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We study the properties of a capacitive 13.56 MHz discharge with a mixture of Ar /C2H2 taking into
account the plasmochemistry and growth of heavy hydrocarbons. A hybrid model was developed to
combine the kinetic description for electron motion and the fluid approach for negative and positive
ion transports and plasmochemical processes. A significant change in plasma parameters related to
injection of 5.8% portion of acetylene in argon was observed and analyzed. We found that the
electronegativity of the mixture is about 30%. The densities of negatively and positively charged
heavy hydrocarbons are sufficiently large to be precursors for the formation of nanoparticles in the
discharge volume. © 2009 American Institute of Physics. �DOI: 10.1063/1.3095760�

I. INTRODUCTION

The gas discharge in hydrocarbon mixtures is widely
used for carbon film growth. These thin films are of great
interest for a wide range of industrial applications due to
their extraordinary material properties.1–3

The advantage of a capacitively coupled radio frequency
�CCRF� discharge is that it can be used for producing non-
conducting films. Noble gases such as argon and neon are
often used as main background gases for hydrocarbon mix-
tures as their presence changes morphology of diamondlike
carbon films and leads to a fewer crystalline defects.4,5 Be-
sides that gas discharges in argon-hydrocarbon mixtures have
been effectively used for growth of vertically aligned carbon
nanostructures and discharge properties for this process were
analyzed.6–8

Plasmochemical processes taking place in the CCRF dis-
charge in a hydrocarbon mixture result in the creation of
reactive and neutral species that in its turn leads to film
growth on a wafer and to the formation of nanoparticles in
the discharge volume. Nucleation of radicals due to the gas
phase reactions essentially diminishes the rate of film growth
at the substrate. However it was found that such particles can
have their own applications like producing effective catalysts
and composite coatings.2,9,10

The gas phase reactions and nanoparticle formation in
the capacitive 13.56 MHz discharge operating in a mixture of
argon and acetylene were intensively studied in recent
experiments.11,12 In these experiments the presence of dust
particles induces periodic changes in the discharge proper-
ties. Detailed kinetic simulations of the plasma with movable
dust in pure argon13 and for typical experimental conditions14

were performed. The results of these simulations allowed us
to explain the transition between capacitive and resistive
modes of discharge glow in the beginning of the dust growth
cycle. In these simulations we used the assumption that the

gas mixture did not change and plasmochemical processes
were not taken into account as well as nanoparticle forma-
tion. However the inclusion of chemical reactions in a gas
mixture can seriously impact the discharge properties. There
is a set of works devoted to the investigation of plasmo-
chemical processes leading to dust formation for different
gas mixtures �see, for example, with SiH4 �Ref. 15� and with
C2H2 �Ref. 16��. The main goal of this study is the investi-
gation of plasmochemical processes in a 75 mTorr Ar /C2H2

CCRF discharge leading to dust particle formation and the
influence of these processes on discharge properties in the
initial stage of nanoparticle growth.

The main mechanism for dust particle formation is con-
sidered to be the growth and agglomeration of hydrocarbon
chains. The role of certain radicals and ions �precursors� is
very important. They initiate the growth process. Formation
of precursors is usually a result of a reaction chain initiated
by inelastic electron-molecule collisions �ionization, disso-
ciation, electron attachment, or excitation of the molecule�.
The rate of a certain process is defined by the cross section,
electron energy distribution function �EEDF�, and gas pres-
sure. Therefore the accurate calculation of the EEDF is very
important for modeling plasmochemical processes. Calculat-
ing the EEDF is a computationally expensive task especially
at low gas pressure when the EEDF is not a local function of
the electrical field.

In this work we study the plasma dynamics and plasmo-
chemical processes in a capacitive 13.56 MHz discharge in
an Ar /C2H2 mixture for the conditions of Bochum
experiments.11,12 The interelectrode distance is 7 cm, the gas
pressure is 75 mTorr, the amplitude of applied voltage is 92
V, and the gas inlet is 8 SCCM �SCCM denotes cubic centi-
meter per minute at STP� for argon and 0.5 SCCM for acety-
lene. As a base for the chemical processes simulation we
took the reaction set from Ref. 16.

The structure of the paper is as follows. The descriptiona�Electronic mail: ischweig@yahoo.com.
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of the model and a discussion of its applicability are given in
Sec. II. The numerical results are discussed in Sec. III. The
conclusions are given Sec. IV.

