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Abstract

The electrical discharge characteristics of a large‐area experimental dielectric

barrier discharge in argon–hexamethyldisiloxane mixtures containing up to

about 1,600 ppm of the monomer is analysed by means of electrical

measurements and numerical modelling. A time‐dependent, spatially one‐
dimensional fluid model is employed, taking into account the spatial variation

of the discharge plasma between the two plane‐parallel dielectrics covering the

electrodes. Reasonable agree-

ment between electrical mea-

surements and modelling re-

sults is generally found for the

gap voltages and discharge

currents. Remaining differ-

ences between the measured

and calculated electrical en-

ergy dissipated in the plasma

per period are discussed.
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1 | INTRODUCTION

Hexamethyldisiloxane (HMDSO) has been used as a
prototype precursor (so‐called monomer) for the plasma
deposition of organosilicon thin films for several decades.
It is a volatile, colourless liquid with a vapour pressure of
55 mbar at room temperature of 298 K.[1] It is nonflam-
mable, comparatively nontoxic, and cheap.[2]

Although earlier literature mostly dealt with the film
deposition from pure HMDSO or HMDSO mixed with
different carrier gases using low‐pressure nonthermal
plasmas,[3–19] there has been growing interest in its
plasma polymerisation at atmospheric pressure more

recently. In addition to atmospheric pressure plasma
jets,[20–25] which have been developed for a localised
deposition of organosilicon thin films, dielectric barrier
discharges (DBDs) have mostly been employed as a
source for plasma‐enhanced chemical vapour deposition
processes.[26–36] Here, only small amounts of HMDSO are
admixed to a carrier gas like helium, argon, nitrogen, or
air for the deposition of HMDSO‐based plasma polymer
films at ambient pressure. In contrast to thermal CVD
processes, these carrier gases are not just diluents, but
they play a very important role in the mechanism of
plasma‐activated film deposition at atmospheric pressure.
Although monomer fractions, x, of 5.5% (55,000 ppm) can

http://orcid.org/0000-0002-3798-0773
http://orcid.org/0000-0001-9324-3236
http://orcid.org/0000-0003-4226-9326
http://orcid.org/0000-0001-7785-6307
http://orcid.org/0000-0001-5678-5845
mailto:loffhagen@inp-greifswald.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fppap.201900169&domain=pdf&date_stamp=2019-11-11


be achieved by saturation of the gas phase with HMDSO
at 298 K and 1 bar, maximum mole fractions of only a few
thousand ppm or even much less have mostly been
applied to obtain smooth and particle‐free films of
plasma‐polymerised HMDSO (pp‐HMDSO).

At such strong degrees of dilution in Ar or He, the
excitation, dissociation, and ionisation of monomer
molecules by direct electron collisions play a negligible
role, when compared with corresponding processes
driven by excited noble gas atoms or noble gas ions,
transferring energy or charge to a monomer molecule, as
shown in a recently published numerical study.[37] Here,
DBDs in argon with small admixtures, ≤x 300 ppm, of
HMDSO were analysed using a time‐dependent, spatially
one‐dimensional fluid‐Poisson model. A comparison of
the results of model calculations with experimental data
faces a dilemma. On the one hand, to approximate
electrical one‐dimensionality in the experiment, the
electrode dimensions perpendicular to the electric field
should be made much larger than the widths of the gas
gap and dielectrics, so as to render edge effects negligibly
small. On the other hand, increasing the length of the
electrodes, that is, their extension in the gas flow
direction, inevitably enhances chemical inhomogeneities
due to plasma‐chemical conversion, along with film
deposition during the passage of the monomer through
the plasma zone. For these reasons, a plane‐parallel
discharge configuration with rectangular electrodes hav-
ing a length of only 1 cm in the gas flow direction, a
width of 8 cm, and a discharge gap of 1 mm had been
investigated in the previous experiments.[36,37]

On the basis of an established reaction kinetics
scheme for argon,[38] which was extended by 21 collision
processes of HMDSO ((CH ) SiOSi(CH )3 3 3 3) with electrons,
different excited states of argon atoms and molecules,
and atomic and molecular argon ions, as well as the
dissociative recombination of electrons due to collisions
with the pentamethyldisiloxanyl ion (CH ) SiOSi (CH )3 3

+
3 2,

the fluid model calculations were able to reproduce
several discharge characteristics reasonably well. This
concerns, for instance, the temporal evolution of the
discharge current for the DBD experiments in an
Ar–HMDSO mixture with 300 ppm HMDSO reported by
Morent et al.[30] as well as the measured substantial
decrease of the ignition voltage and the dissipated power
at a constant applied voltage with growing x .[36,37]

