (Si(CH4)4) with low boiling points are
favorable due to safety concerns.

Future applications with the main focus on the gas-phase synthesis of
nanoparticles could easily be benchmarked with the corresponding low
pressure PECVD system described by Spillmann [6]. Depending on the
radical density in the treatment zone of the APR, the precursor should
favorably be added to the carrier gas stream to prevent plugging of the
discharge channels. Alternatively, it could also be applied to the process
gas flow. In this case, the proper choice of the discharge conditions is
essential to favor nanoparticle formation rather than surface depositions
[156–158]. Thus, the optimization of the process conditions should first
be addressed in the single-channel BD setup prior application to the
APR. Here, different precursors and their effect on nanoparticle forma-
tion can be studied. Furthermore, the influence of the flow velocity and
the statistical discharge properties on the residence time, the size distri-
bution of nanoparticles in the afterglow region, deposition rates inside
the gas channel (prevent clogging), and surface properties of the remote
deposits should be investigated. These fundamental studies are essential
to get a basic insight into the deposition mechanisms that will occur in
the treatment zone of the APR.
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A.1 Single-channel discharge device

HV connection

top 

casing

bottom casing

CE connection

counter

electrode

spring

casted HV

elctrode

spring holder

cross section view:

3D view:

Figure A.1: 3D and cross sectional view of the single-channel discharge
device (the springs are represented by two cylinders).
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Figure A.2: Single channel setup: bottom casing (POM).
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Figure A.3: Single channel setup: top casing (POM).



A.1 Single-channel discharge device 153

Section A - A:

Figure A.4: Single-channel setup: spring holder (aluminum).

all radii r=1mm

Section A - A:

Figure A.5: Single-channel setup: bottom electrode (aluminum).
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Preform of HV electrode:

Preform HV electrode after epoxy casting:

all radii r=1mm

reference mounting

Figure A.6: Single-channel setup: required manufacturing steps for the
casted HV electrode. First, an aluminum electrode is prepared according
to the top drawing. After low-pressure casting and curing, the epoxy is
post-processed to fit the dimensions shown in the bottom drawing. The
removal of the reference mounting will result in the final form shown in
Figure A.7.
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Section A - A:

Figure A.7: Single-channel setup: epoxy casted top electrode
(epoxy/aluminum).
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A.2 Components of a discharge unit

HV electrode

GND electrode

dielectric

layers

Figure A.8: Explosion view of the BD arrangement with identical HV
and GND electrodes (Figure A.9) and the double-layer dielectric with
optimized geometrical shape (Figure A.10). The geometrical constraints
of the converging design are shown in Figure A.11 and those of the linear
one in Figure A.12.
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Figure A.9: HV/GND electrode dimensions after laser cutting (alu-
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Figure A.11: Geometrical constraints for the converging channel design.
The channel cross section at 5 mm from the center is Ac =1×2mm2.
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Figure A.12: Geometrical constraints for the linear channel design. The
channel cross section at 5mm from the center is Ac =0.5×2mm2.
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A.3 Manufacturing of the plasma module

The most important steps in the manufacturing process of a single
plasma module is described in the following section. Nevertheless, a lot
of practical experience is required with respect to laser cutting, polymer
bonding, and epoxy casting to obtain a satisfactory result. The over-
all production time for one plasma module is typically 6 - 8 weeks and
strongly depends on the accessibility of the different manufacturing tech-
niques involved.

Preparation epoxy casting

1. Laser cutting of Aluminium GND and HV electrodes according
to the technical drawing in Figure A.9 (thickness 1 or 2 mm). All
edges are rounded with a radius of 0.5 mm.

2. Topmost electrode separately manufactured from a Aluminium
blank with identical electrode geometry and an additional refer-
ence mounting, which is used for the post-processing after epoxy
casting (D =40 mm, h =10 mm).

3. Laser cutting of PMMA plate (thickness 0.5 and 1.5 mm) into disk-
shaped, polymer blanks (D =102mm) with a central reference hole
(d=1 mm, Figure A.13 a).

4. Incorporation of the discharge channels into the thicker polymer
blank and drilling of the side reference hole (Figure A.13 b).

5. Bonding of thinner polymer blank to the channeled disk using chlo-
roform as solvent (Figure A.13 c).

6. Laser cutting of double-layer polymer disk into the defined shape
according to the technical drawing in Figure A.10. Resealing of
new border line by chloroform and widening both reference holes
to 2.1 and 4.0 mm (Figure A.13 d,e).
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a)

b)

c)

d)

e)

Figure A.13: Manufacturing steps of the dielectric discs, in which the
discharge channels are incorporated.