II. MODEL DESCRIPTION

A. Model overview

In our hybrid model the electron dynamics is described
with the Boltzmann equation and the motion of different
types of ions and radicals is modeled with the fluid approach.
From the energy distribution function for electrons we cal-
culate the generation rates of ions and radicals from the
background gas. The species considered in our model are
shown in Table I. We took the set of species from Ref. 16 for
pure acetylene and extended it with species specific for the
Ar /C2H2 mixture. Balance equations for neutrals and ions
include chemical processes. We take into account 146 reac-
tions �Sec. II H�. This system of equations is solved self-
consistently with the Poisson equation for the electric field
distribution.

B. Electron transport

At the gas pressure of 75 mTorr the electron mean free
path is about 1 cm. This value is comparable with the width
of the electrode sheath. In this case the EEDF is not deter-
mined by the local electric field. Therefore for accurate cal-
culation of the EEDF we solve the kinetic equation for elec-
tron motion. The electron distribution function fe�t ,x ,v�� is
calculated from the Boltzmann equation

� fe

�t
+ v�e

� fe

�x
−

eE�

me

� fe

�v�e

= Je, �1�

where v�e and me are the velocity and mass of electrons, E� is
the electrical field, and Je is the collisional integral for elec-
trons which includes elastic and inelastic electron scattering
with argon atoms, acetylene, and other hydrocarbon mol-
ecules.

From the EEDF we can calculate the electron density by
integration

ne�x,t� =� fed
3v . �2�

To solve the Boltzmann equation we use a one-dimensional
in space and three-dimensional in velocity space �1D3V� par-
ticle in cell Monte Carlo collision �PIC-MCC� method de-
scribed in Ref. 17.

C. Electron collisions

In an argon discharge plasma containing hydrocarbons
the electron-neutral collisions are the main source of reactive
radicals and ions. Since the plasmochemical reactions lead to
the formation of many types of species, there are also a lot of
electron-neutral collision types. Nevertheless most of species
have a small concentration in the background gas and we
neglect some processes involving them. In fact, for modeling
a mixture �5.8% of acetylene in the inlet� only electron col-
lisions with Ar and C2H2 are important for the formation of
the EEDF, but we also take into account some collisions with
molecular hydrogen and with heavy hydrocarbon neutrals
since these processes affect the chemical balance.

We also neglect electron-neutral scattering with energy
threshold much larger than the argon ionization energy since
the argon ionization is the most probable inelastic process
due to the large cross section and abundance of argon in the
mixture. For example we neglect dissociative ionization of
C2H2. Table II shows the inelastic electron collisions taken
into account in our model.

The cross sections for ionization of heavy hydrocarbons
taken from Ref. 20 are calculated using the binary-
encounter-Bethe model since there are no experimental data
concerning their cross sections in the literature. Dissociation

TABLE I. The different species included in our simulation.

Neutrals Ions Radicals

Ar Ar+, ArH+

C2H2 C2H2
+, C2H

+, C2
+ C2H3

C4H2, C6H2 C4H2
+, C6H2

+, C6H4
+ C4H3, C6H3

C4H3
+, C6H5

+ C6H5

C8H2, C10H2 C8H4
+, C8H6

+, C10H6
+

C12H2 C12H6
+ C12H6

H2 H2
+, H+ H

C2H
−, C4H

−, C6H
− C2H, C4H, C6H

C8H
−, C10H

−, C12H
− C8H, C10H, C12H

TABLE II. The different inelastic electron-neutral collisions included in our simulation.

Reaction Type Reference

1 Ar+e→Ar++2e Ionization 18
2 C2nH2+e→C2nH2

++2e , n=1. . .4 Ionization 19 and 20
3 H2+e→H2

++2e Ionization 21
4 C2nH2+e→C2nH+H+e , n=1. . .4 Dissociation 19
5 H2+e→H+H+e Dissociation 22
6 C2H2+e→C2H

−+H Dissociative attachment 23

7
C2nHm

+ +e→C2n1
Hm1

+C2n2
Hm2

, n=1. . .6 , n1+n2

=n , m1+m2=m Dissociative recombination 24

8 C2H2
�v=0�+e→C2H2

�v=2,3,5�+e Vibrational excitation 25

9 H2
�v=0�+e→H2

�v=1,2,3�+e Vibrational excitation 26
10 Ar+e→Ar�+e Electron level excitation 27
11 C2H2+e→C2H2

�+e Electron level excitation 28
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processes do not affect the charge distribution directly. They
only affect the chemical balance between hydrocarbons that
participate in the ion production. In our simulation the dis-
sociation cross sections of heavy hydrocarbons were taken to
be the same as for acetylene due to lack of experimental data.

