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Abstract

Gas discharge plasmas are used for a wide range of applications. To improve our understanding about gas

discharges, which is necessary to obtain good results in the various application fields, we perform numerical modelling

of gas discharge plasmas. Various kinds of modelling approaches, for various types of gas discharges, are being used in

our group. In this paper, some examples of this modelling work are outlined.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Gas discharge plasmas are used in many
growing application fields, such as in the semi-
conductor industry (deposition, etching, surface
modification, in different steps of integrated circuit
manufacturing) [1–3], in materials technology
(e.g., for the deposition of hard, protective coat-
ings or for plasma polymerization) [4–8], in
analytical chemistry (for the trace and ultra-trace
analysis of (mainly) solid materials) [9,10], as light
sources [11–13], gas lasers [14–16], in flat plasma
display panels [17,18], as well as for environmental
[19–21] and biomedical applications [22–23]. To
make progress in these application fields, a good
insight into the plasma processes is desirable. We
try to obtain this by numerical modelling.

Different kinds of modelling approach have
been applied in the literature to describe gas
discharge plasmas, i.e., analytical models, fluid
models, collisional-radiative (CR) models, non-
equilibrium Boltzmann equations, Monte Carlo
(MC) simulations, particle-in-cell (PIC) models, or
a combination of these models, i.e., so-called
hybrid models. Each of these models has its
particular advantages and disadvantages. An
analytical model [24,25] is very fast and can easily
predict the plasma behaviour, but it is only an
approximation, valid for a limited range of
conditions. A fluid model [26,27] is based on the
first velocity moments of the Boltzmann transport
equation (continuity equations of particle density,
momentum density and energy density), usually
coupled to Poisson’s equation to obtain a self-
consistent electric field distribution. It is in
principle also quite simple and fast (although it
can be tricky to solve the set of coupled differential
equations), but it is also approximate. Indeed, it
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assumes more or less equilibrium with the electric
field, which is not always true, e.g., for the fast
electrons in regions characterized by a strong
electric field, because they gain more energy from
the electric field than they lose by collisions. It
should be mentioned that a special form of a fluid
model, i.e. a so-called CR model [28,29], is typically
applied to atoms and ions in excited levels. For
each of these excited levels, a balance equation
(particle density continuity equation) is con-
structed, taking into account a large number of
collisional and radiative populating and depopu-
lating processes (hence the name of this model).
The non-equilibrium behaviour of the plasma
species, which is not always correctly treated in a
fluid approach, is fully accounted for by solving
the full Boltzmann transport equation [30,31].
However, this approach can become mathemati-
cally very complicated, especially if more than one
dimension needs to be simulated. On the other
hand, MC simulations [32,33] are mathematically
simple, and they also account correctly for the
non-equilibrium behaviour, but they require a long
calculation time, especially for slow-moving parti-
cles. Indeed, they treat the species as separate
particles on the lowest microscopic level and in a
statistical way (i.e., based on random numbers).
Since a large number of particles has to be
followed for sufficient statistics, this can indeed
lead to long calculation times. Moreover, the MC
model on its own requires a certain electric field
distribution as input value, and is therefore ‘‘not
self-consistent’’. This problem is overcome by the
PIC/MC method [34,35], which couples MC
simulations for the behaviour of ions and elec-
trons, to the Poisson equation for a self-consistent
electric field. However, this modelling approach is
also very time consuming. Finally, hybrid models

[36–39] are a combination of some of the models
above (e.g., MC models for fast plasma species
and fluid models for slow plasma species), in order
to get rid of some of the disadvantages and to
benefit from the advantages of the different
models.
We use many of these modelling approaches for

the various gas discharge plasmas and applications
under study. In this paper, an overview will be
given of the various modelling activities currently

in progress, and results will be presented for some
specific examples.

2. Gas discharge modelling activities performed in

our group

As mentioned above, gas discharge plasmas are
used in a wide range of applications. It is clear that
the different applications typically require differ-
ent gas discharge operating conditions, such as the
way of electrical coupling (direct current (DC),
alternating current (AC), capacitively coupled
(CC) radio-frequency (RF), inductively coupled
plasma (ICP), microwave plasma, magnetron
discharge, etc.), the values of electrical power,
current and voltage, the gas mixture, gas pressure
and the cell dimensions. Depending on these
operating conditions, some specific modelling
approaches appear to be more suitable than the
others. Table 1 gives an overview of the modelling
approaches used in our group, as well as the
applications of the gas discharge plasmas under
investigation.
We started the first activities in 1993 with the

modelling of analytical glow discharges (see item
(1) in Table 1) and hence most results up to now
have been achieved in this field. However, a few
years ago, our interest was widened to other,
technological, applications of gas discharge plas-
mas (see the other items of Table 1). For some of
these activities, first results have been obtained
already, and can be presented here (i.e., items 2–4).
For the other activities (items 5–8), only a start has
been made. Hence, it is too early to report about
results, but the modelling approaches that we are
trying to use, will be briefly outlined in the last
section.