Penning ionisation processes due to energy transfer from
excited (metastable and resonance) argon atoms to
HMDSO were found to become the predominant source
for the production of electrons above about x= 5 ppm in
the small‐scale DBD reactor. Furthermore, it turned out
that the production of the neutral trimethylsilyl
((CH ) Si3 3 ) and trimethylsiloxy ((CH ) SiO3 3 ) radicals,

which are the main precursors of the deposited film,[39,40]

also takes place largely due to the collision of HMDSO
with excited argon atoms and molecules, followed by
dissociation.

A drawback of the small‐scale electrode configuration
with a length of only 1 cm in the gas flow direction is its
relatively large effect of electrode edges and the resulting
fringing electric fields, rendering difficult a direct
comparison of the temporal behaviour of electrical
discharge properties for operating conditions typical of
deposition experiments.[37] For example, an experimental
value of 6.6 pF was obtained for the cell capacitance,[36] a
factor of 1.74 larger than that calculated using the
equation for an ideal parallel‐plate capacitor (3.79 pF).

For this reason, the experimental results obtained in a
significantly larger DBD reactor are of greater interest for
benchmarking the model calculations. Experimental data
from experiments using the DBD reactor described by
Nisol et al.,[41] which was also applied to studies using
HMDSO as a precursor,[33,35] are of particular interest
here, as much effort has been invested in its precise
electrical characterisation and process monitoring.
Therefore, the results of the corresponding comparative
experimental and modelling studies are presented and
discussed in the current paper, where the same
numerical model as in Loffhagen et al.[37] has been
employed for the model calculations. The range of
HMDSO fractions (x) studied extends up to 1,600 ppm,
in accordance with an experimental work,[33] instead of
only 300 ppm as in the previous paper.

In addition to the comparison of voltages and currents
obtained by experiments and modelling, a detailed
discussion of the ionisation budget and the energy loss
due to HMDSO is performed. Certain differences related
to the dependence of the measured and calculated
electrical energy dissipated in the discharge per period
on the initial monomer fraction are comprehensively
discussed. This concerns, in particular, the possibility of
nanoparticle formation and the depletion of HMDSO,
which can become important in large‐area reactors with
longer residence times.

2 | EXPERIMENTAL SECTION

The construction of the large‐area DBD reactor used for
plasma polymerisation experiments is described in detail
by Nisol et al.[41] and corresponding studies for a 10 slm
(standard liters per minute) flow of argon doped with a
monomer gas flow, Fm, of HMDSO up to about 16 sccm,
that is, x= 1,600 ppm, are reported in the literature.[33,35]

Figure 1 shows a schematic representation of this DBD
reactor. It consists of two polished aluminum electrodes
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(A), each 18 cm× 6 cm× 1.75mm in size and connected to
a high‐voltage (HV) power supply, the top dielectric
barrier (M) made of Macor with a thickness Δ = 3.5mmM

and relative permittivity ε = 6.0r , the bottom dielectric
barrier (G) made of glass (Δ = 3.0 mmG and ε = 4.0r ), and
a moveable grounded electrode plate (E). The discharge
gap between the two dielectrics is d= 2mm. From these
data, the discharge area and volume can be evaluated at
A = 216 cm2 andV = 43.2 cm3, respectively. The feed gas
injector (F) is also made of Macor and is 24 cm x 3 cm x
1.27 cm in size. It is provided with channels with a
diameter of 6.35mm to allow gas injection from the top as
well as from the sides. On the bottom, 22 holes (3mm in
diameter) permit a homogeneous distribution of feed gas
across the entire width of a moving or static substrate.

The HV power supply comprises an AC generator
(Hewlett‐Packard 3310A), a power amplifier (Model
RMX2450; QSC Ltd.), and an HV transformer (Model
LM2727‐03; Enercon). The AC power supply voltage
V t( )ps with a typical frequency f = 20 kHz used in the
experimental studies[33] is monitored by means of an HV
probe (P6015A; Tektronix). The lower electrode (E) is
connected to the ground via the 50Ω precision resistor
Rm, which serves to measure the voltage signal Vm by
means of a low‐voltage (LV) probe and, thus, to
determine the measured current Im= Vm/Rm. The voltage
and current signals are synchronously displayed using a
digital storage oscilloscope (200MHz, GDS‐2204A; In-
stek). These data are transmitted and acquired in real‐
time by means of a USB (universal serial bus) link on a
PC, where they are postprocessed.