We are interested in studying the electronegativity of the
mixture since a large portion of Ar could make this mixture
fully electropositive in contrast to the pure acetylene case.
Note that the attachment process is very important as it is the
only source of negative ions in the system. We also took into
account dissociative recombination of hydrocarbon cations
with electrons.

The electron elastic collisions with argon atoms,27 acety-
lene, and heavy hydrocarbon molecules28 were also consid-
ered. The hydrocarbon cross sections were taken to be equal
to the one for acetylene. We do not take into account
electron-electron collisions because the plasma density is
smaller than 1010 cm−3. The secondary electron emission
from the electrode due to ion bombardment is not included.
Indeed, preliminary calculations of the discharge parameters
in the Ar /C2H2 mixture showed that the secondary electrons
do not make an important contribution in the plasma balance
for a secondary electron emission coefficient �=0.1.

D. Ion transport

For the ions the mean free path is about 0.06 cm, which
is much less than the characteristic length of the electric field
variation. Therefore for this gas pressure the assumption
about the local dependence of the ion energy distribution
function �IEDF� on the electrical field is quite appropriate. In
this case we can use the fluid approach to calculate the ion
transport. We consider many different types of negative and
positive ions and the use of the fluid approach helps to ac-
celerate the simulations and allows us to calculate the chemi-
cal processes. Nevertheless below we will apply the kinetic
approach to validate our hybrid model �Sec. II F�.

The ion transport equations for positive ions are

�ni

�t
+

�nivi

�x
= �ionnnne − �nine �3�

and

�vi

�t
+ vi

�vi

�x
−

eE

mi
+

kBT

mini

�ni

�x
= vi�mom,i, �4�

and for negative ions are

�ni

�t
+

�nivi

�x
= �attnnne �5�

and

�vi

�t
+ vi

�vi

�x
+

eE

mi
+

kBT

mini

�ni

�x
= vi�mom,i, �6�

where ni, vi, and mi are the ion concentration, velocity, and
mass; nn is the concentration of neutrals corresponding to the
ith ion type; ne is the electron density; E is the electrical
field; T is the ion temperature, which is considered to be
equal to gas temperature; � is the dissociative recombination
coefficient; and �ion, �att, and �mom are the ionization, attach-

ment, and effective momentum transfer frequencies, respec-
tively. In Eqs. �3� and �5� we omitted the chemical balance
terms that will be discussed in Sec. II H.

We do not consider radiative recombination because �a�
dissociative recombination is much faster for molecular ions
and �b� in the case of atomic argon ions the characteristic
time of radiative recombination is much larger than that for
charge exchange processes. The electrodes are considered
fully absorptive for ions.

In Eqs. �4� and �6� we should define the effective mo-
mentum transfer frequency for each ion. The following
model was used for the description of the ion-neutral colli-
sions. We take into account the elastic collisions and reso-
nance charge exchange for Ar+ ions since argon is the most
abundant background gas. For other types of ions we con-
sider only ion-neutral elastic scattering.

The mean ion energy distribution for Ar+ calculated
from the kinetic model �Sec. II F� demonstrates a significant
variation so we should take into account the energy depen-
dence of the collision cross section. When the ion energy is
small, the ions interact with neutrals due to neutral polariza-
tion. The cross section of this process decreases inversely
proportional to the mean relative velocity between a neutral
and an ion

�tr = 2����2/��. �7�

Here � is the polarization of a neutral and �� is the kinetic
energy of relative motion. At high ion energies the ion and a
neutral interact like hard spheres. The cross section of this
process is

�tr = ���i + �k

2
�2

, �8�

where �i and �k are the collision diameters of an ion and a
neutral, respectively.

The resulting elastic collision cross section is the sum of
these two cross sections. To define effective cross sections
for all ions in the mixture we need polarizabilities of most
abundant molecules and also collision diameters for these
molecules and for all ions. The required parameters for these
gases are given in Table III. Effective diameters for ions
were estimated based on the diameters for appropriate neu-
trals.