3. Hybrid modelling network for analytical argon

glow discharges with copper cathodes

Glow discharges used for analytical applications
typically operate in cylindrically symmetrical cells
with a volume in the order of 1 cm3, filled with
argon at a pressure of about 0.5–5Torr. The
material to be analysed is used as the cathode of
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the glow discharge, which is sputter-bombarded by
energetic plasma species. The other cell walls form
the anode of the glow discharge. A typical voltage
of the order of 1 kV is applied between both
electrodes, which results, depending on the gas
pressure, in an electrical current between 1 and
100mA. The analytical glow discharge is typically
operated in DC, CC RF or pulsed mode. Because
of the rather small dimensions (e.g., distance
between cathode and anode is in the order of
1 cm), it consists roughly of two regions, i.e., the
cathode dark space (CDS) or sheath in front of the
cathode (or RF-powered electrode), which is
characterized by a strong electric field, and the
negative glow (NG) or plasma bulk, which fills
most of the discharge and is nearly field free.
The species assumed to be present in the plasma,

include electrons, argon gas atoms, argon ions
(Ar+, Ar2+, Ar2

+), fast argon atoms, argon atoms
in various excited levels, sputtered copper atoms
and the corresponding copper ions, both in the
ground state and in various excited levels. As
indicated in Table 1, these species are described
with a combination of MC, fluid and CR models,
in a so-called hybrid modelling network.
The electrons are split up in two groups: the fast

electrons, with energies large enough to cause
inelastic collisions, and the slow electrons. The fast

electrons, which are not in equilibrium with the
electric field, are treated with a MC model [40].
Their trajectories are calculated using Newton’s
laws, whereas the collisions (i.e., occurrence of a
collision, kind of collision, and new energy and
direction after the collision) are treated with
random numbers, in combination with scattering
formulas. This procedure is repeated during
successive time-steps to reach steady state, until
the electrons collide at the cell walls, where they
can be reflected, absorbed or cause secondary
electron emission, or until they arrive in the NG
and reach energies below the threshold for inelastic
collisions. Indeed, the latter electrons are not
important anymore as fast electrons, because they
do not give rise to inelastic collisions. Their only
role is to carry electrical current and to provide
negative space charge, which can as well, and
much more efficiently, be described in a fluid
approach.
The slow electrons, together with the various

argon ions (see above) are described with a fluid
model [41], which consists of continuity equations
and transport equations (based on diffusion and
on migration in the electric field) for the slow
electrons and the different ions. Moreover, these
equations are coupled to Poisson’s equation for a
self-consistent electric field distribution. This

Table 1

Overview of the modelling approaches used in our research group, for the typical applications currently of interest

Modelling approach Application

1. Hybrid modelling network (MC—fluid—

CR models)

DC, RF or pulsed glow discharges in argon, with copper cathode, used in

analytical chemistry

2. Hybrid MC—fluid model DC hollow cathode discharge (HCD), e.g., in argon/copper, used for

spectroscopy or laser applications

3. Fluid model CC RF discharge in CH4/H2, for plasma enhanced chemical vapour deposition

(PE-CVD) of diamond-like carbon (DLC) films.

4. PIC/MC model CC RF discharge in SiH4/H2, e.g., for deposition applications

5. Hybrid MC—fluid model DC magnetron discharge in argon with copper cathode, used for sputter-

deposition

6. Fluid model AC atmospheric pressure glow discharge in helium, to be used for plasma

polymerization or biomedical applications

7. PIC/MC model CC RF discharge in Ar/CF4/N2, for etching applications in the semiconductor

industry

8. Computational fluid dynamics+Hybrid

MC—fluid model

Calculation of gas flow (by convection) in gas discharges (e.g., fast-flow glow

discharge in analytical chemistry, or large reactors for PE-CVD of DLC films)
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means that the electric field is calculated with
Poisson’s equation based on the densities of the
charged plasma species, and is used in turn to
determine the transport of these charged plasma
species (by migration in the fluid model, and with
the Newton’s laws in the MC code). Due to the
strong coupling and the severe non-linearity of the
differential equations, solving this fluid model is a
difficult numerical task. The method we used is
based on the Scharfetter–Gummel exponential
scheme [42] for the transport equations, which
assumes that the particle fluxes are constant
between mesh points instead of the densities. The
advantage of this scheme is its ability to switch
between situations where either the migration
component or the diffusion component of the
particle flux is dominant (i.e., strong and weak
electric field, CDS and NG, respectively).
Because the argon ions are not really in

hydrodynamic equilibrium with the strong electric
field in the CDS, they are also described in this
region with a MC code, as well as the fast argon

atoms, which are created in this region from energy
transfer in elastic collisions of the argon ions with
argon gas atoms [43]. The principle of this MC
model is the same as for the fast electrons, and will
therefore not be repeated here.
The argon atoms in excited levels are treated with

a CR model [44]. Sixty-four argon atomic excited
levels are considered; some of them are individual
levels (such as the 4s levels), but most of them are
effective levels, i.e. a group of individual levels
with similar excitation energy and quantum
numbers. The behaviour of these levels is described
with 64 coupled balance equations, taking into
account a large number of populating and
depopulating collisional and radiative processes,
such as electron, argon ion and atom impact
ionization from all levels, excitation and de-
excitation between all levels, and electron–ion
three-body and radiative recombination to all
levels, as well as radiative decay between the
levels. Moreover, some additional processes are
incorporated for the 4s levels, because they play an
important role in the analytical glow discharge
(e.g., for Penning ionization), i.e., collisions
between two 4s atoms, Penning ionization of
sputtered copper atoms, two- and three-body