The equivalent electrical circuit model for the entire
experimental set‐up is displayed in Figure 2. Here, the
portion inside the dashed rectangle corresponds to the
discharge cell itself and Zd is a nonlinear variable
impedance. Its value is not known with precision, but it

tends towards zero during discharges and towards
infinity between discharges. By applying Kirchhoff’s laws
to this equivalent circuit, a set of equations results, which
allows one to calculate the voltage across the discharge
gap, Vgap, the displacement current in the gap, Igap, the
discharge current Id, representing the conduction current
in the gap, and the gas current Ig. The electrical energy Eg
dissipated in the gas discharge per period, ∕T f= 1 , is
derived in the experimental analysis according to

∫E I t V t t= ( ) ( )d
t

t T

g

+

d gap
0

0

(1)

using the measured voltage signals V t( )ps and
V t( )m .[33] The details of the methodology are given by
Archambault‐Caron et al.[42] and corrected values of the
elements of the equivalent circuit model are reported in
recent literature.[43,44]

Figure 3 illustrates the measured dependence of Eg on
Fm for an argon flow of 10 slm at an applied AC voltage
V t( )a with an amplitude V = 3.9 kVa,0 and a frequency
f = 20 kHz. At these conditions, the residence time of
the gas mixture in the plasma zone amounts to about

FIGURE 1 Schematic representation of the dielectric barrier
discharge reactor used for plasma polymerisation experiments. HV,
high‐voltage; LV, low‐voltage

FIGURE 2 Equivalent electrical circuit of the experimental
set‐up, where the portion in the dashed rectangle represents the
dielectric barrier discharge cell. The values of the equivalent circuit
model elements C1, C2, Cdie, Cgap, R, and Rm are given in the
literature[43,44]

FIGURE 3 Measured energy Eg dissipated in the discharge per
period and its change EΔ g upon addition of HMDSO as a

function of the monomer gas flow Fm in 10 slm Ar at an applied

voltage amplitude V = 3.9 kVa,0 and f = 20 kHz
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260ms.[41] Furthermore, the change in electrical energy
dissipated per period upon the addition of the monomer

E E F E FΔ = ( = 0) − ( )g g m g m (2)

is shown in Figure 3.
The electrical energy dissipated in the DBD per period

decreases almost linearly from 1.6 mJ in pure argon to
about 1.0 mJ at F = 2 sccmm and remains nearly constant
at higher monomer flows. The “plateau” found for Eg and
EΔ g at larger monomer flows has not only been observed

for HMDSO, but similarly also for several other plasma
polymerisation monomers, which were examined initi-
ally, namely simple hydrocarbons, including acety-
lene.[41]

Notice that Eg evaluated according to Equation (1) is
almost the same as the total energy input per period

∫E I t V t t= ( ) ( )d .
t

t T+

m ps
0

0

(3)

This is just because there is no further power loss in
addition to the power loss by the discharge.

As reported previously, measurements of the Si–CH3/
Si–O–Si band ratio in the attenuated total reflectance
Fourier‐transform infra‐red spectra of pp‐HMDSO films
grown under these conditions with F = 0.4m , 1.2, 1.5, and
6.0 sccm showed that there were gradients in the coating
composition in the flow direction for small Fm values up
to 1.5 sccm (x = 150 ppm), owing to monomer consump-
tion in the discharge.[35] However, the coatings were
found to be chemically uniform at higher flow rates
(F x= 6.0 sccm, = 600 ppmm ) in the monomer‐rich re-
gion, corresponding to the “plateau” of EΔ g in Figure 3.

3 | DESCRIPTION OF THE
MODEL

According to the experimental studies, a plane‐parallel
discharge configuration is considered, where both
electrodes are covered by dielectrics with the properties
of Macor ( εΔ = 3.5 mm, = 6.0M r ) and glass
( εΔ = 3.0 mm, = 4.0G r ), respectively, which are sepa-
rated by the gap width d = 2 mm. In the model
calculations, the electrode on the left side is powered
by the AC voltage V t V t V t( ) = ( ) − ( )a ps m derived from
measurements, and the electrode to the right is grounded.
Figure 4 shows a schematic representation of the
discharge geometry used in the modelling studies.