The collision cross sections for several ions calculated
using this model are shown in Fig. 1. With these cross sec-
tions we calculate the momentum transfer frequencies

TABLE III. The Lennard-Jones parameters �� ,�� and polarizations � used
in our simulation.

Molecule ��A� � /kB�K� � /a0
3

Ar 3.54 93.3 11.1
C2H2 4.033 231.8 23.55
H2 2.827 59.7 5.52
C4H2 4.5 320
C6H2 5.05 397
C8H2 5.9 470
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�mom,i = 	 nkv���i��tr,k��i� , �9�

where v� is the mean relative ion-neutral velocity, nk is the
concentration of the kth component of the background gas,
and �tr,k is the transport cross section of the ion-neutral col-
lision for the kth component of the background gas.

E. Poisson equation

The Poisson equation for the electrical potential 	 dis-
tribution


	 = 4�e�ne − 	
i=1

N

ni�, E = −
�	

�x
, �10�

is solved self-consistently with Eqs. �1�–�6� by the iteration
method. The boundary conditions for the Poisson equation
are U�d , t�=U0 cos��t� and U�0, t�=0, where U0 is the ap-
plied voltage amplitude, � is the applied voltage frequency,
and x=0, x=d are the coordinates of the electrodes.

F. Validation of the ion transport model

To check the accuracy of our hybrid approach for low
gas pressure we compared the results obtained with two dif-
ferent models. The first one is a fully kinetic model that
includes the Boltzmann equations for electrons and for one
effective ion type. The second one is our hybrid model with
the same type of ions. We consider only the ion-neutral elas-
tic scattering. As a test background gas we considered argon.
It is known that for argon plasma charge exchange processes
play a significant role. We neglected these processes to make
model comparison more clear, that is why we refer these ions
as effective ions. The parameters of the discharge were taken
the same as in the experiment: the interelectrode distance is 7
cm, the gas pressure is 75 mTorr, and the frequency and
amplitude of the applied voltage are 13.56 MHz and 92 V,
respectively.

Since the elastic scattering cross section is energy depen-
dent, the momentum transfer frequency is dependent on the
local IEDF. In Fig. 2 the IEDFs calculated with the full ki-
netic model are shown at different coordinates. For our con-
ditions the IEDF appeared to have an almost Maxwellian

distribution in the bulk plasma and is very different in the
sheath region. Nevertheless we can consider the Maxwellian
distribution as a good approximation to determine the ion
kinetic coefficients.

Figures 3 and 4 show the ion density, ion, and electron
energies obtained using the hybrid model and in the PIC-
MCC simulations. They demonstrate a good agreement be-
tween the two models for the ion parameter distribution. The
EEDF is a sensitive parameter and it was observed that the
mean electron energy decreases in the case of a fully kinetic
simulation. But anyway this deviation is about 15%, which is
close to the accuracy of a kinetic model.

G. Neutral transport

We consider the following balance equations for the neu-
tral density distribution:

�nn

�t
− ��Dn � �nn�� = �nine − �ionnnne + Sreact,j , �11�

where Dn is the diffusion coefficient and Sreact,j is a source
term which represents flow, pump, and mixing processes.
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FIG. 1. Ion-neutral collision cross sections for different ions in a mixture of
5.8% acetylene and argon.

0.05 0.10 0.15
0

5

10

15

20

0.2 0.4 0.6 0.8
0

1

2

3

4

5

(a)

ie
df

/n
i,e

V
-1

PIC-MCC
maxwellian

(b)

ie
df

/n
i,e

V
-1

ε, eV

FIG. 2. IEDF in the middle of discharge gap �a� �x=3.5 cm� and in the
sheath region �b� �x=0.75 cm�.