collisions with argon ground state atoms, as well
as radiation trapping (i.e., a large fraction of the
emitted radiation from the 4s non-metastable
levels to the ground state is re-absorbed by the
ground state atoms). As the boundary condition
for this model, it is assumed that all excited levels
are de-excited toward the ground state at the walls.
The sputtering at the cathode is calculated with

an empirical formula for the sputter yield as a
function of bombarding energy [45], multiplied
with the flux energy distributions of the bombard-
ing plasma species playing a role in the sputter
process (i.e., argon ions, fast argon atoms and
copper ions). It is assumed that all sputtered
species are in atomic form.
When the copper atoms are sputtered from the

cathode, they have energies in the order of 5–
10 eV. However, they lose this energy almost
immediately in the first mm from the cathode, by
collisions with argon gas atoms, until they are
thermalized. This thermalization process of the
sputtered copper atoms is simulated with a MC
model [46].
The further behaviour of the thermalized

sputtered copper atoms (i.e., transport, ionization
and excitation), and the behaviour of the excited
copper atoms and of the copper ions (in the
ground state and in excited levels) is described with
a CR model [47]. Eight copper atom levels, seven
Cu+ ion levels and the Cu2+ ions are considered.
Some of the copper atom and ion levels are treated
separately, whereas most of them are again
grouped into effective levels. Their behaviour is
again described with a set of coupled balance
equations with various production and loss terms,
i.e., electron and atom impact ionization from all
levels, excitation and de-excitation between all
levels, radiative decay between all levels, electron–
ion three-body recombination to the upper copper
atom and ion levels, Penning ionization by argon
4s metastable levels, and asymmetric charge
transfer between copper atoms and argon ions.
As the boundary condition, it is assumed that 50%
of the Cu ground state atoms remain on the walls,
whereas the Cu excited levels are de-excited and
the Cu+ ions are neutralized at the walls.
In analogy to the argon ions, the copper ions are

not in equilibrium with the electric field in the CDS
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either, and they are also treated in this region with
a MC code [48], which is similar to the argon ion
MC model.
Finally, it should be mentioned that, although

the argon gas atoms are usually assumed to be at
rest and uniformly distributed throughout the
discharge, we have also developed a model to
describe argon gas heating in dc glow discharges.
The gas temperature was calculated with a heat

conduction equation, for which the power input
into the argon gas was calculated in the argon and
copper ion and atom MC models, based on
collisions and subsequent energy transfer to the
argon gas atoms [49]. With this model a non-
uniform gas temperature and hence a somewhat
non-uniform argon gas density was calculated.

All these models are coupled to each other due
to the interaction processes between the
different plasma species, i.e., the output of one
model is used as input in the other models. The
models are therefore solved iteratively until final
convergence is reached, which takes typically
several hours up to a few days on fast professional
workstations. More information about these
models, as well as about the coupling of the
models, can be found in the references cited above,
as well as in [50–52].
This modelling network has been developed in

two dimensions. Indeed, due to the cylindrical
symmetry of the discharge cells under investiga-
tions, the three dimensions could be reduced to
two dimensions (axial and radial direction). The
models are applied to DC, CC RF and micro-
second pulsed glow discharges, for various cell
geometries and in a wide range of operating
conditions. The typical results that have been
obtained with the models, include:

* the electrical characteristics (current–voltage–
pressure relations);

* the potential and electric field distributions;
* the density profiles, fluxes and energies of the
various plasma species;

* information about collision processes in the
plasma: collisions of the electrons, ions and
atoms, the various populating and depopulat-
ing processes for the atoms and ions in excited
levels;

* information about sputtering at the cathode:
sputtering (erosion) rates, crater profiles due to
sputtering, amount of redeposition of sputtered
material;

* optical emission intensities, due to radiative
decay from the excited levels; and

* prediction of variations in relative sensitivity
factors for glow discharge mass spectrometry.

A few examples of typical calculation results will
be illustrated here. Fig. 1 shows the calculated
potential distribution (a), argon ion density profile
(b), sputtered copper atom density (c) and copper
ion density profile (d), at 1000V, 0.5 Torr and ca.
3mA, in a typical commercial cell used for glow
discharge mass spectrometry (the so-called
VG9000 mass spectrometer, VG Elemental). The
cathode is found at the left end of the figure (at
z ¼ 0 cm), whereas the other cell walls are
grounded (at anode potential). The small rectan-
gles (or better: ‘‘cross-sectional rings’’) between
z ¼ 0:05 and 0.15 cm symbolize the so-called front
plate ring, which is also at anode potential.
Finally, the small cross-sectional ring between z ¼
0 and 0.05 cm is the insulating ring between
cathode and anode.
As can be seen in Fig. 1a, the potential is equal

to –1000V at the cathode, and increases very
rapidly towards zero at about 0.2 cm from the
cathode. This position where the potential crosses
the zero-line is defined in our model as the
interface between CDS and NG. In the NG,
the potential is slightly positive (about 9.5V at the
discharge conditions and cell geometry under
study), and is called the ‘‘plasma potential’’.
Finally, the potential drops again to zero at the
anode walls, which are grounded.
The Ar+ ion density, calculated for the same

