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Abstract
A time-dependent, spatially one-dimensional fluid-Poisson model is applied to analyze the 
impact of small amounts of tetramethylsilane (TMS) as precursor on the discharge charac-
teristics of an atmospheric-pressure dielectric barrier discharge (DBD) in argon. Based on 
an established reaction kinetics for argon, it includes a plasma chemistry for TMS, which is 
validated by measurements of the ignition voltage at the frequency f = 86.2 kHz for TMS 
amounts of up to 200 ppm. Details of both a reduced Ar-TMS reaction kinetics scheme 
and an extended plasma-chemistry model involving about 60 species and 580 reactions 
related to TMS are given. It is found that good agreement between measured and calcu-
lated data can be obtained, when assuming that 25% of the reactions of TMS with excited 
argon atoms with a rate coefficient of 3.0 × 10−16 m3∕s lead to the production of electrons 
due to Penning ionization. Modeling results for an applied voltage Ua,0 = 4 kV show that 
TMS is depleted during the residence time of the plasma in the DBD, where the percentage 
consumption of TMS decreases with increasing TMS fraction because only a finite number 
of excited argon species is available to dissociate and/or ionize the precursor via energy 
transfer. Main species resulting from that TMS depletion are presented and discussed. In 
particular, the analysis clearly indicates that trimethylsilyl cations can be considered to be 
mainly responsible for the film formation.
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Introduction

Tetramethylsilane (TMS, (CH3)4Si ), one of the most simple organosilicon compound 
(organosilane, alkylsilane), has frequently been used as a precursor for plasma-enhanced 
chemical vapor deposition (PECVD) of silicon- and carbon-containing thin films [1–11]. 
The deposition process is also termed “plasma polymerization”—and the deposits “plasma 
polymer”—if a relatively large “organic” character of the precursor (monomer) is retained 
in the film, observable, e.g., as a major content of CHx moeities. Aside from other potential 
purposes, TMS-derived thin films have been of interest as insulators with low dielectric 
constants for microelectronic applications (“low-k films”) [7–9, 11]. TMS is also a major 
reaction product in processing plasmas fed with more complex organosilicon monomers 
such as hexamethyldisiloxane (HMDSO) [12–14]. Owing to its low boiling point of only 
300K [15], TMS is an extremely flammable liquid, its vapor forming explosive mixtures 
with air. Taking into account the corresponding hazards of working with TMS is of special 
importance for atmospheric-pressure plasma processes.

Thin film deposition from TMS has usually been performed by means of low-temper-
ature discharge plasmas at low pressure. In addition to the plasma polymerization in pure 
TMS vapor  [2, 6, 7, 11, 16, 17], TMS-vapor mixtures diluted by Ar  [3, 4, 10, 18–20], 
O2 [7, 9, 11], O2 and Ar [9], and SiH4 with N2O as the oxidant gas [8] were investigated 
experimentally. Few of these experimental studies were assisted by theoretical and mod-
eling analyzes. By employing the general convective diffusion equation, a simple analytical 
expression of the deposition rate in Ar-TMS mixtures was obtained in  [4]. Furthermore, 
preliminary modeling of the electrical discharge of a capacitively coupled, low-frequency 
device in low-pressure Ar-TMS mixtures based on a one-dimensional fluid model was 
reported in [19, 20].

The deposition of thin functional films using PECVD at atmospheric pressure has 
gained great scientific and technical interest during the last two decades [21, 22]. In con-
trast to low-pressure techniques, suffering from high costs of equipment and difficult inte-
gration into in-line production processes  [23], atmospheric-pressure systems avoid the 
need for expensive vacuum equipment, allow easier and continuous processing, and make 
it even possible to treat materials and geometries, which are difficult to handle at reduced 
pressure conditions.

Atmospheric-pressure plasma polymerization of TMS has recently been performed 
using different discharge configurations. A radio-frequency glow-discharge system was 
applied in [24] to generate organic-inorganic hybrid coatings in a plasma generated with 
a TMS precursor concentration of 0.01−0.04 vol% in He carrier gas. An atmospheric-pres-
sure plasma jet in He with a few vol. % TMS was used in [25–29] to improve the surface 
hydrophobicity of imitation leather with polyester surface. Furthermore, Haq  et al. [30] 
recently used an atmospheric-pressure microplasma reactor fed by an Ar-TMS mixture con-
taining up to 3500 ppm TMS to study its dissociation for the growth of SiC nanocrystals.

While plasma jets are especially developed for a localized treatment, dielectric barrier 
discharges (DBDs) are more suitable for the treatment of larger surfaces and they have 
widely been applied as a source for PECVD processes  [31]. A new kind of reactor for 
plasma treatments based on DBDs, involving a gradient mixer and a homogenizer in the 
gas-supply line to enable a concentration gradient of the percursor or another relevant gas 
species oriented perpendicular to the flow direction, was presented in [32] and tested using 
plasma polymerization of several precursors including mixtures of Ar (or Ar mixed with 
2% Xe) and small amounts of up to about 750 ppm of TMS vapor.
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The present paper deals with the analysis of atmospheric-pressure DBDs in argon with 
small amounts of TMS as precursor by means of numerical modeling. It refers to the 
plane-parallel discharge configuration with lateral gas flow injection described in [33]. The 
time-dependent, spatially one-dimensional fluid-Poisson model takes into account the spa-
tial variation of the discharge plasma between plane-parallel dielectrics covering the elec-
trodes. It is based on the DBD model for argon reported in [34], which has been extended 
by collision processes for the precursor gas TMS and resulting reaction procucts. The basic 
reaction kinetics scheme includes 26 collision processes of TMS as well as further 16 reac-
tions related to collisions of the trimethylsilyl cation ( (CH3)3Si

+ ) and anion ( (CH3)3Si
− ), 

respectively.
The analysis concerns the electrical characteristics of the DBD at first. The studies aim 

to clarify the impact of small TMS admixtures added to the carrier gas Ar on the igni-
tion behavior as well as on the temporal evolution of discharges at conditions typical of 
deposition experiments. In particular, the impact of Penning ionization processes of excited 
argon atoms with TMS molecules is investigated since they can play a significant role for 
the electron production in atmospheric-pressure plasmas and can influence the ignition and 
burning voltage of such discharges [21, 35]. Furthermore, it is analyzed how the trimethyl-
silyl anions, resulting from the dissociative electron attachment to TMS, influence the dis-
charge behavior.

Measurements of the ignition voltage of DBDs in argon with TMS admixtures of up 
to 200 ppm supplement these numerical studies. The total rate coefficient of collisions 
between excited argon atoms and TMS is determined by comparing measured and calcu-
lated ignition voltages. This comparison also provides information about the contribution 
of the Penning ionization and the quenching of excited argon atoms by monomer mole-
cules, leading to the dissociation of TMS into neutral reaction products.

Secondly, model calculations for operating conditions typical of deposition experiments 
are presented and discussed. For these calculations, the basic reaction kinetics scheme of 
TMS has been extended by about 540 additional collision processes involving further 56 
species. That makes it possible to also get information about the behavior of, e.g., the pri-
mary radicals trimethylsilyl ( (CH3)3Si ) and methyl ( CH3 ) as well as other radical species, 
further stable molecules, such as hexamethyldisilane ( (CH3)3SiSi(CH3)3 ), trimethylsilane 
( (CH3)3SiH ) or methane ( CH4 ) and ethane ( C2H6 ), or other positive and negative charge 
carriers. Details of this extended reaction kinetics scheme are given, and selected results 
of corresponding modeling studies are represented and discussed. The analysis includes a 
comparison of measured and calculated discharge currents as well as a comprehensive rep-
resentation of key species generated in the DBD during the residence time of the gas in the 
discharge area as predicted by numerical modeling. In addition, the impact of ionic species 
on the film deposition in plasma polymerization is discussed.