2 4 6
108

109

n,
cm

-3

x, cm

hybrid model
PIC-MCC

FIG. 3. Ion density distribution obtained with the hybrid model �solid line�
and the PIC-MCC simulations �dashed line�.
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Diffusion coefficients for different species in the mixture are
obtained from pair diffusion coefficients using the Blanc for-
mula

Ptot

Dn
= 	� Pj

Dn,j
� , �12�

where Ptot is the gas pressure, Pj is the pressure of the jth
component of the background gas, and Dn,j is the pair diffu-
sion coefficient. These pair diffusion coefficients can be ob-
tained from Lennard-Jones parameters of neutral molecules
using Chapman–Enskog theory.29,30 For two species with
masses mi and mj and Lennard-Jones parameters ��i ,�i� and
�� j ,� j�, the binary diffusion coefficient at the pressure P and
temperature T is given by

Di,j =
3

16

kBT

P

2�kBT/mi,j

��i,j
2 �D��

, �13�

where mi,j=mimj / �mi+mj� is the reduced mass,

�i,j =
�i + � j

2
�14�

is the binary collision diameter, and =T /��i� j. �D�� is
calculated from the expression30

�D�� =
A

B +
C

eD +
E

eF +
G

eH , �15�

with A=1.060 36, B=0.156 10, C=0.193 00, D
=0.476 35, E=1.035 87, F=1.529 96, G=1.764 74, H
=3.894 11. The required parameters for different neutrals
were estimated based on the values given in Table III.

Sreact,j can be presented as a sum

Sreact,j = Sflow,j + Spump,j + Smix,j , �16�

where Sflow,j represents the gas inlet, Spump,j is the pumping
source term, and Smix,j is the mixing source term. We use the
same model as in Ref. 15 and the assumption of a perfectly
stirred reactor. It gives the following expression:

Spump,j = −
nn

�
, �17�

where � is the average residence time of all neutrals. The � is
adjusted in such a way that the pressure in the discharge
equals the desired pressure.

Smix,j = �Sflow,j + Spump,j��Vreact − Vdisch

Vdisch
� , �18�

where Vreact is the total volume of the plasma reactor and
Vdisch is the discharge volume.

The electrodes are considered as fully reflective for mol-
ecules. For radicals we adopted a sticking model described in
Ref. 15 with sticking coefficients taken from Ref. 16. We do
not take into account wall reactions.

H. Chemical processes

Besides the few ions and radicals that are generated by
electron-molecule collisions all other species appear as a re-
sult of chemical processes. As a base for modeling chemical
processes we used the set of reactions proposed in Ref. 16

TABLE IV. The chemical reactions used in our simulation.

Reaction

Cluster growth through hydrocarbon cations
C2H

++H2→C2H2
++H C2H

++C2H2→C4H2
++H

C2H2
++C2H2→C4H2

++H2 C2H2
++C2H2→C4H3

++H
C4H2

++C2H2→C6H4
+ C4H3

++C2H2→C6H5
+

C6H2
++C2H2→C8H4

+ C6H4
++C2H2→C8H6

+

C8H4
++C2H2→C10H6

+ C8H6
++C2H2→C10H6

++H2

C10H6
++C2H2→C12H6

++H2

Cluster growth through hydrocarbon anions
C2nH

−+C2H2→C2n+2H
−+H2, n=1. . .5

Cluster growth through C2H insertion
C2H+H2→C2H2+H C2H+H→C2H2

C2H+C2nH2→C2n+2H2+H, n=1. . .5

Cluster growth through acetylene insertion
C2nH+C2H2→C2n+2H2+H, n=2. . .5

Neutralization reactions
C2n1

H−+C2n2
Hm

+ →C2n1
H+C2n2

Hm , n1 ,n2=1 . . .6
C2n1

H−+Ar+→C2nH+Ar C2n1
H−+ArH+→C2nH+Ar+H

C2n1
H−+H2

+→C2nH+H+H

Charge exchange reactions
H2

++C2H2→H2+C2H2
+ Ar++C2H2→Ar+C2H2

+ a

Ar++H2→Ar+H2
+ a

Hydrogen insertion and hydrogen abstraction
H+C2nH2→C2nH3, n=1. . .3 H+C2nH3→C2nH2+H2, n=1. . .3
H+C2nH→C2nH2, n=2. . .6 H2+C2nH→C2nH2+H, n=2. . .6

Other reactions
Ar++H2→ArH++H a C2H+C2H3→C2H2+C2H2

C2H2+C2H→C4H3 C4H2+C2H→C6H3

C4H3+H→C2H2+C2H2 C6H3+H→C4H2+C2H2

aReference 32.

2 4 6

10-1

100

101

ε,
eV

x, cm

hybrid model
PIC-MCC

electron mean energy

ion mean energy

FIG. 4. Electron and ion mean energy distribution obtained with the hybrid
model �solid line� and the PIC-MCC simulations �dashed line�.
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where a detailed description of the model and appropriate
references can be found. The further development of the re-
action set is presented in Ref. 31. The considered reactions
are shown in Table IV. Note that the chemical balance terms
are included in the transport Eqs. �3�, �5�, and �11�.

