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A non-thermal rf plasma jet used for deposition of thin silicon-organic films is investigated
theoretically. The interaction of gas heating and flow, generation of argon plasma in the
active volume, the transport of active plasma particles into the effluent and the generation
and transport of precursor fragments towards a substrate surface is analysed by a twodimensional axisymmetric fluid model. The calculated radial profiles of precursor reactants
at the substrate surface agree qualitatively with measured film profiles.

1. Introduction
A miniaturized non-thermal plasma jet as illustrated in Fig. 1a is described by a fluid model.
The jet is configured as a capacitively coupled
capillary jet discharge with an outer and an inner capillary. Between both capillaries, argon
gas flows at atmospheric pressure p0 . Two ringshaped electrodes are attached to the outer capillary. Between the upper electrode, driven by an rf
voltage at a frequency of f = 27.12 MHz, and the
lower grounded electrode, a filamentary plasma is
ignited. The behaviour of the filaments depends
on the applied power and flow rate. Irregular,
one single or multiple filaments in stationary or
so-called locked modes have been observed. The
locked modes are characterized by a very deterministic rotation of the filaments in azimuthal direction [1]. A mixture of argon and 1% precursor flows through the inner capillary directly into
the effluent. The organosilicon compound hexamethyldisiloxane (HMDSO ≡ (CH3 )3 SiOSi(CH3 )3 )
is used as precursor. In the effluent, precursor
particles interact with active plasma species. The
resulting products are transported with the gas
flow downstream to feed the deposition of a film
on the substrate at z = −6 mm.
2. Model of the jet
Previously, a single filament generated between
both electrodes has been described by a fluid
model which resolves the rf period of the discharge [2, 3]. The current model is devoted to a
more comprehensive description of the whole jet
including the gas flow and the effluent. A fit of
the period-averaged, space-dependent power supply as illustrated in Fig. 1b is used here to avoid
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Figure 1: Setup of the plasma jet (a) and solution region of the fluid model including the heat
profile in the active plasma volume (b).

the time-consuming resolution of the rf period.
This profile of the power supply has been obtained
using the single filament model reported in [3].
The present model consists of two parts. The
first part comprises Navier-Stokes equations and
the heat balance equation to describe the gas
flow and the gas temperature using a heat source
caused by the elastic collisions between electron
and heavy particles which is determined in the
second model part. Furthermore, the transport
of precursor molecules which are injected into the
central capillary by convection and diffusion is described by the first part.
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Figure 2: Gas temperature (a) and gas velocity (b).

Figure 3: Electron (a) and molecular ion (b) densities.

The second part describes the argon plasma being influenced by the heating from the rf power,
the transport due to the gas flow and the reactions with the precursor molecules in the effluent.
It includes electrons, atomic (Ar+ ) and molecular argon ions (Ar+
2 ), argon atoms excited into
a lumped metastable (Arm ), a lumped resonant
(Arr ) and higher states (Arp ) as well as excimer
molecules in triplet (Ar2 (3 Σ+
u )) and singlet states
1
+
(Ar2 ( Σu )). To describe the plasma, the set of
fluid equations

described by a source PRF term which is deduced
from the single filament model [3].
The particle flux Γl and the electron energy flux
Γ are considered in the drift-diffusion approximation according to Γl = −µl nl E − Dl ∇nl and
Γ = −µ n E − D ∇n . The rate coefficients of
19 collisions between electrons and heavy particles as well as the electron transport coefficients
µe , De , µ , D , have been determined by solving
the 0d Boltzmann equation and used as functions
of the mean electron energy um . In addition, 22
heavy particle reactions between different argon
species are included.
With respect to reactions between active argon
plasma species and precursor molecules, a simplified set of species and reactions has been taken
into account. According to the situation in the
effluent, it is assumed that mainly the two reactions
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with Poisson’s equation (1) to determine the electric field E = −∇V , particle balance equations
(2) for the densities nl of all species, the electron
energy balance equation (3) to determine the electron mean energy um = n /ne and the equation
for the surface charges σ at the wall of the capillary is solved. The heating of the electrons is

+
Pc + Ar+
2 → RP + 2Ar
3
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→ RP + 2Ar
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(6)

cause dissociation and ionization of the precursor molecule Pc ≡ HMDSO and the generation
of charged (RP+ ) and neutral reaction products
(RP). Furthermore, the recombination reaction
RP+ + e → RP is included.
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Figure 5: Densities of charged (a) and neutral (b) reaction products.
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Figure 4: Densities of metastable atoms (a) and triplet
(∗)
excimers Ar2 ≡ Ar2 (3 Σ+
u ) (b).

3. Results
Some results are shown in Figs. 2 - 5. The
parameters of these investigations are the flow
rate of argon between inner and outer capillary
(QAr = 1 slm), the flow rate of the precursor
mixture consisting of argon and 1% HMDSO mixture through the inner capillary (QPc = 0.05
slm) and the maximum of the power input profile
max = 109 W/m3 .
PRF
Figure 2 shows the gas velocity and temperature. The temperature reaches a maximum of
about 1700 K at z ∼ 5.5 mm which is about 3 mm
below the heating profile maximum. The temperature growth spreads into the inner capillary
and the effluent due to convection and conduction. Correspondingly, the gas velocity strongly
increases in these hot regions.
The densities of electrons and molecular ions
are shown in Fig. 3. The electron density reaches
a maximum of about 6×1019 m−3 at a position in
the outer capillary which is only slightly shifted
downstream in relation to the heating profile. In
the effluent, the charge carrier density is about
four orders of magnitude lower than in the active
plasma volume. The strong depopulation of Ar+
2
downstream of the inner capillary is caused by

their reaction according to (5) with the precursor molecules. The drop of the electron density
at about z = −4 mm is connected with the establishment of a corresponding retarding electric
field. The dependence of this phenomenon on the
discharge conditions will be subject of further investigations.
As shown in Fig. 4, the occurrence of excited
species with densities up to about 1019 m−3 is restricted mainly to the active plasma region because of the collisional destruction reactions dominating outside this region.

Figure 6: Particle fluxes of HMDSO reaction products
in front of the substrate.

The behaviour of charged and neutral reaction
products in the effluent towards the substrate is
illustrated in Fig. 5. The charged reaction product RP+ is generated mainly in the overlapping
region of precursor and Ar+
2 and then transported
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with the gas flow. The main loss process of RP+
is the recombination with electrons. This process
and the reaction (6) generate the neutral reaction
product RP as shown in Fig. 5b.
The flux of charged and neutral reaction products towards the substrate is shown in Fig. 6. The
flux of the charged reaction products RP+ is by
three orders of magnitude lower than that of the
neutral products RP. Thus, neutral species appear to be dominant for the deposition of films.
A pronounced maximum of the RP flux at about
r = 1.8 mm has been found. This calculated radial flux profile to the substrate agrees qualitatively with measured film profiles [4].
4. Summary
A non-thermal rf plasma jet used for the deposition of thin silicon-organic films has been investigated by an axisymmetric fluid model including a simplified reaction kinetics of the HMDSO
molecules. Comparatively large gas temperatures
downstream of the active plasma volume between
both capillaries and also within the inner capillary
connected with increased gas velocity have been
found. Despite the rapid decrease of the active
plasma species downstream of the active plasma
volume by several orders of magnitude, their remaining density is sufficient to trigger dissociation and ionization reactions with the HMDSO
molecules in the effluent. It has been found that
the neutral reaction products are dominant in the
effluent and near the target. The radial profile of
their flux towards the substrate agrees qualitatively with experimental findings.
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