Description of the Model

The modeling studies presented in this paper are related to the plane-parallel DBD configu-
ration used in [33] for electrical measurements. A schematic representation of the plasma 
reactor is shown in Fig. 1a. The DBD was ignited between two rectangular electrodes with 
a width of 8 cm and a length in flow direction of 1 cm corresponding to a discharge area 
A = 8 cm2 . Both electrodes were made of steel mesh glued onto borofloat glass dielectrics 
with a thickness � of 2 mm and a relative permittivity �r of 4.6. The gap width d was 
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1 mm . A high-voltage (HV) generator was used to power the discharge by the sinusoidal 
voltage

with the amplitude Ua,0 at a frequency f of 86.2 kHz.
A schematic representation of the corresponding discharge geometry used in the mod-

eling studies is displayed in Fig. 1b. The time-dependent, spatially one-dimensional model 
considers the axial component z of the plasma between the plane-parallel, dielectric cov-
ered electrodes, where the electrode on the left side is powered by the voltage (1) and that 
to the right is grounded. Such a spatially one-dimensional treatment is well suited for the 
analysis of DBDs operating in the homogeneous or glow mode [36] and was successfully 
applied for the analysis of DBDs, e.g., in Ar [34], Ar-HMDSO mixtures [35, 37], N2 with 
0.1 vol% O2 [38], and CO2 [39].

Basic Relations

The fluid model comprises balance equations for the densities nj of relevant neutral parti-
cles and charge carriers as well as for the electron energy density neue , the Poisson equa-
tion to determine the electric potential � and field E, as well as a balance equation for the 
surface charge density �s to consider the accumulation of charge carriers on the dielectric 
surfaces at z0 = 0 and z0 = d . A schematic representation of the basic relations and the 
sequence of their solution is shown in Fig. 2. Here e0 , �0 and Zj are the elementary charge, 
vacuum permittivity and particle charge number, respectively, ED denotes the electric field 
inside the respective dielectric barrier, � = −1 at z0 = 0 and � = 1 at z0 = d.

The fluxes �j of heavy particles are calculated in the common drift-diffusion approxi-
mation, while the particle flux �e and energy flux Qe of electrons are determined by the 
improved drift-diffusion approximation introduced by Becker et al. [40, 41]. Sj represents 
the gain and loss of particles of kind j in the plasma due to collision processes and radiative 
transitions, and S̃e denotes the gain and loss of electron energy caused by the various colli-
sion processes involving electrons.

(1)Ua(t) = Ua,0 sin(2�ft)

Fig. 1   Schematic drawing of the plasma reactor, a with the discharge area A = 8 cm2 and of the spatially 
one-dimensional discharge geometry, b with gap width d and thickness of dielectric layers �



293Plasma Chemistry and Plasma Processing (2021) 41:289–334	

1 3

Regarding the electrons, their rate coefficients ki of the different inelastic collision pro-
cesses with heavy particles and their energy rate coefficient k̃el for elastic collisions were 
obtained by solving the steady-state, spatially homogeneous Boltzmann equation for 
given reduced electric field E/N with the background gas density N, gas temperature Tg , 
Ar-TMS mixture ratio, and atomic data, using the electron collision cross sections speci-
fied in “Reaction Kinetics Schemes” section. The solution of this electron kinetic equation 
was done by means of a generalized version of the solution method [42] adapted to take 
into account non-conservative electron collision processes [43]. It also yields the dissipa-
tion frequencies �e and 𝜈̃e as well as the transport coefficients �0 , �2 , 𝜉0 , and 𝜉2 of the elec-
trons [41]. Afterwards, lookup tables for these coefficients and frequencies as a function of 
the mean electron energy ue were generated for the respective mixture ratio of Ar and TMS 
and were used in the fluid model calculations. Further details about the basic relations, the 
boundary conditions and the solution method are given in [35]. In particular, flux boundary 
conditions are employed at the dielectric surfaces when solving the particle balance equa-
tions, where stable molecules related to the TMS kinetics are assumed to be completely 
reflected while radical species are not reflected. That is, the latter stick and/or recombine 
on the surface [20, 44].

Reaction Kinetics Schemes

The reaction kinetics for Ar-TMS mixtures is based on the argon model reported in [34]. 
The reaction kinetics scheme for argon takes into account ground state argon atoms 
( Ar[1p0] in Paschen notation), metastable ( Ar[1s5] and Ar[1s3] ) and resonance ( Ar[1s4] 
and Ar[1s2] ) atoms, lumped excited states Ar[2p] and Ar[2p�] , a summarized higher excited 
atomic level Ar[hl] , excimers Ar2[3Σ+

u
, v = 0] , Ar2[1Σ+

u
, v = 0] , Ar2[3Σ+

u
, v ≫ 0] and 

Ar2[
1Σ+

u
, v ≫ 0] in the vibrational ground (v = 0) and highly vibrationally excited (v ≫ 0) 

states with the energy levels 9.76 eV , 9.84 eV , 11.37 eV and 11.45 eV , respectively, as well 
as the atomic ( Ar+ ) and molecular ( Ar+

2
 ) ion. These 14 heavy particle components and the 

electrons are subject to 114 reactions including 70 electron collision processes, 24 heavy 
particle collision processes, and 20 radiative transitions. This argon model was extended by 
including relevant collision processes for small amounts of the precursor gas TMS. Follow-
ing [35], the electrical characteristics of atmospheric-pressure DBDs in argon with small 

Fig. 2   Sketch of the time-dependent, spatially one-dimensional fluid model with time step size �t
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monomer admixtures can be determined by the collision processes of TMS with electrons 
and argon species as well as of the primary ions generated. This basic reaction kinetics 
model related to TMS is listed in Table 1.

The electron collision processes of TMS include elastic collisions, two vibrational exci-
tations with the energy losses 0.11 and 0.27 eV , a total electronic excitation with the energy 
loss 7.45 eV , leading to the dissociation into the trimethylsilyl and the methyl radical [20], 
a total ionization with the energy loss 9.8 eV , resulting in the trimethylsilyl cation and a 
methyl radical, as well as the dissociative electron attachment, leading to the formation of 

Table 1   Collision processes related to TMS included in the basic reaction kinetics model in addition to the 
argon model reported in [34]

The rate coefficients are given in m 3/s. Rate coefficients f (ue) are obtained from the solution of the elec-
tron Boltzmann equation as a function of the mean electron energy ue using the cross section data of the 
reference given. Te = 2ue∕(3kB) is the electron temperature in K, and Tg = 300K . Ar∗ denotes Ar[1s5..2] , 
Ar[2p] , Ar[2p�] , and Ar[hl] as well as Ar∗

2
 abbreviates Ar2[3Σ+

u
, v = 0] , Ar2[1Σ+

u
, v = 0] , Ar2[3Σ+

u
, v ≫ 0] , 

and Ar2[1Σ+
u
, v ≫ 0]

Index Reaction Rate coefficient References

Elastic electron collisions
1 (CH3)4Si + e → (CH3)4Si + e f (ue) [45]
Electron impact excitation and dissociation
2 (CH3)4Si + e → (CH3)4Si[v1] + e f (ue) [45]
3 (CH3)4Si + e → (CH3)4Si[v2] + e f (ue) [45]
4 (CH3)4Si + e → (CH3)3Si + CH3 + e f (ue) [20, 45]
Electron impact ionization and detachment
5 (CH3)4Si + e → (CH3)3Si