The theoretical description and analysis of the
electrical discharge characteristics of the large‐area
DBD reactor has been performed by means of a

time‐dependent, spatially one‐dimensional fluid mod-
el, where the spatial variation of plasma in the gap
takes place along the z‐axis. The fluid model includes
particle balance equations for the densities nj of
electrons ( j = e), relevant neutral particles and ions,
the electron energy balance equation to determine the
mean electron energy ue, the Poisson equation to
calculate the electric potential Φ and electric field E, as
well as a balance equation for the surface charge
density σs to consider the accumulation of charge
carriers on the dielectric surfaces at z = 00 and z d=0 .
A schematic overview of the basic relations and the
sequence of their solution is shown in Figure 5. Here
e ε,0 0, and Zj are the elementary charge, vacuum
permittivity, and particle charge number, respectively,
and ED denotes the electric field inside the respective
dielectric barrier, ν = −1 at z = 00 and ν = 1 at z d=0 .

The particle fluxes Γj of heavy particles are deter-
mined in the common drift‐diffusion approximation,
whereas the particle flux Γe and energy flux Qe of
electrons are expressed by the improved drift‐diffusion
approximation introduced by Becker et al.[45,46] Further-
more, Sj denotes gain and loss of particles of kind j in the
plasma due to collision processes and radiative transi-
tions, and S̃e represents the gain and loss of electron

FIGURE 4 Schematic of the spatially one‐dimensional
discharge geometry with gap d, thicknesses of the dielectric layers
ΔM and ΔG and applied AC voltage V t( )a

FIGURE 5 Sketch of the time‐dependent, spatially
one‐dimensional fluid model
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energy caused by various collision processes involving
electrons. A few remarks about the reaction kinetics
scheme for Ar–HMDSO mixtures are given above in
Section 1. Further details about the reaction kinetics
model, basic relations, transport properties and rate
coefficients, boundary conditions, and the solution
method are reported in Loffhagen et al.[37]

4 | RESULTS AND DISCUSSION

The model calculations were carried out for Ar–HMDSO
mixtures at atmospheric pressure and gas temperature of
300 K, with an HMDSO fraction x up to about 1,600 ppm,
in accordance with related experimental studies. Note
that the spatially one‐dimensional model does not
include the effect of HMDSO depletion in the flow
direction. The HMDSO fractions x corresponding to the
monomer input concentration are used for modelling and
comparison with experimental data. The implications of
this assumption are discussed later in this section.

Figure 6 shows the applied AC voltage V t( )a , as
determined from the measurements, and the calculated
periodic evolution of the voltage across the gap Vgap, the
gas current

     
∫ ∫∑

∂

∂
I t

A

d
e Z Γ z t z

A

d
ε

E z t

t
z( ) = ( , )d +

( , )
d

d

j
j j

I t

d

I t

g
0

0

( )

0
0

( )d gap

(4)

and the discharge current Id for Ar–HMDSO mixtures
with x = 20, 100, 600, and 1,570 ppm. These results are
compared with the corresponding experimental data
derived from the electrical measurements of Vps and Vm
and related equivalent circuit analyses discussed in Section
2. Except for the case of x = 20 ppm, there is generally
quite a good agreement between the currents Ig and Id
resulting from the model calculations and experimental
data. This also concerns the absolute values of the voltages
and currents. The experimental peak current densities
amount to 0.5mA/cm2 at small x and 0.4mA/cm2 for
x > 200 ppm, at a power density of 0.46W/cm3, which are
characteristic values of glow‐like discharges.[47] However,
time‐dependencies of Vgap, Ig, and Id obtained from
experimental data derivation and by numerical modelling
show certain differences. The former values are found to
be almost independent of the HMDSO admixture for
x > 200 ppm, whereas the modelling results, performed at
a constant number density of HMDSO in Ar, demonstrate
a sharper evolution in the gap voltage and currents while
also presenting a decrease of the gap voltage at discharge
ignition.

To illustrate the impact of the HMDSO addition on the
modelling results more clearly, Figure 7 shows applied
voltage V t( )a and the periodic behaviour of the gap
voltage V t( )gap and discharge current I t( )d for x = 150,
470, and 1,440 ppm. The numerical results exhibit one
weakly pronounced current peak per half‐period, extend-
ing over a time span of about 7 µs with a current density
around 0.5 mA/cm2 for small HMDSO admixure,

FIGURE 6 Calculated periodic behaviour of the gap voltage Vgap, gas current Ig, and discharge current Id (black dashed lines) at
V = 3.9 kVa,0 and f = 20 kHz for different HMDSO fractions x in comparison with experimental results (lines with symbols)
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x < 200 ppm. At larger values of x , the peak current
density decreases to 0.4 mA/cm2, in accordance with
experimental results, and a second weaker current peak
of similar duration occurs, which is not found or resolved
by the experimental data. In addition, discharge peaks
occur earlier during the period because the gap voltage
required for ignition decreases with increasing x .[37]