Surface coating by PECVD

Prior epoxy casting, a three layer coating was applied to improve the
adhesion between the polymer and the epoxy. The coating consists of
a thin amorphous carbon-nitrogen (a-C:N:H) layer followed by transi-
tion layer and a top coating of pure SiOx. The following procedure was
repeated for each polymer disk.

1. Surface cleaning of polymer discs with isopropanol.

2. Removal of dust by pressurized argon.

3. PECVD treatment applying the process conditions in Table A.1.

4. Treatment of reversed side analogously.
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Table A.1: Process parameters for PECVD treatment, PT: pretreat-
ment, TR: deposition.

Step PRF V̇C2H2 V̇N2 V̇HMDSO V̇O2 p tr
[W] [sccm] [sccm] [sccm] [sccm] [mbar] [s]

PT 100 0 0 0 8 0.02 10
TR 50 5 55 0 0 0.1 15
TR 75 3 55 2 0 0.1 15
TR 100 0 0 2 60 0.1 60

Epoxy casting

The casting process is done in a low pressure environment (p≈ 5 -
10 mbar) in order to avoid gas inclusion into the epoxy matrix. The
process comprises the following steps:

1. Cleaning of all metallic parts with isopropanol and aceton.

2. Preparation of casting mould and positioning pins using a releasing
agent based on silicon (S 2009 Spray, ASTORit, Switzerland).

3. Positioning of the different subcomponents (electrodes, polymer
blanks and top/bottom electrode) inside the casting mould accord-
ing to Figure A.14. Between the different layers, metallic spacers
are additionally added to allow better outgassing.

4. Preparation of the required epoxy mixture (typically 130 g Araldite
and 39.4 g Aradur) in different bins (max 250ml) to decelerate
polymerization reactions due to increasing bulk temperature. The
epoxy fractions shout be outgassed for at least 10 min in an exs-
iccator before the partial volumes are recombined in a vacuum-
tide syringe. Then, the epoxy mixture is outgassed for another
10 - 15 min.

5. Filling the casting mould with degassed epoxy under vacuum. Con-
tinuous evacuation for 30 min combined with slow rotation move-
ment of the casting mould to remove all gas inclusions.
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6. Removal of metallic spacers and compression of the multilayer
structure with screw clamps.

7. Curing at 70 ◦C for at least six hours.

2

1

3

4

Figure A.14: Casting mould prepared for epoxy casting with a stack of
electrodes alternating with polymer discs, in which converging channels
are incorporated. The brownish color of the PMMA discs results from
the layer deposited in the PECVD process, 1 : casting mould, 2 : metallic
spacer, 3 : pretreated PMMA disk, 4 : positioning pins.

Post-processing of epoxy cast

1. Removal of the positioning pins.

2. Drilling of the electrode interconnection holes (d=4 mm) and
placement of copper pins to connect the different electrode layers.
The HV pins are completely enclosed by a second epoxy casting
process.

3. Machine finishing of epoxy cast to the required overall dimensions
(dAPR =90 mm, dtz =10 mm, hm≈ 22 - 26 mm) including the re-
quired lining groove for proper sealing between individual plasma
modules.
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B.1 Calculation of the displacement cur-
rent

The applied voltage after the amplification and transformation units is

Ua(t) = Ua,0 · sin(ω · t + ϕ) (B.1)

where ϕ and Ua,0 are obtained by fitting the signal of the frequency
generator Ufg to the measured HV signal Ua. Since the sum of all voltages
within the electrical loop illustrated in Figure B.1 a equals zero, the
applied voltage can also be written according to

Ua,0 = UCBD
+ UCm + URm (B.2)

Due to constant ID in the electrical network and Z = Ua,0/Ia,0, the
voltage drop over a capacitance can be replaced by the corresponding
impedance, e.g. ZC =1/(jωC).

Ua,0 =




CBD + Cm

CBD · Cm︸ ︷︷ ︸
C

· 1
jω

+ Rm


 · ID,0 (B.3)

where j equals the imaginary unit (j2 = -1).
Rearranging equation B.3, the displacement current can be expressed as

ID,0 =
Ua,0 · C · jω

1 + Ua,0 · C · jω (B.4)

Further mathematical manipulations according to the theory of complex
numbers lead to

ID,0 =
Ua,0 ·Rm · C2 · ω2

1 + R2
m · C2 · ω2

︸ ︷︷ ︸
a

+
(

Ua,0 · C · ω
1 + R2

m · C2 · ω2

)

︸ ︷︷ ︸
b

·j (B.5)

where a is the real part of the complex number and b its imaginary
counterpart.
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Figure B.1: a) Electrical network for the calculation of ID, b) geomet-
rical interpretation of a complex number.