+ + CH3 + 2e f (ue) [46]

6 (CH3)3Si
− + e → (CH3)3Si + 2e f (ue) [47–49]

Dissociative electron attachment
7 (CH3)4Si + e → (CH3)3Si

− + CH3 f (ue) [45]
Ion-molecule reactions
8 Ar+ + (CH3)4Si → (CH3)3Si

+ + CH3 + Ar[1p0] 1.5 × 10−15 [36, 50]

9 Ar
+

2
+ (CH3)4Si → (CH3)3Si

+ + CH3 + 2 Ar[1p0] 1.2 × 10−15 [36, 50]

Quenching of excited argon species leading to Penning ionization
10–16 Ar

∗ + (CH3)4Si → (CH3)3Si
+ + CH3 + Ar[1p0] + e kPl

M,Ar∗
See text

Quenching of excited argon species leading to neutral products
17–23 Ar∗ + (CH3)4Si → (CH3)3Si + CH3 + Ar[1p0] k

Q

M,Ar∗
See text

24–27 Ar∗
2
+ (CH3)4Si → (CH3)3Si + CH3 + 2 Ar[1p0] kM,Ar∗ Analogous  

to Ar∗ [51, 52]
Electron-ion recombination
28 (CH3)3Si

+ + e → (CH3)2Si + CH3 1.8 × 10−12 × (Te∕300)
−0.5 [53, 54]; see text

Collisional detachment of electrons
29–35 Ar∗ + (CH3)3Si

−
→ (CH3)3Si + Ar[1p0] + e 5.9 × 10−16 [36, 55]

36–39 Ar∗
2
+ (CH3)3Si

−
→ (CH3)3Si + 2 Ar[1p0] + e 5.9 × 10−16 [36, 55]

Ion-ion recombination
40 Ar+ + (CH3)3Si

−
→ (CH3)3Si + Ar[hl] 1.1 × 10−13 [56]

41 Ar
+
2
+ (CH3)3Si

−
→ (CH3)3Si + Ar[2p�] + Ar[1p0] 8.7 × 10−14 [56]

42 (CH3)3Si
+ + (CH3)3Si

−
→ 2 (CH3)3Si 8.9 × 10−14 [56]
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the trimethylsilyl anion and CH3 . The corresponding electron collision cross sections are 
given in [45, 46].

Furthermore, collision processes of TMS with atomic and molecular argon ions as well 
as with excited argon atoms and molecules are taken into account. Here, the Langevin 
capture rate coefficient [36] is used for ion-molecule reactions, where the polarizability of 
TMS is 11.04 × 10−30 m3 [50].

Regarding collision processes of TMS with excited argon atoms and molecules, the 
information in the literature is diverse. Experimental investigations on TMS dissociation 
processes in plasmas provide rate coefficients kM,Ar∗ for the reaction of the monomer with 
the metastable atom Ar[1s5] ranging from 6.0 × 10−18 to 2.2 × 10−17 m3∕s [57]. When com-
paring these values with those for collisions of excited argon atoms with several atoms 
and molecules reported in [51] and that for Ar[1s5] collisions with HMDSO [58], the rate 
coefficient kM,Ar∗ is expected to be larger by a factor of 10 at least. In particular, when 
using the hard sphere cross section approach with a collision radius of 2.725 × 10−10 m 
for Ar[1s5] [51] and the van-der-Waals radius for TMS [50] of 2.92 × 10−10 m , a rate coef-
ficient kM,Ar∗ of about 5 × 10−16 m3∕s results. Furthermore, Jauberteau et al. [57] state that 
collisions of Ar[1s5] with TMS mainly lead to the formation of neutral radicals. However, 
Penning ionization should take place, because the energy of excited argon atoms is large 
enough to ionize TMS. In particular, the fraction �Pl leading to Penning ionization was 
measured to be 0.06 for collisions of argon metastables with TMS and 0.5 for collisions of 
argon metastables with trimethylsilane ( (CH3)3SiH ) in [59].

In order to clarify this situation, the determination of the rate coefficient kM,Ar∗ and the 
Penning ionization fraction �Pl with 0 ≤ �Pl ≤ 1 as well as an analysis of their impact on 
modeling results are part of the present studies. Thus, the Penning ionization reaction

with the rate coefficient kPl
M,Ar∗

= �PlkM,Ar∗ and the quenching process

with the rate coefficient kQ
M,Ar∗

= (1 − �Pl)kM,Ar∗ are considered in the reaction kinetics 
scheme for every excited atomic species, abbreviated by Ar∗ . In reaction (2), the TMS mol-
ecule is dissociated into a trimethylsilyl ion, a methyl radical and an electron, which gets 
most of the excess energy, and the quenching process (3) results in a trimethylsilyl and a 
methyl radical. In addition, the quenching of TMS by argon excimers is considered lead-
ing to the formation of trimethylsilyl, methyl and two argon ground state atoms. Follow-
ing [52], the corresponding rate coefficient is assumed to equal the rate coefficient kM,Ar∗ 
for reactions of the monomer with excited argon atoms.

Reactions of the trimethylsilyl cation (CH3)3Si
+ comprise the electron-ion recombi-

nation and the ion-ion mutual neutralization due to the interaction with (CH3)3Si
− . The 

recombination of (CH3)3Si
+ by electron impact leads to the formation of a dimethyl-

silylene ( (CH3)2Si ) and a methyl radical [60]. The corresponding thermal reaction rate 
coefficient at 300K is assumed to be similar to that of the HMDSO cation given in [53] 
and the dependence on the electron temperature Te = 2ue∕(3kB) with the Boltzmann 
constant kB is approximated according to [54]. The rate coefficients for the mutual neu-
tralization of the negative trimethylsilyl ion (CH3)3Si

− due to interaction with the posi-
tive ions Ar+ , Ar+

2
 , and (CH3)3Si

+ were derived from the approximate scaling formula 

(2)Ar∗ + (CH3)4Si
kPl
M,Ar∗

⟶ (CH3)3Si
+ + CH3 + Ar[1p0] + e

(3)Ar∗ + (CH3)4Si
k
Q

M,Ar∗

⟶ (CH3)3Si + CH3 + Ar[1p0]



296	 Plasma Chemistry and Plasma Processing (2021) 41:289–334

1 3

proposed by Hickman [56]. The electron impact detachment cross section of (CH3)3Si
− 

with an energy loss of 0.971 eV [61] was obtained by scaling from the classical ioniza-
tion model of Thomson [62] as discussed in [47, 63] using the cross sections for detach-
ment from H− for energies U < 10 eV and from C− for larger energies given in [48, 49]. 
Furthermore, detachment processes of (CH3)3Si

− due to collisions with excited argon 
atoms and molecules are taken into account. The corresponding rate coefficient was 
estimated by means of the Langevin formula for ion-molecule reactions  [36], using 
the polarizability of argon of 1.64 × 10−30 m3  [55]. Moreover, the mobilities of the tri-
methylsilyl ions times background gas density were estimated by use of the polarization 
mobility [64] obtained from the Langevin theory and amount to 5.7 × 1021 (V m s)−1 for 
the gas mixtures under consideration. The corresponding diffusion coefficient was cal-
culated using Einstein’s relation [36].