To analyse the ionisation budget for different HMDSO
admixtures, Figure 8 represents the total space‐ and
period‐averaged ionisation rate as well as individual
space‐ and period‐averaged contributions of different
reaction channels to the total electron production
obtained by numerical modelling for V = 3.9 kVa,0 ,
f = 20 kHz, and ≥x 20 ppm. The total ionisation rate
decreases slowly up to about x = 500 ppm and remains
almost constant then. The Penning ionisation process

→Ar + HMDSO (CH ) SiOSi (CH ) + CH

+ Ar[1p ] + e,

* 3 3
+

3 2 3

0 (5)

is the predominant source of electron (e) production over
the whole range of HMDSO admixtures. In this reaction,
collisions between excited (metastable and resonance)
argon atoms (Ar*) and HMDSO molecules lead to the
generation of the pentamethyldisiloxanyl ion, a methyl
radical, and an argon atom in its ground state 1p0
(Paschen notation). Its relative contribution decreases
from about 95% at small monomer admixtures to about
60% at x= 1,570 ppm. At the same time, the contribution
of direct electron impact ionisation of HMDSO according
to the process

→HMDSO + e (CH ) SiOSi (CH ) + CH + 2e3 3
+

3 2 3 (6)

increases up to about 40%. Except for the minor
contribution of the electron impact ionisation of
ground‐state argon atoms for small x , the contributions
of electron impact ionisation of excited argon atoms and
molecules as well as of chemo‐ionisation processes in
collisions of two excited argon atoms are negligible in the
entire x range considered. Thus, they are not displayed in
Figure 8.

The corresponding periodic evolution of space‐aver-
aged individual ionisation rates for x = 150 and
1,440 ppm is displayed in Figure 9. The features found
for period‐averaged ionisation rates are also reflected in
their temporal variation. Penning ionisation processes (5)
dominate the generation of electrons during the entire
period, where direct electron impact ionisation of
HMDSO (6) becomes increasingly important for larger
x. For x = 150 ppm, a further, smaller peak in the
Penning ionisation rate is found around t/T= 0.15 and
0.65. However, this ionisation rate is not sufficient to lead

FIGURE 7 Periodic behaviour of the gap voltage Vgap and
discharge current Id obtained by numerical modelling for different

HMDSO fractions x using the experimental voltage course V t( )a

with V = 3.9 kVa,0 and f = 20 kHz as input

FIGURE 8 Impact of the HMDSO admixture x on the electron
production channels obtained by numerical modelling for
V = 3.9 kVa,0 and f = 20 kHz

FIGURE 9 Calculated periodic behaviour of individual
ionisation rates at Va,0 = 3.9 kV, f= 20 kHz, and x = 150 and
1,440 ppm, respectively
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to a second peak in the corresponding discharge current
(cf. Figure 7).

Figure 10 displays the spatiotemporal variation of the
electron density n z t( , )e in the logarithmic representation
for V = 3.9 kVa,0 , f = 20 kHz, and x = 150 and 1,440
ppm, respectively. The powered electrode is on the side of
the Macor dielectric and the grounded electrode on that
of the glass dielectric (cf. Figure 4). The electron densities
show a pronounced alteration in space and time for both
cases considered.

Starting around t/T=−0.2, the electron density
decreases by orders of magnitude for x= 150 ppm in the
positive half‐period when the gap voltage increases (cf.
Figure 7). This decrease of n z t( , )e is most pronounced in
the front of the glass dielectric barrier located at z= 2mm
(cathode side), because of the drift of electrons towards
the anode in the increasing electric field. When the gap
voltage approaches its maximum value, an increase of the
electron density takes place. The electron avalanche
starts in front of the momentary anode located at z = 0

and propagates towards the momentary cathode during
the discharge pulse. At the current peak, the maximum
electron density of about 2.3 × 10 cm11 −3 occurs in front
of the cathode. After the discharge pulse, the bulk plasma
region remains almost unchanged in space and time until
the gap voltage becomes negative and polarity changes
around t/T=−0.3. Qualitatively, the same behaviour of
n z t( , )e occurs in the negative half‐period.