conditions, is presented in Fig. 1b. It is low and
rather constant in the CDS, but it increases rapidly
in the NG and reaches a maximum about halfway
the discharge. It decreases again to low values at
the anode walls. The electron density is character-
ized by nearly the same profile, except that it is
zero in the CDS. This gives rise to a positive space
charge in the CDS and nearly charge neutrality in
the NG; hence, resulting in the typical potential
distribution shown in Fig. 1a.
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The calculated sputtered copper atom density is
illustrated in Fig. 1c. It has low values at the
cathode, but reaches a maximum at a few mm
from the cathode and decreases gradually further

in the discharge towards low values at the cell
walls. In order to check this calculation result, we
have performed laser-induced fluorescence mea-
surements, albeit in a different cell geometry, for

Fig. 1. Two-dimensional potential distribution (a), Ar+ ion density (b), sputtered copper atom density (c) and Cu+ ion density (d), in

a typical glow discharge cell used for analytical mass spectrometry, at 1000V, 0.5Torr and 3mA, calculated with the hybrid modelling

network.
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somewhat different conditions and for tantalum
instead of copper (because of availability of laser
lines). The measured tantalum atom density
profiles were in excellent agreement with the
calculated values, both qualitatively and quantita-
tively, for exactly the same conditions and cell
geometry [53], which suggests that the present
copper atom density will also have a realistic
profile.
The calculated corresponding Cu+ ion density

has a very similar profile as the Ar+ ion density, as
appears from Fig. 1d, with low and rather
constant values in the CDS, and a maximum in
the middle of the discharge. The absolute value is,
however, two orders of magnitude lower than the
argon ion density. However, if one takes into
account that the copper atom density is about four
orders of magnitude lower than the argon gas
atom density (which is at the present conditions in
the order of 1016 cm�3), this means that the copper
atoms are more efficiently ionized than the argon
atoms. Indeed, for argon, electron impact ioniza-
tion is the dominant ionization mechanism,
whereas for copper, beside electron impact ioniza-
tion, also Penning ionization (by argon metastable
atoms) and asymmetric charge transfer with argon
ions play a role, and appear to be even more
important than electron impact ionization. It is
interesting to note that we have also applied laser-
induced fluorescence to measure the tantalum ion
density [53] and the shape of calculated and
measured profiles were in excellent agreement.
The calculated absolute value was, however,
almost a factor of 10 too low, which is probably
due to the combination of too low rate coefficients
(especially for asymmetric charge transfer, which
are actually unknown) in the model, as well as
experimental errors (the measurements were far
from straightforward). Hence, it is possible that
the calculated copper ion density is also somewhat
too low. This is, however, not certain, because
somewhat different rate coefficients have of course
been used for copper and for tantalum, and for
asymmetric charge transfer of copper we found at
least an estimated value in the literature, which
was not the case for tantalum.
A calculation result of direct importance for

analytical glow discharge spectrometry, is the

crater profile at the cathode, as a result of
sputtering. Indeed, the flux energy distributions
of the species bombarding the cathode (argon ions,
fast argon atoms and copper ions) are calculated
as a function of radial position. Multiplying these
flux energy distributions with a formula for the
sputtering yield as a function of bombarding
energy and type of bombarding particle, the flux
of sputtered atoms, as a function of radial posi-
tion, can be computed. From this, the crater
profile at the cathode, after a certain time of sput-
tering, can be obtained [54]. A typical calculated
crater profile, for the same conditions and cell
geometry as in Fig. 1, is illustrated in Fig. 2a.
It is worth mentioning that glow discharges used

in analytical spectrometry are often used to
perform depth profiling, i.e., measuring the con-
centration in the cathode sample as a function of
depth. For this purpose, flat crater profiles are
desirable; if not, sample atoms originating from
different depths enter the plasma simultaneously

Fig. 2. Crater profiles after 45min of sputtering on a copper

cathode, in the same analytical glow discharge cell used for

mass spectrometry as in Fig. 1: (a) calculated at 1000V, 0.5Torr

and 3mA with the hybrid modelling network, and (b) measured

at 1000V and 3mA (pressure unknown). Reproduced from

Ref. [51] with permission of the Royal Society of Chemistry.
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and the depth resolution of the analysis is reduced.
The crater profile presented in Fig. 2a is therefore
not ideal for depth profiling. Indeed, it is much
deeper at the sides than in the centre, the crater
walls are not steep and the crater bottom is not flat
either. Moreover, there is a small rim outside the
crater profile, as a result of redeposition of
sputtered material. This calculated result is, how-
ever, typical for the experimental crater profiles
often encountered in glow discharge depth profil-
ing, at least with this commercial glow discharge
mass spectrometer [55]. Indeed, Fig. 2b illustrates
a typical measured crater profile, obtained in the
same glow discharge cell, at similar discharge
conditions [55]. The measured crater profile is also
much deeper at the sides than in the centre, the
crater walls are not very steep (although not so
pronounced as in the calculated result) and there is
also a rim outside the crater profile. Hence, the
calculated and experimental crater profiles are in
reasonable qualitative agreement. Moreover, look-
ing at the absolute values in the Y-axis tells us that
the results are also in satisfactory quantitative
agreement.
This example shows that the model is able to