The reaction kinetics set in Table 1 does not provide information about the spatio-tem-
poral behavior of the radicals trimethylsilyl ( (CH3)3Si ), dimethylsilylene ( (CH3)2Si ), and 
methyl ( CH3 ) as well as other neutral species and charge carriers. Further collision pro-
cesses, which are included in an extended reaction kinetics scheme related to TMS, are 
given Table 2. This extended set of reactions takes into account the collision processes of 
the neutral species listed in Table 3 and ions given in Table 4. Table 3 also specifies the 
masses, enthalpies of formation, electron affinities, ionization potentials, and polarizabili-
ties of the neutral species.

Regarding the electron impact ionization processes of the organosilicon species in 
Table  2, collision cross sections were calculated by application of the modified additiv-
ity rule of Deutsch  et al.  [65], using the collision cross sections for carbon  [66], hydro-
gen [67], and silicon [68, 69]. The electron-impact cross sections of various hydrocarbons 
and hydrogen- or carbon-containing species leading to ionization, attachment or dissocia-
tion as well as the electron detachment cross sections of H− and CH−

2
 were taken from the 

literature given in Table 2. The rate coefficients of most ion-molecule reactions were deter-
mined by Langevin formula [36] using the polarizabilities given in Table 3.

Collision processes of excited argon atoms and molecules with different neutral species 
can lead to dissociation into neutral fragments and/or to Penning ionization. The rate coef-
ficients and the fraction of dissociation or Penning ionization for the collision processes 
of the organosilicon species were estimated in accordance with the collision processes of 
TMS or HMDSO. For the corresponding reactions with hydrocarbons or hydrogen mol-
ecules the rate coefficients provided by the references given in Table 2 were employed in 
general.

The rate coefficients of the electron recombination due to collisions with organosili-
con ions were estimated to have a typical value of 1.0 × 10−12m3∕s at Te = 300K with a 
dependence on Te approximated according to [54]. The corresponding rate coefficients and 
branching ratios for the hydrocarbon ions and H+

2
 were generally taken from the literature.

Except for the H+–H− reaction, the rate coefficients of the ion-ion recombination pro-
cesses were calculated by means of the scaling formula given by Hickman [56]. The com-
pilation of neutral-neutral reactions at the end of Table 2 includes collision processes with 
two-body rate coefficients larger than 1.0 × 10−18m3∕s only, where the rate coefficients 
originate from the references given in Table 2. Notice that collision processes of the 16 
neutral reaction products pentamethyl[(trimethylsilyl)methyl]disilane, octamethyltrisi-
lane, 1,1,1,2,2,3,3-heptamethyltrisilane, bis(trimethylsilyl)methane, ethylpentamethyld-
isilane, 1,1,2,2-tetramethyldisilane, 1,3-dimethyl-1,3-disilabicyclo[1.1.0]butane, ethyltri-
methylsilane, 1,1-dimethylsilirane, 1,1-dimethylsilirene, ethynylsilane, n-butane, 1-butene, 
1,3-butadiene, propane, and propene specified in Table 3 are neglected.
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Furthermore, transport coefficients of ions and neutrals are required for the modeling 
studies. The product of ion mobility times background gas density was determined by use 
of the polarization mobility [64] obtained from the Langevin theory for all ions. The result-
ing values are summarized in Table 4. The corresponding diffusion coefficients of the ions 
were calculated using Einstein’s relation [36].

To calculated the diffusion coefficients of the various neutral species in Ar at room 
temperature, two approaches were applied. The first one is the theory of Chapman and 
Enskog [194], which requires knowledge about the Lennard-Jones (6-12) potential param-
eters � and �∕kB . These parameters are known from the literature for TMS, Si and a num-
ber of hydrocarbons as well as atomic and molecular hydrogen and carbon. Furthermore, 
the empirical relations given in the monograph by Bird et al. [194] were used to determine 
the Lennard-Jones parameters from the liquid data of the molar volume and boiling point, 
which are also available in the literature for several stable organosilicon molecules. The 

Table 4   Nominal masses M/Z and background gas density times mobilities N�io of ions considered in the 
extended TMS kinetics

Name M/Z N�io[10
21(V m s)−1]

Positive ions

(CH3)2Si⟨
CH2

CH2

⟩Si+CH3
1,1,3-trimethyl-1,3-disilacyclobu-

tane-1-yl cation
129 5.3

Ar2H
+ Argon hydride cation 81 5.6

(CH3)3SiH
+ Trimethylsilane cation 74 5.7

(CH3)3Si
+ Trimethylsilyl cation 73 5.7

(CH3)2SiCH
+
2

Dimethylmethylenesilane cation 72 5.7
(CH3)2SiH

+ Dimethylsilyl cation 59 5.9
(CH3)2Si

+ Dimethylsilylene cation 58 6.0
(CH3)SiH

+
2

Methylsilyl cation 45 6.3
(CH3)Si

+ Methylsilanylidyne cation 43 6.4
ArH+ Argonium 41 6.4
C2H

+
6

Ethane cation 30 7.0
C2H

+
5

Ethyl cation 29 7.1
C2H

+
4

Ethylene cation 28 7.1
C2H

+
3

Vinyl cation 27 7.2
C2H

+
2

Acetylene cation 26 7.3
CH+

4
Methane cation 16 8.6

CH+
3

Methyl cation 15 8.8
CH+

2
Methylene cation 14 9.0

CH+ Methylidyne cation 13 9.3
C+ Carbon cation 12 9.5
H+

2
Molecular hydrogen cation 2 20.9

H+ Hydrogen cation 1 29.2
Negative ions
(CH3)3Si

− Trimethylsilyl anion − 73 5.7
CH−

2
Methylene anion − 14 9.0

H− Hydrogen anion − 1 29.2
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resulting values of diffusion coefficient times background gas density were applied in the 
numerical modeling studies. They are listed in Table 5.

The second approach to calculate binary-gas phase diffusion coefficients is the diffu-
sion-volume method introduced by Fuller, Schettler and Giddings [195]. This method was 
used for all other neutral species, where the diffusion volumes for Ar , H , and C were taken 
from [196] and that for Si was estimated as 27.0 cm3 . This value was found to yield good 
agreement with results of the Chapman-Enskog theory for most of the silicon- and hydro-
gen-containing species listed in  [44]. The resulting values of diffusion coefficient times 
background gas density are compiled in Table 5. Notice that the agreement between the 
values obtained by both the methods is also generally very well for all silicon-containing 
species included in that table.

Results and Discussion

Model calculations were carried out for Ar-TMS mixtures at atmospheric pressure and a 
gas temperature of 300K , with a TMS fraction x between 0 and 200 ppm and an argon 
amount of (1 − x) , in accordance with related experimental studies. The modeling stud-
ies comprise an analysis of the ignition voltage of DBDs in Ar-TMS mixtures as well as a 
characterization of the temporal discharge behavior of such DBDs operating under condi-
tions typical of film-deposition experiments. Therefore, the coupled set of partial differen-
tial equations illustrated in Fig. 2 was solved numerically by means of a finite difference 
method according to Becker et al. [34, 41]. In particular, an adaptive time stepping and a 
non-equidistant spatial grid using generally 500 intervals with logarithmically refined mesh 
towards the boundaries were employed for the model calculations reported in “Analysis of 
the Ignition Voltage” section.