The spatiotemporal behaviour of n z t( , )e at x= 1,440
ppm exhibits the same features as that for x = 150 ppm.
Again, a strong drop of the electron density occurs during
the change of polarity in front of that dielectric barrier
which becomes the cathode, for example, the Macor
dielectric after t/T= 0.3. The maximum electron density
amounts to about 1.4 × 10 cm11 −3 during the first
discharge current peak. At the same time, there are
always regions where n z t( , )e does not fall below
10 cm10 −3 during the entire period. Notice that the

space‐ and period‐averaged electron density decreases
from about 2.6 × 10 cm10 −3 at x = 20 ppm to about
2.0 × 10 cm10 −3 at x = 200 ppm and remains almost
constant for larger x. At the same time, the space‐ and
period‐averaged mean energy of the electrons decreases
monotonically from about 3.2 eV at small x to about
1.8 eV at x= 1,600 ppm.[48]

The differences between experimental and modelling
results of the gap voltages and currents shown in Figure 6
are also reflected in the dependence of the corresponding
root‐mean‐square (rms) values of V t I t( ), ( )gap g , and I t( )d

on x , which are displayed in Figure 11. The experimental
values of rms gap voltage decrease by about 350 V up to
about x = 200 ppm and remain almost constant for
larger x, where the rms value of applied voltage is always
V = 2.6 kVa,rms (not shown in Figure 11). At the same
time, the rms values of the currents Ig and Id derived from
measurements are virtually constant for ≥x 100 ppm,
with values around 49 and 52mA, respectively. In
contrast, modelling results show a monotonic decrease
of Vgap,rms with increasing x, which is accompanied by a
continuous decline of Id,rms at an almost constant
calculated I = 47 mAg,rms for ≥x 100 ppm. Here, devia-
tions of the rms currents obtained by modelling from
those derived by experimental equivalent circuit analysis
amount to less than 6% for Ig,rms and 12% for Id,rms.

According to Equation (1), the integral of the product
of discharge current I t( )d and gap voltage V t( )gap over a
duration ∕T f= 1 represents the energy dissipated within
one period, Eg. Its dependence on x resulting from
experimental data derivation and model calculations at
V = 3.9 kVa,0 and f = 20 kHz is illustrated in Figure 12.
Below x = 200 ppm, a substantial decrease of Eg is found
in both modelling and experiment. Although the
measured value becomes virtually constant for larger
values of x , fluid modelling results show a monotonic
decrease of Eg with increasing x. This decrease is mainly
caused by the impact of Penning ionisation process (5)

FIGURE 10 Calculated spatiotemporal evolution of the electron density at Va,0 = 3.9 kV, f= 20 kHz, and x= 150 ppm (left) and
1,440 ppm (right)
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and the resulting drop in ignition and gap voltages found
by the model calculations. A similar decline in Eg as
shown in Figure 12, which becomes progressively smaller
for larger x, was also found in experimental and
modelling studies reported in the literature.[36,37] How-
ever, these investigations were performed in a smaller‐
sized DBD configuration at power densities between 5
and 10W/cm3, where the residence time τ of the plasma
was typically 8 ms,[37] that is, much smaller than that for
the present large‐area DBD reactor experiment operated
at power densities around 0.5W/cm3, τ being 260ms.[41]

As reported in the related experimental studies,[33,35] for
example, there is much reason to believe that the
experimental values of Eg are not only highly reprodu-
cible, but also precise to roughly 10%. This further
emerges from inspection of the experimental data in
Figures 11 and 12.

To get information from the modelling studies about
the energy absorbed from the DBD plasma by HMDSO
molecules, space‐ and period‐integrated energy loss rates
due to collisions of HMDSO with electrons, atomic and

molecular argon ions, and various excited argon species
have been determined for the processes detailed in
Loffhagen et al.[37] The corresponding total energy loss
during a period induced by HMDSO molecules, as well as
individual contributions to it caused by collisions of the
monomer with electrons, argon ions, excited argon
atoms, and molecules are displayed in Figure 13.