make predictions about crater profiles to be
expected for a specific cell geometry and certain
discharge conditions. By applying some modifica-
tions to this geometry (in particular with respect to
the anode front plate; cf. Fig. 1) and/or the
discharge conditions, the crater profile can, in
principle, be optimized. In practice, this optimiza-
tion procedure is often performed by trial and
error. This can be expensive and time consuming,
and leads often to disappointing results. However,
the optimization can now in principle also be
simulated with the model, prior to building the
new cell, and this method is much cheaper and
more efficient.
Finally, from the CR models which describe the

behaviour of various excited levels of argon atoms,
copper atoms and copper ions, we were able to
calculate optical emission intensities in the glow
discharge, by multiplying the level populations
with the Einstein transition probabilities for
radiative decay.
We have calculated optical emission spectra,

based on 605 ArI lines and 103 CuI and CuII lines.

The results were in reasonable agreement with
spectra found in the literature [56]. Some specific
ArI, CuI and CuII lines were also studied in more
detail, as a function of discharge voltage and
pressure, and the agreement between calculated
and measured results was fairly good [57]. More-
over, in order to study the relative importance of
various excitation mechanisms, we have also
compared calculated spectral line intensities, as a
function of distance from the cathode, with
measurements at exactly the same discharge
conditions and cell geometry [58].
Fig. 3a shows the calculated spatial distributions

of two ArI lines, an ArII and a CuI line, at
0.6 Torr and five different currents and voltages.
The corresponding experimental results [59] are
plotted in Fig. 3b. It appears that the ArI 750.3 nm
line, which originates from a high 4p level, shows a
maximum in the beginning of the NG, due to
electron impact excitation, as well as a minor peak
near the cathode (in the so-called cathode glow,
CG), attributed to fast argon ion and atom impact
excitation. For the ArI 811.5 nm line, which
originates from a low 4p level, the peak in the
CG is higher than the peak in the NG. This tells us
that high 4p levels are predominantly populated by
electron impact excitation, which is generally
accepted in the literature, but that for the low 4p
levels, the most important production process at
the conditions under study, is ion and atom impact
excitation. The latter result is not so well known in
the literature, but it follows convincingly from the
good agreement between the calculated and
measured emission intensities as a function of
distance from the cathode.
The ArII lines are characterized by a peak in the

NG, due to electron impact excitation. Indeed, for
the argon ion excited levels, ion and atom impact
excitation are not so important, because the ion
and atom energy which would be necessary to
excite the ionic levels, are much higher than
the ion and atom energies typical for the glow
discharge conditions under study. Finally, also the
CuI lines are mainly characterized by a peak in
the NG. This peak is rather broad for the CuI
324.7 nm line, as appears from Fig. 3. The reason
is that this line is a resonant line (i.e., radiatively
decaying to the ground state), which is subject
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to self-absorption [58]. In general, a good agree-
ment has been reached between the model
calculations (Fig. 3a) and the corresponding ex-
perimental data (Fig. 3b), which suggests that our
model takes into account the correct excitation
mechanisms and uses realistic cross-sections, and
that it can therefore give more or less reliable
predictions for glow-discharge optical emission
spectroscopy.
In general, and as appears from the few illustra-

tions presented above, our calculation results have
been compared as much as possible with experi-
mental data, in order to check the validity of the
model (see also e.g., [50,51]). From the reasonable
agreement between calculated and experimental
results, it can be concluded that this hybrid
modelling network presents a realistic picture of
the analytical glow discharge.

4. Hybrid MC—fluid model for hollow cathode

discharges (HCDs)

The hybrid MC—fluid model for fast and slow
electrons and for argon (Ar+) ions, which was
developed for the analytical glow discharge, has
also recently been applied to hollow cathode
discharges (HCDs). The latter type of discharge,
which is typically used as light source for spectro-
scopy or for laser applications, operates indeed at
very similar discharge conditions as the analytical
glow discharge. The geometry is, however, some-
what different. Indeed, the conventional glow
discharge is formed by a hollow anode (i.e., the
cell walls are at anode potential) and the cathode is
typically a disk at one end of the hollow anode.
The HCD, on the other hand, consists as the name
predicts, by a cathode in the form of a hollow

Fig. 3. Optical emission intensities as a function of distance from the cathode, in a DC argon glow discharge, at a pressure of 0.6Torr

and five different currents and voltages, for the lines: ArI (750.3 nm), ArI (811.5 nm), ArII (476.5 nm) and CuI (324.75 nm);