Analysis of the Ignition Voltage

Numerical studies of the ignition voltage Ui were performed for the experimental setup 
shown in Fig. 1a. They were supplemented by an experimental determination of Ui . For 
this an HV generator (G2000, Redline Technologies, Baesweiler, Germany) was used to 
power the discharge with the sinusoidal voltage (1) at f = 86.2 kHz , which corresponds 
to a period duration of T = 11.6 μs . The electrical circuit used for measurements of the 
applied voltage Ua(t) and Ui as well as of the current or transferred charge (see “Temporal 
Behavior of DBDs in Ar-TMS Mixtures” section) is illustrated in Fig. 3. Ua(t) was meas-
ured by means of an HV probe (PHV 4002-3, dataTec, Reutlingen, Germany) connected 
to an oscilloscope (MDO3052, Tektronix, Beaverton, OR, USA). In order to determine Ui , 
the amplitude Ua,0 of the applied voltage was increased step by step for a specific Ar-TMS 
mixture until the discharge was ignited and covered the entire electrode area, i.e., Ui = Ua,0 . 
The purity of argon gas (obtained from Linde AG, Germany) was ≥ 99.9999% and that of 
TMS (from Sigma-Aldrich Chemie GmbH, Germany) was ≥ 99% . The gas flow rate F was 
6 slm in the experiments.

Figure 4 shows modeling results of Ui obtained for different sets of rate coefficient 
kM,Ar∗ and Penning ionization fraction �Pl for reactions (2) and (3) of TMS with excited 
argon atoms in comparison with experimental values. The measured ignition voltage 
decreases monotonically from about 3.0 kV in pure argon to 1.25 kV at x = 200 ppm , 
where the initially rapid drop becomes smaller above about x = 50 ppm . A quite similar 
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Table 5   Lennard-Jones parameters, and background gas density times binary diffusion coefficients ND in 
argon at 300K obtained by Chapman-Enskog theory [194] (index CE) and the method of Fuller, Schettler 
and Giddings [195, 196] (index FSG) using a diffusion volume for Si of 27.0 cm3

Species �[Å] �∕kB[K] NDCE[m
−1s−1] NDFSG[m

−1s−1]

(CH3)3SiSi(CH3)2CH2Si(CH3)3 1.1 × 1020

(CH3)3SiSi(CH3)2Si(CH3)3 7.196† [198] 508.2† [198] 1.1 × 1020 1.1 × 1020

(CH3)3SiSi(CH3)2SiH(CH3)2 1.2 × 1020

(CH3)3SiCH2Si(CH3)3 6.692† [198] 468.3† [198] 1.3 × 1020 1.3 × 1020

(CH3)3SiSi(CH3)2C2H5 6.692† [198] 472.4† [198] 1.3 × 1020 1.3 × 1020

(CH3)3SiSi(CH3)3 6.548† [15] 444.7† [15] 1.3 × 1020 1.4 × 1020

(CH3)3SiCH2Si(CH3)2 1.4 × 1020

(CH3)3SiSi(CH3)2CH2 1.4 × 1020

(CH3)2Si⟨
CH2

CH2

⟩Si(CH3)2
6.306† [198] 452.7† [198] 1.4 × 1020 1.4 × 1020

(CH3)3SiSiH(CH3)2 6.340† [198] 428.7† [198] 1.4 × 1020 1.5 × 1020

(CH3)3SiSi(CH3)2 1.5 × 1020

(CH3)2HSiSiH(CH3)2 6.127† [198] 413.6† [198] 1.5 × 1020 1.6 × 1020

(CH3)Si⟨
CH2

CH2

⟩Si(CH3)
1.6 × 1020

(CH3)3SiC2H5 5.889† [198] 381.6† [198] 1.6 × 1020 1.7 × 1020

(CH3)4Si 8.137 [199] 223.1 [199] 1.2 × 1020 1.8 × 1020

(CH3)3SiCH2 1.8 × 1020

(CH3)2SiC2H5 1.8 × 1020

(CH3)2Si⟨
CH2

�
CH2

1.9 × 1020

(CH3)2Si⟨
CH
��
CH

1.9 × 1020

(CH3)3SiH 5.447† [200] 321.8† [200] 2.0 × 1020 2.0 × 1020

(CH3)3Si 2.1 × 1020

(CH3)2SiCH2 2.1 × 1020

(CH3)2SiH2 5.563† [200] 236.0† [200] 2.1 × 1020 2.3 × 1020

(CH3)2SiH 2.4 × 1020

(CH3)2Si 2.4 × 1020

H3SiC2H 2.5 × 1020

(CH3)SiH2 2.9 × 1020

(CH3)SiH 2.9 × 1020

(CH3)Si 3.0 × 1020

Si 2.005 [201] 18640 [201] 3.0 × 1020 4.3 × 1020

C4H10 4.687 [202] 531.4 [202] 2.2 × 1020 2.2 × 1020

C4H8 4.994† [198] 306.9† [198] 2.3 × 1020 2.3 × 1020

C4H6 4.903† [198] 309.1† [198] 2.4 × 1020 2.4 × 1020

C3H8 4.724† [203] 265.7† [203] 2.7 × 1020 2.7 × 1020

C3H6 4.579† [203] 259.3† [203] 2.8 × 1020 2.8 × 1020

C2H6 4.443 [202] 215.7 [202] 3.3 × 1020 3.4 × 1020

C2H5 3.5 × 1020
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The Lennard-Jones parameters for argon are � = 3.418Å and �∕kB = 124.0K  [197]. † : estimated from 
empirical relations given on page 22 of [194] using molar volume and boiling point given in the reference

Table 5   (continued)

Species �[Å] �∕kB[K] NDCE[m
−1s−1] NDFSG[m

−1s−1]

C2H4 4.163 [202] 224.7 [202] 3.6 × 1020 3.6 × 1020

C2H3 3.8 × 1020

C2H2 4.033 [202] 231.8 [202] 3.8 × 1020 3.9 × 1020

C2H 4.0 × 1020

C2 3.913 [202] 78.8 [202] 4.8 × 1020 4.2 × 1020

CH4 3.882 [197] 136.5 [197] 5.1 × 1020 5.2 × 1020

CH3 3.905 [204] 88.1 [204] 5.6 × 1020 5.6 × 1020

CH2 3.905 [204] 59.4 [204] 6.0 × 1020 5.9 × 1020

CH 3.370 [202] 68.6 [202] 7.0 × 1020 6.3 × 1020

C 3.385 [202] 30.6 [202] 7.9 × 1020 6.8 × 1020

H2 2.827 [202] 59.7 [202] 1.9 × 1021 2.2 × 1021

H 2.708 [202] 37.0 [202] 2.9 × 1021 3.6 × 1021

Fig. 3   Electrical circuit used for 
voltage and current measure-
ments

Fig. 4   Ignition voltages obtained 
by measurements and by mod-
eling using different parameter 
sets of kM,Ar∗ and �Pl in depend-
ence on the TMS fraction x 
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behavior of the ignition voltage for mixtures of Ar and HMDSO was reported for the 
same DBD configuration in [35]. There, the monotonic decrease resulted in Ui = 1.0 kV 
at x = 200 ppm and it could be well described by modeling results, when employing the 
measured rate coefficient of 5.0 × 10−16 m3∕s [58] for Ar∗-HMDSO reactions and a cor-
responding Penning ionization fraction of 30% in the reaction kinetics model.