In electrical engineering the vector in the complex plane is used to
represent the sinusoidal signal in electric circuits. Thus, the temporal
variation of the current can be expressed as i(t)= | Z |·sin(ωt + β). The
absolute value of the displacement current in the considered network is
therefore

| ID,0 |=
√

a2 + b2 =
Ua,0 · C · ω

(1 + R2
m · C2 · ω2)

(B.6)

and the corresponding phase shift

β = arctan
(a

b

)
= arctan

(
1

Rm · C · ω
)

(B.7)

Additionally, the phase shift ϕ by the transformer units must be consid-
ered. Subsequently, ID is written in the form of an oscillating wave.

ID(t) = ID,0 · sin (ω · t + ϕ + β) (B.8)

where ID,0 = | ID,0 |. The arbitrary time offset ∆t on the oscilloscope’s
trigger time introduces an additional shift of the wavefunction.

ID(t) = ID,0 · sin (ω · (t + ∆t) + ϕ + β) (B.9)
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B.2 Solutions of Fluent simulation
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Figure B.2: Top view on the simulated concentration profiles inside the
channel. The admixed air concentration ranges from 0 to 5 vol.-%, which
represents sufficient He contamination to cause discharge transition, a)
V̇He,in =500 sccm, b) V̇He,in =50 sccm, c) V̇He,in =25 sccm (dashed line:
downstream edge of HV electrode).
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Figure B.3: Sectional view of the results from the simulation of the He
concentration at V̇He,in =50 sccm.
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Figure B.4: Sectional view of the results from the simulation of the He
concentration at V̇He,in =25 sccm.
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B.3 Results WCA measurements

Table B.1: Process parameters and WCA obtained for variable treat-
ment times tr (APRlin, V̇tot =20 slm, ptz =900 mbar, σWCA =1.5 ◦,
Ũe =1 kVpp).

Sample Ua gas cad tr f WCA0 WCA
[kVpp] [vol.-%] [s] [Hz] [◦] [◦]

C102 4.2 CO2 10 120 1 77.6 58.2
C44 4.2 CO2 10 90 1 78.8 58.5
C52 4.2 CO2 10 60 1 80.3 61.0
C87 4.2 CO2 10 40 1 77.9 64.5
C113 4.2 CO2 10 20 1 78.0 70.4
C99 4.2 CO2 10 15 1 77.7 71.1
C108 4.6 N2 10 120 1 78.9 67.7
C75 4.6 N2 10 90 1 77.7 69.8
C70 4.6 N2 10 60 1 79.5 70.5
C25 4.6 N2 10 40 1 80.0 72.8
C24 4.6 N2 10 20 1 80.3 74.6
C30 3.7 O2 10 120 1 80.7 71.6
C96 3.7 O2 10 90 1 78.4 71.7
C68 3.7 O2 10 60 1 80.7 73.1
C79 3.7 O2 10 40 1 81.7 72.9
C77 3.7 O2 10 20 1 79.4 75.6
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Table B.2: Process parameters and WCA obtained for variable admixing
gas concentrations (APRlin, V̇tot = 20 slm, ptz =900mbar, σWCA =1.5 ◦,
Ũe =1 kVpp).

Sample Ua gas cad tr f WCA0 WCA
[kVpp] [vol.-%] [s] [Hz] [◦] [◦]

C55 2.5 CO2 0.8 120 1 77.9 70.6
C32 2.9 CO2 2.5 120 1 79.2 65.6
C111 3.4 CO2 5 120 1 78.5 61.9
C112 4.2 CO2 8 120 1 80.9 58.1
C92 4.2 CO2 10 120 1 80.7 58.2
C71 4.7 CO2 15 120 1 81.0 58.0
C41 5.2 CO2 20 120 1 80.3 56.6
C53 5.5 CO2 24 120 1 81.3 59.0
C28 2.5 N2 0.2 120 1 81.5 77.1
C31 2.8 N2 1 120 1 79.7 73.4
C35 3.4 N2 2.5 120 1 79.5 72.0
C26 3.8 N2 5 120 1 80.7 70.8
C89 4.6 N2 10 120 1 78.4 69.1
C50 4.7 N2 15 120 1 80.9 69.8
C95 5.2 N2 20 120 1 80.2 68.1
C27 5.4 N2 25 120 1 80.1 68.6
C42 2.3 O2 0.025 120 1 78.9 68.0
C76 2.3 O2 0.1 120 1 82.6 65.6
C72 2.3 O2 0.25 120 1 79.5 65.2
C51 2.5 O2 1 120 1 78.9 67.1
C45 2.9 O2 2.5 120 1 80.5 71.5
C58 3.0 O2 5 120 1 80.2 72.4
C61 3.7 O2 10 120 1 79.4 71.7
C56 3.8 O2 15 120 1 78.6 73.6
C34 4.1 O2 20 120 1 80.9 72.2
C115 4.8 O2 30 120 1 82.1 72.2
C101 5.3 O2 40 120 1 80.5 70.7