The main difference with respect to the reaction set con-
sidered for pure acetylene in Ref. 16 is the addition of argon
involving charge exchange reactions.32 Due to these reac-
tions a large part of argon ions is converted to hydrocarbon
and hydrogen ions. The argon presence can be considered as
an additional source of positive ions. Also due to recombi-
nation reactions it is a sink for negative ions. Thus even if
argon ions are not the most abundant, the presence of argon
as a background gas makes the mixture more electropositive.

III. RESULTS AND ANALYSIS

First we analyze how the presence of a small fraction of
acetylene and the related chemical processes affect discharge
properties.

A. Acetylene influence

Let us evaluate the influence of 5.8% acetylene in argon
on the discharge properties for the case when acetylene is
just injected in the discharge and heavy hydrocarbons are not
formed yet. So we excluded all chemical reactions except
neutralization from the chemical balance.

Acetylene addition causes a decrease in the positive ion
density. In Fig. 5 the ion density distributions are shown for
pure argon and with 5.8% addition of acetylene. In the sec-
ond case the density of positive ions is almost five times
lower. It can be explained by the change in the EEDF. In Fig.
6 the EEDFs are shown for pure argon and for argon with
5.8% of acetylene in the middle of the discharge. In case of
mixture we have a smaller portion of hot electrons and cold
ones have lower temperature. In Fig. 7 the mean electron
energy distribution is shown for pure argon and for the mix-
ture. In the case when acetylene is present in the discharge
the mean electron energy is lower �almost twice in the bulk
plasma�. These effects are explained by the redistribution of
the discharge power between the collision processes. In Fig.
8 the power consumed by ionization and excitation processes
is shown. It is seen that even a small concentration of acety-
lene consumes a large portion of the discharge power for
excitation especially in the bulk region. The reason is that the
vibrational excitation threshold of C2H2 is small and these
inelastic collisions efficiently cool the electrons in the mid-
plane, suppressing ionization in such a way.
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for Ar/C

2
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2
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n,
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FIG. 5. Ion density distributions for pure argon and for argon with 5.8% of
acetylene.
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FIG. 6. EEDF for pure argon and for argon with 5.8% of acetylene �x
=3.5 cm�.
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FIG. 7. Mean electron energy distributions for pure argon and for argon
with 5.8% of acetylene.
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The presence of acetylene also changes the electronega-
tivity of the mixture. We found that the density of negative
ions reaches 50% with respect to the positive ion density
even for such small content of acetylene in the background
gas �Fig. 5�. The density of negative ions is considerable,
although the electron impact ionization and charge exchange
reactions lead to the creation of much larger quantity of posi-
tive ions. However, the negative ions are trapped in the bulk
plasma due to the electrical potential distribution and can
rarely reach the electrode. In such conditions the main sink
for anions is recombination, which is rather slow. As a result
the anions can reach sufficient concentrations in the middle
of the discharge. Nevertheless it was observed that in our
case negative ions are situated far from the sheath region and
their density is compensated by positive ion density. So we
observed that EEDF does not change whether we include
negative ions in the model or not. Also we can conclude that
for our conditions negative ion presence can be important
only for chemical processes involving ions and for dust par-
ticle growth.

B. Cluster growth influence

During cluster growth the light cations and anions con-
vert into heavy ones. The concentration of heavy cations
increases due to their lower mobility and small recombina-
tion rate with anions. Due to the latter reason the concentra-
tion of heavy anions also increases. In Fig. 9 the electron and
ion density distributions are shown for the case with hydro-
carbon clusters with maximum 12 carbon atoms and for the
case in the absence of clusters �i.e., the initial stage before
cluster growth starts taking place�. It is seen that the electron
density distribution over the discharge gap changes just a
little. Also the electron mean energy distribution practically
does not change �less than 5%� with cluster growth. It is
related to the fact that the positive and negative ion densities
increase simultaneously and, therefore, the spatial charge
distribution changes insignificantly.