The decrease of Ui with increasing TMS admixture obtained from the experiments 
is also found by the modeling studies for all sets of kM,Ar∗ and �Pl , which assume a cer-
tain amount of Penning ionization processes. In particular, best agreement between 
measured and calculated results is obtained, when 25 % of the reactions of TMS with 
Ar∗ are supposed to lead to the generation of electrons due to Penning ionization at 
a total rate coefficient kM,Ar∗ = 3.0 × 10−16 m3∕s . The assumption of �Pl = 0.3 and 
kM,Ar∗ = 2.4 × 10−16 m3∕s in the model calculations also leads to quite good agreement 
with the measured Ui , but the variation with x is not reproduced similarly well. Both 
these rate coefficients are more than a magnitude larger than that determined experi-
mentally by Jauberteau et al. [57] in the afterglow of a microwave discharge by means of 
absorption spectroscopy measurements on Ar[1s5] . The measured total rate coefficient 
in that paper ranged from 6.0 × 10−18 to 2.2 × 10−17 m3∕s . When using the latter value in 
the model calculations, a Penning ionization fraction for Ar∗-TMS reactions of 55% has 
to be applied to achieve agreement with the measured ignition voltage at x = 200 ppm . 
However, the decreasing behavior of the measured Ui with increasing x cannot be repro-
duced that way. Finally, it should be noted that the modeling results obtained by use 
of the reduced reaction kinetics scheme (Table 1) are identical to those obtained when 
employing the extended plasma-chemistry model (Tables 1 and 2).

In order to analyze the ionization budget at the ignition voltage for different TMS 
fractions x in more detail, the space- and period-averaged ionization rates of the dif-
ferent electron production processes were determined from the modeling results using 
the recommended total rate coefficient kM,Ar∗ = 3.0 × 10−16 m3∕s and Penning ionization 
fraction �Pl = 0.25 . Figure 5 illustrates the corresponding relative contributions of dif-
ferent reaction channels to the total electron production in dependence on x. In pure 
argon, electrons are produced to about 60% due to electron impact ionization of argon 
atoms in their ground state and to about 40% due to chemo-ionization processes in col-
lisions of two excited argon atoms. The contributions of electron impact ionization of 
excited argon atoms and molecules, respectively, to the total electron production are 
less than 1% in pure argon and much smaller when adding TMS. Therefore, they are not 
displayed in the figure.

Fig. 5   Impact of the TMS frac-
tion x on the electron production 
channels for applied voltage 
amplitudes Ui(x)
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When adding small amounts of TMS to argon, the situation changes drastically. Since 
the ionization energy of TMS ( 9.80 ± 0.03 eV ) and the appearance energy of the trimethyl-
silyl cation ( 10.03 ± 0.04 eV)  [154] are smaller than the threshold energies for the exci-
tation of argon atoms ( ≥ 11.55 eV)  [34, 205], the admixture of TMS is accompanied in 
particular by the electron production due to Penning ionization according to (2), i.e. reac-
tions  10–16 in Table  1. This collision process becomes the predominant contribution to 
the electron production already for x ≥ 5 ppm . Here, more than 99.9% of these electrons 
are produced by reactions of metastable ( 1s5 and 1s3 ) and resonance ( 1s4 and 1s2 ) atoms. At 
the same time, the contribution of the electron-Ar[1p0] ionization and of the chemo-ioni-
zation due to Ar∗-Ar∗ collisions decreases and becomes less than 1% for x > 40 ppm and 
x > 10 ppm , respectively. The contribution of electron impact ionization of TMS increases 
monotonically with rising TMS fraction, but it contributes to the total electron produc-
tion only to about 4% for x = 200 ppm . Furthermore, detachment processes of the nega-
tive trimethylsilyl ion (CH3)3Si

− due to collisions with electrons and excited argon species 
(reactions 6 and 29-39 in Table 1) are found to be insignificant. Moreover, contributions 
of further species involved in the extended reaction kinetics scheme related to TMS (cf. 
Table 2) are also negligible because their particle number densities are too small during the 
ignition phase.

Temporal Behavior of DBDs in Ar‑TMS Mixtures

The analysis of the temporal behavior of DBDs operating under conditions typical of depo-
sition experiments was carried out for Ar-TMS mixtures with an initial TMS fraction x up 
to 200 ppm . Model calculations were done for an applied voltage amplitude Ua,0 = 4 kV 
and a frequency f = 86.2 kHz employing the extended plasma-chemistry model of TMS 
(Tables 1, 2). Here, a non-equidistant spatial grid using 250 intervals with logarithmically 
refined mesh towards the boundaries was employed. The temporal evolution of the dis-
charge behavior was followed for the residence time tr = V∕F of the gas mixture in the 
plasma zone with a volume of V = A × d = 0.8 cm3 including the effect of TMS deple-
tion, where tr = 8ms , i.e., about 690 periods, for the gas flow rate F = 6 slm in related 
experiments.

Fig. 6   Calculated temporal 
behavior of the discharge current 
at Ua,0 = 4 kV and f = 86.2 kHz 
for the initial TMS fractions 
x = 10 and 100 ppm in compari-
son with measured data
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Figure 6 displays the applied voltage Ua(t) and the calculated temporal evolution of 
the discharge current

for Ar-TMS mixtures with an initial fraction x of TMS of 10 and 100 ppm , respectively, 
using the recommended total rate coefficient kM,Ar∗ = 3.0 × 10−16 m3∕s and Penning ioni-
zation fraction �Pl = 0.25 for the numerical modeling. Here, modeling results of the 20. 
and 688. period are shown starting at the instants t0 = 0.23 and 7.98ms for t∕T = 0 in this 
figure. These results are compared with measured data of the periodic behavior of the dis-
charge current. Here, the oscilloscope (MDO3052 from Tektronix, Beaverton, OR, USA) 
was used to monitor the voltage drop at the precision resistor RM = 1.00Ω or the meas-
uring capacitor CM = 32.5 nF (see Fig. 3), from which I(t) or the transferred charge Q(t) 
and, thus again the current I(t) = dQ(t)∕(dt) , were obtained. A recent discussion related 
to measurements of the DBD actuator power consumption using the shunt resistor method 
and the monitor capacitor method, respectively, is given in [206].

There are quite different aspects which become obvious from Fig. 6. First of all, it 
can be seen that the measured and calculated discharge currents are of the same order 
of magnitude, where the results of both measurements using RM and CM agree fairly 
well. At the same time, the comparison of the measured current with the modeling 
results makes it clear that the measured temporal course of I(t) cannot completely be 
reproduced by the model calculations. On the one hand, these differences can be attrib-
uted to the relatively large effect of electrode edges and the resulting fringing electric 
fields, which occur at the small-scale electrode configuration investigated with a length 
of only 1 cm in gas flow direction. For example, an experimental value of 6.6 pF was 
obtained for the cell capacitance [33], a factor of 1.74 larger than that calculated using 
the equation for an ideal parallel-plate capacitor ( 3.79 pF ). Here, a spatially two-dimen-
sional model is required. However, such model is currently not available and applicable 
because of the tremendous computational times to be expected, since the current time-
dependent, spatially one-dimensional model calculations including the complete Ar-
TMS reaction kinetics already required about 4 months on a single CPU at 3.2GHz to 
reach tr = 8ms . In addition, the reason for the two discharge peaks per half-period found 
in the experiments at x = 100 ppm with similar intensity in the positive half-period, but 
different intensity in the negative half-period is unclear so far.