(a) calculated with the hybrid modelling network, and (b) measured values [58].
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tube, and the anode is a ring or disk outside the
tube.
The hybrid MC—fluid model is very similar to

the MC and fluid models described in Section 3;
hence, we will not go into detail anymore about
the model set-up. Fig. 4 shows the electron density
(a) and potential distribution (b), calculated for an
argon HCD with copper cathode, at 1Torr argon
gas pressure, about 300V discharge voltage and
9mA electrical current [60]. The cathode walls are
represented by the thicker black lines at the cell
borders. The anode (disk) is found at 2=3.2 cm.
The electron density (Fig. 4a) reaches a maximum
at the centre axis of the HCD, and it tends to zero
at the hollow cathode walls. In the axial direction,
the electron density decreases slightly towards the
open end of the hollow cathode. The electrical
potential (Fig. 4b) is equal to –282V at the
cathode, and it rises rapidly to about –10V at
the end of the CDS. It should be mentioned that in
this model, the interface between CDS and NG is
not determined by the position where the potential

goes through zero, but by low values of the electric
field. The NG is characterized by a small potential
gradient, and by a negative plasma potential. The
latter is quite striking, because glow discharges (in
the common, hollow anode, geometry) are always
characterized by a positive plasma potential (see
also Fig. 1a). The reason is that this positive
plasma potential in typical glow discharges is
required to trap the electrons in the plasma. In
HCDs, the electrons oscillate between opposite
cathode surfaces (‘‘pendulum effect’’), and are in
this way also ‘‘trapped’’ in the plasma.

5. Fluid model for a CC RF discharge in CH4/H2

As follows from Table 1, our modelling work is
not only focused on the rare gases, but we also
study gas discharges operating in reactive gases,
typically used for deposition applications. One
such application is the plasma-enhanced chemical
vapour deposition (PE-CVD) of diamond-like

Fig. 4. Two-dimensional electron density profile (a) and potential distribution (b) in a HCD in argon with copper cathode, at 1Torr,

282V and 9mA, calculated with a hybrid MC—fluid model.
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carbon (DLC) films, using a CC RF discharge in a
mixture of CH4 and H2, for which we have
recently developed a fluid model [61]. This model
takes into account 20 different species, including
the electrons, some neutral gases (CH4, H2, C2H6,
C2H4, C2H2 and C3H8), ions (CH4

+, CH5
+, CH3

+,
C2H5

+, C2H4
+, C2H2

+, H2
+ and H3

+) as well as
some radicals (CH3, CH2, CH, C2H5 and H).
The equations are, in analogy to the fluid model

described in Section 3, the continuity (or balance)
equations and the transport equations (based on
diffusion and also migration for the ions and
electrons) for each of the species mentioned above.
Moreover, the electron energy balance equation is
also added to this model, to calculate the mean
electron energy (which was not necessary in
Section 3, because the electron energy was there
calculated in the MC model). Finally, the self-
consistent electric field is again obtained from the
simultaneous solution of Poisson’s equation.
In total, 27 electron–neutral reactions (i.e.,

vibrational excitation, dissociation and ionization
of the six different neutral molecules) have been
included in the model, as well as 7 ion–neutral
reactions and 12 neutral–neutral reactions. The
ion–neutral and neutral–neutral reaction rates
were calculated based on constant rate coefficients
and the densities of the reacting species. To
determine the electron–neutral reaction rates, on
the other hand, the electron energy distribution
function (EEDF) is first calculated, for a large
number of electric field values, from the Boltz-
mann equation, using the two-term expansion. For
every value of the electric field, both the average
electron energy and the various reaction rate
coefficients are then calculated from the EEDF,
and this leads to a ‘‘look-up table’’, i.e., reaction
rate coefficients (for every reaction) as a function
of average electron energy. Hence, when the
average electron energy is calculated in the fluid
code from the electron energy balance equation,
the electron–neutral reaction rates are conse-
quently also defined.
Fig. 5 shows the calculated densities of the

various plasma species taken into account in the
model, as a function of one-dimensional distance
between the two electrodes, at 0.14 Torr gas
pressure, 25W electrical power, 13.56MHz RF

frequency and 20 sccm CH4 inlet (no H2 inlet). It
was found that besides the inlet gas (CH4), also H2

and the higher order hydrocarbons (C2H6, C2H4,
C2H2 and C3H8) were present at relatively high
densities. Moreover, the main radical was found to
be CH3, whereas the most important ions appear
to be CH5

+ and C2H5
+. The relative importance of

the various plasma species has been investigated
with this model, for a wide range of conditions of
gas pressure, inlet fluxes, ratio of CH4 and H2 and
electrical power.

6. PIC/MC model for a CC RF SiH4/H2 discharge

Beside the hybrid MC—fluid model, which is
described up to now to account for the non-

Fig. 5. Densities of the neutral molecules, the radicals, ions and

electrons, as a function of distance between the electrodes, at

0.14Torr, 25W, 13.56MHz and 20 sccm CH4 inlet (no H2

inlet), calculated with a one-dimensional fluid model for a CC

RF discharge in CH4. The neutral molecules are presented with

solid lines, the radicals with long-dashed lines, and the ions with

short-dashed lines. The electron density must be equal to the

sum of the ion densities in the plasma, to ensure charge

neutrality.
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equilibrium behaviour of the species and to obtain
self-consistent results for the electric field, the PIC/
MC model, which couples a MC simulation with
the solution of Poisson’s equation, is also used for
this purpose in our group.
The PIC/MC code was developed a few years

ago by Yan and Goedheer [62,63] for a SiH4/H2

CC RF discharge, taking into account four
different charged particles, i.e., electrons, posi-
tive ions (SiH3