The total energy loss per period (black curve) due to
HMDSO collisions falls off continuously for ≥x 20 ppm,
similar to what was found for the case of Eg. The main
contribution of energy absorbed by HMDSO molecules
results from their collisions with excited argon atoms
(Ar*), blue curve. 70% of this process leads to the
generation of trimethylsilyl and trimethylsiloxy radical
due to the neutral dissociation of HMDSO according to

→Ar + HMDSO (CH ) Si + (CH ) SiO + Ar[1p ],* 3 3 3 3 0

(7)

producing the main precursors of the deposited film. The
other 30% of the Ar*–HMDSO reaction results from
Penning ionisation (5) and leads thus to a gain of electron
energy.[37] The relative share of collision processes of Ar*
to the total energy loss per period due to HMDSO
collisions increases from about 66% to 80% when x rises.
Moreover, reactions of excited argon molecules Ar*2,
namely the triplet excimer in its vibrational ground state,

→Ar + HMDSO (CH ) Si + (CH ) SiO + 2Ar[1p ]*2 3 3 3 3 0

(8)

also play an important role for energy loss caused by
HMDSO collisions at low x, their relative share decreas-
ing from about 33% to 10% as x increases. This collision
process leads to the dissociation of HMDSO to also form
neutral trimethylsilyl and trimethylsiloxy film precursors.
In addition, collisions of HMDSO molecules with

FIGURE 11 Comparison of modelling and experimental
results of the root‐mean‐square (rms) gap voltage Vgap,rms, gas

current Ig,rms, and discharge current Id,rms for different HMDSO

fractions x

FIGURE 12 Energy Eg dissipated in the discharge per period
obtained by numerical modelling and experiment as a function of
the HMDSO fraction x

FIGURE 13 Energy loss due to HMDSO collisions as a
function of the HMDSO fraction x obtained by numerical
modelling for V = 3.9 kVa,0 and f = 20 kHz
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electrons gain a relative share of up to about 10% with
increasing x , while contributions of HMDSO collisions
with atomic and molecular argon ions are almost
negligible for the energy loss.

Finally, some comments concerning the almost
constant behaviour of measured Eg for larger values of
x in Figure 12 should be made. Besides HMDSO, many
other added gases in argon have been studied experi-
mentally in a similar manner to that described
here.[33,41,49] When adding the hydrocarbons methane
(CH4), acetylene (C H2 2), ethylene (C H2 4), or ethane
(C H2 6) under similar conditions, a virtual concentration
independence of Eg is also found for larger x values.[41]

However, CH4 and C H2 6 are hardly able to generate
electrons due to Penning ionisation processes with
Ar*.[50] Thus, this electron‐generating process cannot be
the sole reason for differences between the measured and
calculated Eg values. Furthermore, when adding instead
nitrogen (N2) or oxygen (O2) to argon, the resulting
measured energy dissipated per period showed a mono-
tonic decrease with increasing admixture of N2 or O2,

[41]

similar to that obtained here by the model calculations
for the Ar–HMDSO mixture.

The sharp bending of measured curves of Eg and EΔ g

towards a virtual admixture independence above
HMDSO fractions x of about 200 ppm (F = 2 sccmm ) in
Figure 3 and 12 suggests that the gas phase becomes
“saturated” with HMDSO. One may speculate that the
concentration of monomers in the gas phase stays
unchanged with a further increase of HMDSO flow due
to the formation of nanoparticulate HMDSO plasma‐
polymers that consume an ever‐growing amount of
monomer. This effect is not considered in the numerical
model, which, as described above, takes into account 21
collision processes of HMDSO with electrons, different
excited and ionic argon species, as well as the dissociative
recombination of electrons due to collisions with the
pentamethyldisiloxanyl ion. However, it thus far neglects
the possible formation of nanoparticles or balance
equations for other reaction products of the plasma‐
chemical conversion of monomer during its passage
through the plasma.

To roughly estimate the depletion, xΔ , of monomer
after passage of the 6 cm long flow direction through the
experimental reactor during the residence time of 260ms,
the present modelling results have been analysed in more
detail. Accordingly, the space‐ and period‐averaged
particle loss rates due to collisions of HMDSO with
electrons, atomic and molecular argon ions, and various
excited argon species have been used to calculate the
temporal decay of the particle number density of
HMDSO, nM, according to the rate equation:

t
n t ν t n t

d

d
( ) = − ( ) ( ).M M

loss
M (9)

Here, νM
loss denotes the loss frequency of HMDSO due to

all the collision processes mentioned above, and it
depends indirectly on time t via its dependence on the
various particle number densities involved for the
different mixtures. The monomer depletion from its
inflow into the plasma region at t = 0 to its outflow after
τ = 260 ms is given by