On the other hand, the spatially one-dimensional modeling results provide helpful 
insights into the electrical characteristics as well as the reaction products and processes 
of DBDs in Ar-TMS mixtures. When comparing the modeling results of the 20. and 688. 
period for initially x = 100 ppm TMS, it becomes clear that the calculated discharge cur-
rent remains almost the same during the flow of the plasma across the discharge area, 
which lasts tr = 8ms (Fig. 6). Here, the single discharge peak per half-period results to 
a large extent from Penning ionization due to collisions of excited argon atoms with 
TMS molecules. These Penning ionization processes are also the main source of elec-
trons at the beginning of the calculated temporal evolution for x = 10 ppm and lead to 
a comparatively small current peak (20. period), similar to the discharge current behav-
ior in Ar-HMDSO mixtures discussed in  [35]. At the end of the calculations around 
tr = 8ms (688. period) the single peak of the discharge current per half-period is more 
pronounced and the temporal evolution of I(t) shows great similarities to the behavior in 

(4)I(t) =
A

d ∫
d

0

[

�0
�

�t
E(z, t) + e0
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j

Zj�j(z, t)
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pure Ar (cf. Figure 7 in [35]). This change of the calculated discharge current from the 
initial condition at t = 0 to the end of the gas flow through the discharge area at tr = 8ms 
is a direct consequence of the change of the composition of the discharge plasma and 
the corresponding change of dominant processes leading to the generation of electrons.

In order to illustrate the temporal change of the composition of the gas and of relevant 
species of the plasma during the residence time, Figs. 7, 8, 9 and 10 display results for vari-
ous particle number densities obtained by model calculations for Ar-TMS mixtures with 
initially x = 10 and 100 ppm TMS. Here, spatially averaged densities are shown. Further-
more, the spatially averaged mean energy of the electrons is represented in Fig. 9. Notice 
that the temporal evolution of period-averaged species densities and electron mean energy 
are exhibited to avoid a too noisy representation resulting from the temporal change during 
each period of duration T = 11.6 μs.

At initially x = 10 ppm a drastic decrease of TMS is found during the temporal dis-
charge development by a factor of 350 until tr = 8ms , i.e., TMS is virtually completely 
consumed at tr (Fig. 7a). It leads mainly to the generation of methane (CH4) and trimethyl-
silane ((CH3)3SiH) during the first about 2ms and predominantly to hydrogen molecules 
(H2) in the later phase. Further stable molecules that are effectively generated and to be 
mentioned are ethylene (C2H4) , ethane (C2H6) , acetylene (C2H2) , and hexamethyldisi-
lane ((CH3)3SiSi(CH3)3) . Their production is a consequence of neutral-neutral collision 
processes involving radical species (Fig.  8a). Here, the primary radicals trimethylsilyl 
((CH3)3Si) and methyl (CH3) are predominant at the beginning, while the hydrogen atom 
becomes leading for times greater than about 2ms . In addition to several hydrocarbon 
radicals, further silicon-containing radicals, namely dimethylsilyl ((CH3)2SiH) , dimethyl-
silylene ((CH3)2Si) , [dimethyl(trimethylsilyl)silyl]methyl ((CH3)3SiSi(CH3)2CH2) , methyl-
silanylidyne ((CH3)Si) , and methylsilyl ((CH3)SiH2) , are also formed during the temporal 
evolution and also still have a remarkable number density in some cases at tr = 8ms , such 
as (CH3)2SiH.
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Fig. 7   Temporal evolution of particle densities of stable molecules for Ua,0 = 4 kV , f = 86.2 kHz , and the 
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Fig. 8   Temporal evolution of particle densities as in Fig. 7 but for radical species
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The decrease of TMS is primarily caused by collisional quenching in collisions with 
excited argon species (Fig. 9a), predominantly by metastable Ar[1s3] atoms and the exci-
mer Ar2[3Σ+

u
, v = 0] , followed by the resonance Ar[1s2] and Ar[1s4] atoms. Here, 25% of 

the collision processes of excited argon atoms with TMS each lead to the generation of 
an electron, a trimethylsilyl cation, a methyl radical, and Ar[1p0] due to Penning ioniza-
tion (Fig. 10a). Measurements of particle number densities of metastable and resonance 
argon atoms could help to confirm the predictions about their absolute value and rela-
tive contribution predicted by the model.

When keeping in mind that the background gas density of ground state argon atoms 
is 2.45 × 1019 cm−3 and that H2 , CH4 , and C2H6 are not able to generate electrons due to 
Penning ionization processes with excited argon atoms, it is immediately clear that the 
discharge current behavior has to change in the course of time from an initially Pen-
ning ionization dominated one to a behavior predominantly determined by electron-
impact ionization of Ar[1p0] atoms at initially x = 10 ppm (cf. Fig.  6). This transition 
is continuously supported by the increase of the mean electron energy leading to an 
increase of the number densities of excited argon species (Fig. 9a). At the same time the 
electron density decreases and molecular argon ions become the leading charge carrier 
(Fig.  10a). Negative ions play a negligible role for the discharge behavior, where the 
most prominent one, (CH3)3Si

− , has a number density of ≤ 108 cm−3 during the entire 
temporal evolution. Here, it has to be noted that all silicon-containing and hydrocarbon 
cations are generated to a certain extent due to Penning ionization processes, while the 
Ar2H

+ ion results from charge-transfer reactions of Ar+
2
 with H2 molecules. Note further 

that quasi-neutrality is limited to the main discharge phase and exists only in the plasma 
bulk region. Due to the applied sinusoidal voltage, electrons drift fast to the dielectric 
walls where they are partly lost. Hence electron-ion recombination plays a minor role 
for the discharge behavior. Thus, the sum of space- and period-averaged number densi-
ties of all cations exceeds that of electrons plus all anions as it becomes obvious from 
Fig. 10.
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Fig. 10   Temporal evolution of particle densities as in Fig. 7 but for charge carriers
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When looking at the modeling results for the initial TMS fraction x = 100 ppm , the 
almost same behavior of the discharge current at the 20. and 688. period (cf. Fig. 6) indi-
cates that a quite different temporal evolution of the various particle number densities and 
the mean electron energy can be expected. Their development during the residence time 
tr = 8ms is shown in part b of Figs. 7, 8, 9 and 10.

Again, TMS decreases mainly due to collisions with excited argon species, but the 
reduction of TMS is by about 75% only (Fig. 7b). Further modeling results show that, for 
instance, TMS reduces by 90% at initially x = 50 ppm , while 50% of the monomer remain 
after tr = 8ms at x = 200 ppm . This finding agrees well with the analysis provided by [30], 
where the consumption of TMS in an atmospheric-pressure Ar-TMS microplasma was 
found to be more effective at low TMS concentrations compared with their consumptions 
at high concentrations. A similar trend of monomer depletion in a large-area atmospheric-
pressure DBD in Ar-HMDSO mixtures was recently discussed in [37]. This decrease of the 
percentage monomer consumption during the residence time of the plasma in the discharge 
with increasing monomer fraction is a direct consequence of the finite number of excited 
argon species available to dissociate and/or ionize the monomer via energy transfer.