+ and H2
+) and negative ions

(SiH3
�). Although the PIC/MC method has the

advantage of being more accurate than a fluid
approach, a clear disadvantage of this method is
that the number of species that can be described is
rather limited in comparison to a fluid model, in
order not to increase the calculation time too
much.
It should also be realized that the PIC/MC

simulation of an electronegative gas discharge
(such as in SiH4) converges more slowly than that
of an electropositive gas discharge (such as in a
rare gas). This is mainly caused by the slow
evolution of the negative ion density, which only
depends on electron attachment and ion–ion
recombination (to create and annihilate negative
ions, respectively), and both these processes are
characterized by very small cross-sections. There-
fore, in addition to common speed-up procedures
described in the literature (such as the null-
collision method, different superparticle sizes and
time-steps for different species; e.g., [64]), two
other speed-up procedures were developed in this
PIC/MC code, i.e., the so-called ‘‘rate equilibrium
procedure’’ and the use of a low number of large-
sized superparticles in the beginning of the
simulation [62,63].
The above-described PIC/MC model for the

electronegative SiH4 discharge has been compared
with PIC/MC results for the electropositive argon
discharge, through the investigation of the electron
impact ionization rate [65] and the EEDF [66] for
different frequencies, pressures and power values.
A significant difference between both discharge
types has been found for the electric field in the
plasma bulk, which is weak (several tens of V/m)
in the electropositive argon discharge, and rather
strong (several hundreds of V/m) in the electro-
negative SiH4 discharge [66].

Recently, the PIC/MC model for the CC RF
discharge in SiH4 and in SiH4/H2 has also been
applied to study the relaxation mechanisms after
laser-induced photo-detachment, from the mo-
ment of perturbation back to equilibrium [67–
69]. The latter plasma diagnostics technique is
widely used in electronegative RF discharges, to
measure the density, thermal energy and velocity
of negative ions [70,71]. It applies photons to
transform negative ions by photo-detachment into
electrons and neutrals, and the subsequent increase
of the electron density is detected, either by
microwave cavity resonance spectroscopy, by the
opto-galvanic method or by using a probe. From
the measured electron density, the negative ion
density can be deduced, since the loss of negative
ions is equal to the production of the electrons.
Moreover, from the investigation of the negative
ion recovery, combined with a ballistic approx-
imation equation, the thermal energy of the
negative ions is obtained.
Since the photo-detachment method relies on

the detection of the electron density, it is very
important to understand the relaxation mechan-
ism of the extra electron density and energy. The
PIC/MC method is very suitable for this purpose,
because it is a kinetic and a self-consistent
approach. We found that laser photo-detachment
has a strong influence on the discharge, which
results from an increase of the electron density,
leading to a weaker bulk electric field, and hence a
drop in the high energy tail of the EEDF, a
reduction of the reaction rates of electron impact
attachment and ionization, and a subsequent
decrease of the positive and negative ion densities.
It was also found that the plasma quantities
related to electrons recover synchronously,
whereas the recovery time of the positive and
negative ion densities is about 1–2 orders of
magnitude longer than that of the electrons.
Fig. 6 shows the one-dimensional density profiles
of electrons (a), SiH3

� ions (b) and SiH3
+ ions (c) at

various times after laser perturbation. The laser is
fired at z ¼ 2 cm. The solid line at ‘‘0 ms’’ indicates
the situation immediately after photo-detachment.
As expected, the electron density (Fig. 6a) shows at
this moment a pronounced increase at z ¼ 2 cm,
whereas the SiH3

� density drops to zero at this
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moment (as is imposed by the assumptions in the
model [68]). The SiH3

+ density experiences no
immediate effect of photo-detachment. From now
on, the densities of electrons, positive and negative
ions relax gradually to the initial situation. It is
clear from Fig. 6a that the electron density profile
has recovered almost completely after 37 ms (or 500
RF cycles), at the conditions under study
(0.4 Torr, 13.56MHz and 7.5W electrical power).
The positive and negative ion densities, on the
other hand, have not yet recovered at this time, as
appears from Figs. 6b and c. The typical (positive
and negative) ion recovery time is in the order of
600 ms at 0.4 Torr, which is indeed more than one
order of magnitude longer than the recovery time
of electrons. The reason for these different
recovery times is attributed to different recovery
mechanisms. Indeed, the recovery time for the
electrons depends on the electron diffusion speed,
while for the ions, it is determined by the net
increment of the production and the loss rate.
Finally, it should be mentioned that the modelled
behaviour of all the charged particles agrees very

well with experimental results from the literature
[67,68].

7. Other modelling activities currently under

development in our group

7.1. Hybrid MC—fluid model for a magnetron

discharge in argon

A magnetron discharge is a DC (or RF)
discharge, which is not only characterized by an
electric field, but to which also a magnetic field is
applied. Because of this additional magnetic field,
the electrons move around the magnetic field lines,
increasing their travel distance in the plasma,
hereby enhancing ionization. Therefore, the gas
pressure in magnetron discharges is typically
several orders of magnitude lower (order of a
few mTorr) than in conventional glow discharges.
At this low pressure, a pure fluid code would be

too rough an approximation, because the electrons
do not undergo many collisions, and they can gain
more energy from the electric field than they lose
by collisions; hence, they are not in equilibrium
with the electric field. A PIC/MC model would be
a suitable approach, but it would require a very
long calculation time, due to the long travel
distances of the electrons. A hybrid MC—fluid
model is, therefore, a good alternative, because it
accounts for the non-equilibrium behaviour of the
electrons with the MC method, and it reduces the
calculation time with the fluid model. Introducing
the magnetic field in the MC code, occurs by
adding a Lorentz force term to the Newton’s
equations. However, introducing the magnetic
field in the fluid code appears to be a much more
difficult numerical task, due to fact that the
magnetic field is not curl-free, which leads to
coupling between the components of mass flux. In
first instance, a 2D electric field and a 1D constant
magnetic field, perpendicular to the electric field,
are assumed. These assumptions will make it
possible, after some mathematical manipulations,
to uncouple the components of the mass flux, and
to solve the transport equations for electrons and
ions self-consistently with Poisson’s equation for
the electric field.