( )
x

n t n τ

N
Δ =

( = 0) − ( )
,

M M
(10)

where N is the total gas number density. xΔ is shown as a
function of the initial HMDSO fraction x in Figure 14. In
addition, the corresponding change caused solely by
collision processes of HMDSO with excited argon species
according to reactions (5), (7), and (8) is displayed,
following.[36] Above about x = 320 ppm, the monomer
depletion decreases monotonically with increasing initial
HMDSO fraction, where the progression follows that of
the calculated electrical energy dissipated in the dis-
charge per period. This behaviour is predominantly
caused by collision processes of HMDSO with excited
argon atoms and molecules. For instance, xΔ = 230 ppm

of the initial HMDSO fraction of 1,000 ppm is predicted
to be consumed, that is 23%, whereas the rest leaves the
reactor due to the low loss frequency of HMDSO, νM

loss

(see Equation (9)). Furthermore, for ≤x 320 ppm a
virtually complete consumption of HMDSO during
τ = 260 ms takes place before the gas reaches the reactor
outlet. This finding is in good agreement with observa-
tions reported by Hegemann et al.[35] for the same
experimental conditions as used here. There, it was found
that uniform plasma polymer films are deposited from
HMDSO only along 3 cm of the reactor length for
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Δ
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Ar* and Ar2* collisions only

FIGURE 14 Change of monomer fraction xΔ after the
residence time of 260 ms as a function of the initial HMDSO
fraction x derived from the numerical modelling results
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x = 150 ppm, whereas homogeneous coatings are ob-
tained along the 6 cm reactor length for x = 600 ppm.
However, the formation of a plateau region for Eg above
about x = 200 ppm cannot be explained on the basis of
this depletion analysis, emphasising once more the
hypothesis of nanoparticulate HMDSO polymer
formation.

The formation of nanoparticles is a frequently
observed phenomenon in atmospheric pressure plasma
polymerisation. Depending on their growth rate, electric
charge, and the applied frequency, nanoparticles may be
incorporated in the growing film or, at higher frequen-
cies, leave the reactor with the gas stream.[47] In fact,
formation of nanoparticles in DBDs in Ar with HMDSO
and acetylene admixture, respectively, has been reported
in the literature.[51] Those discharges ran under condi-
tions similar to the ones used here or in Philipp et al.[34]

and Nisol et al.[41] The particles were collected from the
gas phase as far as 50 cm downstream from the plasma
for 145 ppm HMDSO and 1,000 to 2,000 ppm C H2 2,
respectively, where the residence time of gas in the
plasma zone was less than 70ms.[51] Deposition of films
with a milky appearance behind the plasma zone,
composed of particles 50 to 100 nm in size, was also
reported by Philipp et al. for HMDSO admixtures larger
than about 70 ppm,[34] whereas thick powdery deposits
were observed to form in DBDs from Ar–C H2 2

mixtures.[41]

At least by inspecting the deposits, there was no
evidence that nanoparticles were actually formed in
experiments reported in the present paper. To help clarify
the differences between the modelling and experimental
results for the Eg shown in Figure 12, it would be very
interesting to investigate to what extent the surplus
HMDSO leaves the DBD reactor unchanged and as
nanoparticulate polymers, respectively, using gas‐phase
infra‐red spectroscopy or mass spectrometry, and a
nanoparticle collection method. To diminish the effects
of chemical conversion of the monomer, it would also be
helpful to study shorter residence times in the reactor.
Such studies would also benefit from advanced calcula-
tions employing a more elaborate reaction kinetics model
to understand the plasma‐chemical conversion of mono-
mers in more detail.

5 | SUMMARY

Comparative experimental and fluid modelling studies
have been performed to analyse the electrical character-
istics of Ar–HMDSO plasmas in a large‐area reactor for
performing DBD experiments at atmospheric pressure.
The temporal evolution of gap voltages and discharge

currents was determined experimentally using measured
voltage and current signals and applying a related
equivalent circuit analysis for HMDSO admixtures, x ,
up to about 1,600 ppm. Numerical modelling was carried
out for the same range of HMDSO admixture by means of
a time‐dependent, spatially one‐dimensional fluid model,
which includes an established reaction kinetics scheme
for argon, as well as 22 reactions related to HMDSO, and
uses the measured applied AC voltage as input.

The gap voltages and discharge currents obtained by
experiment and modelling agree reasonably well in
general, where the Penning ionisation processes of excited
argon atoms with HMDSO molecules were determined by
the model calculations to play a predominant role for the
ionisation budget. The comparison of the related measured
and calculated electrical energy dissipated in the plasma
per period Eg showed qualitative agreement for small
admixtures up to about x= 200 ppm, but increasing
differences for larger x , where the measured Eg is virtually
constant and the modelling results continue to decrease
monotonically. Discussion of different options to explain
these deviations in Eg clearly demonstrates the need for
future experimental and modelling studies for clarification.
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