The main stable molecules generated in the Ar-TMS DBD for initially x = 100 ppm are 
the same as for x = 10 ppm (Fig. 7). However, the composition of the plasma is different. 
Here, methane becomes the predominant species at tr = 8ms , except for the background 
ground gas argon with a number density of 2.45 × 1019 cm−3 . After TMS, molecular hydro-
gen, trimethylsilane, and ethylene follow. Since the latter two species as well as acetylene 
and hexamethyldisilane are also able to generated electrons due to collision processes 
with excited argon atoms, about 40% of the species relevant to the TMS kinetics contrib-
ute to Penning ionization at tr = 8ms . Furthermore it should be mentioned that further 
silicon-containing stable molecules are generated during the temporal evolution, which 
reach particle number densities above 3 × 1013 cm−3 . These species are 1,1-dimethylsil-
irane, 1,1-dimethylsilirene, 1,1,1,2,2,3,3-heptamethyltrisilane, ethylpentamethyldisilane, 
and pentamethyl[(trimethylsilyl)methyl]disilane (cf. Table 3) and their space- and period-
averaged particle number densities at tr = 8ms amount to 2.2 × 1014 cm−3 , 8.6 × 1013 cm−3 , 
6.3 × 1013 cm−3 , 5.3 × 1013 cm−3 , and 4.5 × 1013 cm−3 , respectively. However, they are only 
generated in the framework of the present reaction kinetics model and do not have any col-
lisional loss process so that these values appear to be upper limits.

Most of the radical species already found at x = 10 ppm are also generated at the initial 
TMS fraction of 100 ppm (Fig. 8b). However, the share of these species changes, where in 
particular the amount and particle number density of silicon-containing radicals increases. 
In addition to trimethylsilyl, dimethylsilylene, dimethylsilyl, and [dimethyl(trimethylsilyl)
silyl]methyl are effectively formed during the temporal evolution. Furthermore, methylsi-
lanylidyne and methylsilyl as well as (trimethylsilyl)methyl and methylsilylene are formed 
(cf. Table 3), where the latter two species are not present at initially x = 10 ppm . Moreover, 
methyl is the predominant hydrocarbon radical, and hydrogen atoms are again generated to 
a considerable extent (Fig. 8b).

When comparing the excited argon species at x = 10 and 100 ppm (Fig. 9), it becomes 
obvious that the more effective quenching due to collisions with TMS at the larger TMS 
admixture leads to a decrease of the absolute number densities of these species by about 
one order of magnitude. For initially x = 100 ppm , the resonance Ar[1s2] atom is larg-
est, followed by the excimer Ar2[3Σ+

u
, v = 0] and the sequence of the further Ar[1sj] levels 

with j = 3 − 5 decreasing with increasing j, i.e., decreasing energy level (Fig. 9b). At the 
same time, the number density of all these particles shows a monotonous reduction, which 
comes along with the slight decrease of the mean electron energy.
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Despite the slow decline of their mean energy, the space- and period-averaged number 
density of electrons rises steadily, mainly due to Penning ionization processes of excited 
argon atoms, where the trimethylsilyl cation is the main ionic species during the entire 
temporal evolution (Fig. 10b). Except for ethylene and acetylene ions, the number densi-
ties of all other ions remain smaller by more than one order of magnitude than that of 
(CH3)3Si

+ . In addition to the dimethylmethylenesilane, trimethylsilane and dimethylsilyl 
cations, the methylsilyl ion and especially the 1,1,3-trimethyl-1,3-disilacyclobutane-1-yl 
ion with a mass to charge ratio of 129 are predicted by the model calculations (cf. Table 4). 
The latter originates from collision processes of 1,1,3,3-tetramethyl-1,3-disilacyclobutane 
(Table 3) mainly with excited argon atoms leading to Penning ionization. Notice that sev-
eral of the positive ions were also reported in the studies of an atmospheric-pressure micro-
plasma with Ar-TMS containing 280, 1600, and 3500 ppm , respectively, of TMS  [30]. 
These are the ions with the nominal mass M/Z 15, 26, 28, 45, 58, 59, 73, and 129 (cf. 
Table 4). However, the silicon-containing trimethylsilane ion ( M∕Z = 74 ) and dimethyl-
methylenesilane ion ( M∕Z = 72 ) (Fig. 10) were not found in that study. Again, the parti-
cle number densities of all negative ions remain small in the Ar-TMS DBD with initially 
x = 100 ppm , namely ≤ 109 cm−3 , 2 × 108 cm−3 , and 3 × 107 cm−3 for (CH3)3Si

− , H− , and 
CH−

2
 , respectively.

The results for the number densities of radicals and charge carriers obtained by numeri-
cal modeling (Figs. 8 and 10) suggest that radicals are the predominant species for the film 
formation in plasma polymerization at atmospheric pressure [24]. Corresponding argumen-
tations are also given when discussing the deposition of thin films using atmospheric-pres-
sure DBDs with admixture of the monomers HMDSO or tetraethoxysilane (TEOS) [13, 33, 
35, 207–210]. However, not the particle number density is the key for the film formation, 
but the flux of particles towards the surface. In order to get an impression of main particle 
fluxes at the dielectric surface at z0 = d in front of the grounded electrode (cf. Fig. 1b), 
Fig.  11 shows the temporal evolution of the particle fluxes of main radicals and charge 
carriers. Here, period-averaged fluxes ⟨�j(d, t)⟩T are displayed for the initial TMS fractions 
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x = 10 and 100 ppm . Apart from the electrons, the flux of trimethylsilyl cations is predomi-
nant at x = 100 ppm and at beginning of the temporal evolution at x = 10 ppm as well. 
Moreover, the (CH3)3Si

+ flux is always larger than the flux of the most prominant silicon-
containing radial (CH3)3Si , where larger TMS fractions result in an increasing dominance 
of the flux of positive trimethylsilyl ions. This finding means that ions and not radicals are 
mainly responsible for the film formation in atmospheric-pressure plasma polymerization 
using DBDs with Ar-TMS mixtures.

Conclusion

The impact on the discharge characteristics of atmospheric-pressure argon DBDs caused 
by admixing up to 200 ppm TMS has been analyzed by means of a time-dependent, spa-
tially one-dimensional fluid-Poisson model. It involves, in particular, an established reac-
tion kinetics scheme for argon and an extended plasma-chemistry model including about 
60 species and 580 reactions related to TMS.

Based on good agreement of modeling results with corresponding measurements of the 
ignition voltage, it is found that the rate coefficient for collision processes of TMS with 
excited Ar[1s5] atoms  [57] and the fraction leading to Penning ionization  [57, 59] are 
underestimated so far. Best agreement between measured and calculated data is obtained 
for a total collision rate coefficient of TMS with excited argon atoms of 3 × 10−16 m3∕s , 
assuming that 25% of that reaction lead to the generation of electrons due to Penning 
ionization.

The numerical modeling studies clearly demonstrate the significant impact of small 
amounts of TMS on the temporal behavior of Ar-TMS DBDs operating under condi-
tions typical of deposition experiments. It is found that TMS is largely depleted at low 
admixtures, while a growing amount of this monomer remains available for film forma-
tion with increasing TMS admixture. Trimethylsilane and hexamethyldisilane are found 
to be the major silicon-containing stable molecules generated during the residence time 
of the plasma in the DBD, and trimethylsilyl, dimethylsilylene, dimethylsilane, and 
[dimethyl(trimethylsilyl)silyl]methyl are the most prominent radicals containing Si.

The analysis clearly indicates as well that trimethylsilyl cations can be considered to be 
mainly responsible for the film formation. This result is strongly supported by first experi-
mental results related to a single-filament DBD in Ar-HMDSO mixtures, where pentame-
thyldisiloxanyl cations, generated from HMDSO via Penning ionization due to collisions 
with excited argon atoms, are found to be the dominant species to form the film  [211]. 
Thus, the present modeling studies raise the serious question, if the current knowledge 
of the processes leading to the formation of organosilicon films has to be reconsidered or 
revised. Further combined experimental and modeling studies on that finding can help to 
clarify the fundamental understanding of main species and reaction pathways for the for-
mation of organosilicon polymer films.
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