Fig. 6. Density profiles of electrons (a), SiH3
� (b) and SiH3

+ (c)

ions, calculated with a PIC/MC model for a CC RF discharge

in SiH4, at 0.4 Torr, 13.56MHz and 7.5W, at various times

after laser-induced photo-detachment. ‘‘0ms’’ means at the time
of photo-detachment. The laser impact position is at z ¼ 2 cm. t
stands for the time-period of one RF-cycle.
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7.2. Fluid model for an AC atmospheric pressure

glow discharge in helium

The atmospheric pressure glow discharge
(APGD) is gaining increasing interest in recent
years for many applications, such as for surface
modification of polymers (to increase the wett-
ability), plastics and fibres, for deposition of thin
films, for sterilization in medical and biological
applications, for ozone synthesis as well as for
plasma polymerization. The advantage of the
APGD is that no vacuum is required, hence
reducing the operation cost and enabling on-line
processing. Moreover, the APGD is more homo-
geneous than the (filamentary) corona and di-
electric barrier discharges (DBDs), which is a
prerequisite for reproducible and uniform plasma
processing.
The glow discharge can only operate in the

atmospheric pressure regime when at least one of
both electrodes is covered with a dielectric barrier,
like in a DBD. Analogously, the APGD operates
in AC mode, typically in the frequency range of a
few kHz.
Because of the high pressure operation, the

plasma species, including the electrons, will be
subject to a large number of collisions, yielding a
hydrodynamic equilibrium with the electric field.
Therefore, a fluid code is a suitable modelling
approach for this type of discharge. A similar fluid
code as described in Section 3 can be applied.
However, because of the presence of a dielectric
barrier, the boundary conditions at the electrodes
are somewhat different and require the introduc-
tion of a ‘‘memory voltage’’, which accounts for
the capacity of the dielectric barrier [72].

7.3. PIC/MC model for a CC RF discharge in a

mixture of argon/CF4/N2

The PIC/MC model described in Section 6 is
also being applied to a mixture of argon/CF4/N2,
which is used in the semiconductor industry for
etching applications. Typical operating conditions
are a gas pressure of 30mTorr, an electrical power
of about 1 kW, and a gas mixture of 400 sccm Ar,
38 sccm CF4 and 45 sccm N2. Six different species
will be taken into account in the model, including

the electrons, Ar+, CF3
+, CF3

�, F� and N2
+ ions.

The collisions that will be implemented in the
model are electron–argon, electron–CF4 and elec-
tron–N2 collisions, Ar

+–Ar collisions and CF3
+,

CF3
� and F� collisions with CF4, as well as

positive–negative ion and electron–positive ion
recombination, and electron detachment from
negative ions.

7.4. Calculation of transport by convection in gas

discharge plasmas

Finally, it should be mentioned that in all the
models presented above, transport is described by
diffusion and also by migration for the charged
particles. However, for some applications, convec-
tion will also play a role as transport mechanism.
Indeed, in analytical glow discharges, a recent
trend is observed to considerably increase the
argon gas flow. Hence, whereas in the present
models, the background gas is typically assumed
to be uniformly distributed and at thermal
velocities (except for the calculation of gas heating,
see Section 3), this assumption will not hold true if
a considerable gas flow is put into the discharge.
Therefore, we are currently trying to calculate the
transport by convection of the argon gas atoms in
an analytical glow discharge, with a computational
fluid dynamics (CFD) code. The output of this
code, i.e., the density and velocity distribution of
the background argon gas atoms, will be used as
input in the hybrid modelling network described in
Section 3. Indeed, an additional term, attributed to
convection, will be added to the transport equa-
tion of ions in the fluid model.
A similar approach will also be applied in the

near future to the CC RF discharge in the mixture
of CH4/H2. Indeed, experimental research is going
on to increase the size of reactors for the PE-CVD
of DLC layers, in order to deposit the films on
larger surfaces. Whereas in a small reactor,
transport of the plasma species will predominantly
be governed by diffusion and migration, this will
probably not hold true for the larger reactors,
where convection will also come into play. Hence,
this problem will also be attacked by combining
the CFD code with the plasma model for the CC
RF discharge in the mixture of CH4/H2.
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8. Conclusion

This paper intended to give an overview of
possible applications of gas discharge plasmas,
and the different modelling approaches that can be
applied to obtain a better understanding of the
plasma behaviour. As there are many different
applications of gas discharge plasmas, there are as
many different gas discharge operating conditions.
Depending on these operating conditions, one or
another modelling approach will be more suitable.
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