Another important sequence of cluster growth and low
gas pumping speed is the conversion of acetylene to heavy
neutrals C2nH2 at much larger time scale. It finally leads to a
significant neutral concentration variation, i.e., a decreasing
concentration of acetylene and an increase in heavy hydro-

carbons and argon concentration. This observation is in good
agreement with the experiments11,12 where the authors ob-
served significant acetylene monomer dilution. The resulting
neutral concentrations are shown in Fig. 10. The calculated
acetylene concentration is almost ten times less than the ini-
tial 5.8% of the total concentration, as a result of cluster
growth and deposition to the walls. This conversion makes
electron collisions with such hydrocarbons like C4H2 and
C6H2 more important. Since we use approximate cross sec-
tions for the ionization of C4H2, C6H2 molecules, it makes
our results less reliable if their density increases.

C. Species density distribution

As a result of the electron inelastic collisions and the
plasmochemical processes we obtained the steady state ion
density distribution shown in Figs. 11 and 12. The heavy
cations become abundant in the middle of the discharge due
to the conversion and due to their lower mobility. Near the
sheath-plasma boundary the electron impact ionization has a
maximum. As a result the densities of Ar+ and C2H2

+ ions
have two peaks and the Ar+ ions dominate near the sheath
region. It should provide an intense argon ion flux to the
electrode. We have compared the calculated ion flux to the
electrode with the mass spectrum measurements from Refs.
11 and 12. Figure 13 shows the calculated normalized ion
flux of different ions to the electrode presented as a function
of the ion mass. In Fig. 14 the measured11,12 positive ion
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spectrum is shown. The experimental spectrum does not
demonstrate a significant argon ion flux in contrast with the
calculated one. The reason is probably that in the experi-
ments only ions are counted with energy lying in the fixed
energy window near a certain energy value. Due to the vary-
ing mobility the different types of ions have considerably
different mean energies near the electrode. Therefore only a
part of the ions arriving at the electrode is measured. In the
case of Ar+ ions the mobility and, consequently, the energy
are rather small because in our mixture the Ar+ ions partici-
pate in the charge exchange resonant collisions and in the
elastic scattering. If we took the Maxwellian distribution for
ions then the flux of ions with certain energy can deviate to a
great extent from the total flux. Considering this we obtain
the following ion fluxes to the electrode shown in Fig. 15.
Now a much better agreement is reached with the experi-
mental data.

The negative ions reach a sufficient concentration, but in
contrast to the positive ions the lightest anion C2H

− is the
dominant one with a density of about 80% of all anion den-
sities. This density in the middle of the discharge is twice
smaller than the cation density so we can conclude that this
mixture has significant electronegativity regardless of a small
concentration of acetylene and other hydrocarbons. Heavy
cations C12H6

+ and anions C12H
− are present in the mixture

with large concentration �about 107 cm−3� and can be con-
sidered as precursors for dust particle formation.

IV. CONCLUSION

We developed a hybrid model for simulations of the
13.56 MHz discharge in a C2H2 /Ar mixture at a gas pressure
of 75 mTorr. This hybrid model combines a kinetic descrip-
tion for electron motion and the fluid approach for six nega-
tive and 16 different positive ions. 146 different chemical
reactions were taken into account. We consider the formation
of heavy hydrocarbons up to 12 carbon atoms. Both nega-
tively and positively charged heavy hydrocarbons can be pre-
cursors for nanoparticle formation in the discharge volume
since their densities are sufficiently large �
107 cm−3�. The
total density of negative ions reaches about one half of the
positive ion density. Thus a small fraction of acetylene
�5.8%� in the argon discharge makes the mixture electrone-
gative because the negative ions are trapped in the quasineu-
tral plasma. Nevertheless for our conditions negative ion
presence affects only the positive ion density in the bulk
region. A subject for future work is the investigation of re-
gimes where negative ions could influence the discharge
more notably, greater acetylene portion, for example. We
have also found that injection of 5.8% acetylene in argon
decreases the plasma density by a factor of 5. With acetylene
added a large part of the discharge power is transferred into
electron excitation of C2H2 molecules. The cluster growth
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FIG. 14. Experimental positive ion spectrum.
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does not affect the electron density and the mean energy to a
large extent, but the densities of positive and negative ions
increase since heavy ions have smaller mobility. For the con-
ditions of the experiments11,12 the important sequence of
cluster growth and low gas pumping is a significant decrease
in acetylene and an increase in heavy hydrocarbon and argon
concentrations.
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