170 B. Experimental Results

Table B.3: Process parameters and WCA obtained for variable
dissipated power (APRcon, V̇tot =40 slm, ptz =900 mbar, ttr =40 s,
σWCA =1.5 ◦, WCA0: WCA of untreated sample).

Sample Ua gas cad ∆t f WCA0 WCA
[kVpp] [vol.-%] [µs] [Hz] [◦] [◦]

C156 2.0 O2 0.25 120 1 78.8 73.0
C157 3.0 O2 0.25 120 1 78.1 70.5
C158 4.0 O2 0.25 120 1 78.6 68.4
C159 2.0 O2 0.25 60 2 79.8 70.6
C160 3.0 O2 0.25 60 2 80.6 65.5
C161 4.0 O2 0.25 60 2 78.3 63.6
C162 2.0 O2 0.25 24 5 77.8 66.4
C163 3.0 O2 0.25 24 5 80.6 60.8
C164 4.0 O2 0.25 24 5 78.9 58.3
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Table B.4: Process parameters and WCA obtained for varying gas
composition and treatment time (APRcon, V̇tot =40 slm, ptz =900 mbar,
∆T =24 µs, Pel≈ 3.5W, σWCA =1.5 ◦, 1plasma on/off ∼ 0.2-0.5 s).

Sample Ua gas cad tr f WCA0 WCA
[kVpp] [vol.-%] [s] [Hz] [◦] [◦]

C195 4.0 CO2 10 120 5 78.2 52.3
C194 4.0 CO2 10 40 5 77.2 51.8
C196 4.0 CO2 10 20 5 79.1 51.2
C197 4.0 CO2 10 10 5 77.1 52.5
C177 4.0 CO2 10 5 5 78.1 56.7
C198 4.0 CO2 10 3 5 77.9 58.8
C199 4.0 CO2 10 n/a1 5 79.3 67.3
C182 4.0 O2 0.25 120 5 78.4 55.3
C181 4.0 O2 0.25 40 5 77.8 58.8
C183 4.0 O2 0.25 80 5 78.4 55.1
C184 4.0 O2 0.25 20 5 78.8 62.9
C188 4.0 O2 0.25 10 5 77.7 65.6
C186 4.0 O2 0.25 5 5 78.8 70.8

Table B.5: Process parameters and WCA obtained for varying treat-
ment time at low discharge power Pel =310 mW (APRcon, V̇tot =40 slm,
ptz =900mbar, ∆t =120 µs, σWCA = 1.5 ◦).

Sample Ua gas cad tr f WCA0 WCA
[kVpp] [vol.-%] [s] [Hz] [◦] [◦]

C185 2.3 O2 0.25 120 1 77.7 68.3
C189 2.3 O2 0.25 80 1 76.9 70.7
C187 2.3 O2 0.25 40 1 78.6 72.8
C190 2.3 O2 0.25 20 1 78.7 74.9
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B.4 Frequency response

The frequency response of the electrical system was measured for differ-
ent configurations by an impedance analyzer (SI 1260, Solartron, UK).
The accurate capacitance of the circuits elements was determined by an
RCL-meter (PM6303, Philips). In the case of the APR the correspond-
ing value was CBD ≈ 650 pF. The results for the entire network including
the transformer unit, the APR, and the measuring setup was shown in
Figure 9.1.
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Figure B.5: Impedance analysis of total electrical system without load
(open-circuit configuration).
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Figure B.6: Impedance analysis of total electrical system without load
and HV transformer stage (open-circuit configuration).
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transformer stage (Cm =10.4 nF, Rm =1014 Ω, CBD ≈ 650 pF).
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atmosphériques et sub-atmosphériques et application à la déposition de
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