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Abstract—A set of three-dimensional models for different species present in a glow discharge plasma has been
developed. The models are all coupled to each other by the interaction processes between the various species,
and the resulling comprehensive modeling network is solved iteratively wntil final convergence is reached. An
overview table summarizing the typical results of the models is presented, some of which are illustrated in more

detail,

1. INTRODUCTION

Glow discharges are used in a large number of appli-
cation fields, ranging from the microelectronics indus-
try (for dc'}:ositicrn of thin films and for plasma etching
and modification of surfaces) to the lighting industry
and metal-vapor ion laser and plasma display technol-
ogy. Moreover, they also find applications in analytical
chemistry as spectroscopic sources for mass spectrom-
etry and optical emission spectroscopy. To improve
results in all these fields, a clear insight into the funda-
mental processes taking place in the glow discharge is
desirable. This can be obtained by modeling the glow
discharge processes. We have developed a comprehen-
sive modeling network, consisting of different models
for the various species present in glow discharge
plasma. In Section 2, a short overview of these models
will be given, The coupling of the various models will be
presented in Section 3. Section 4 deals with some typical
results. Finally, a conclusion is given in Section 5.

2. OVERVIEW OF THE MODELS

The models are, first of all, intended to describe
glow discharge plasmas used in analytical chemistry. In
this application, the cathode of the glow discharge is
constructed out of the material to be analyzed. Tons and
fast atoms from the plasma can sputter away cathode
material when bombarding the cathode. These sput-
tered atoms arrive in the plasma, where they can be ion-
ized andfor excited. Therefore, the glow discharge
plasma can be considered as an atom and ion reservoir
with a composition characteristic for the material to be
analyzed (i.e., the cathode). The ions can be measured
with a mass spectrometer, whereas the characteristic
photons produced by the excitation and subsequent
radiative deexcitation processes can be detected by
optical emission spectrometry.

! 'This article was submitted by the authors in English.

The species assumed to be present in the plasma
include argon atoms at rest, uniformly distributed
throughout the discharge; electrons (subdivided into
twao different groups: fast electrons with energies large
encugh to produce inelastic collisions and slow elec-
trons), singly charged argon ions; fast argon atoms cre-
ated from the argon ions by symmetric charge transfer
and elastic collisions; argon atoms at various excited
levels (65 in total), with special emphasis on the meta-
stable levels; and atoms and ions of the cathode mate-
rial (i.e., the material to be analyzed).

These species are described by a combination of
Monte Carlo and fluid models. Species that are more or
less in equilibrium with the electric field are described
with a fluid approach, whereas species that are far from
equilibrium with the electric field in the discharge are
studied with a Monte Carlo simulation.

The fast electrons are treated with a Monte Carlo
maodel [1-3]; collision processes incorporated are elas-
tic collisions with argon atoms, electron—electron Cou-
lomb collisions, electron impact excitation, deexcita-
tion and ionization from the argon ground state and
from the various excited levels, as well as ionization of
sputtered cathode atoms, The behavior of the thermal-
ized electrons and the argon ions is calculated in a fluid
model [2, 3]; the continuity and transport (based on dif-
fusion and migration) equations are coupled with the
Poisson equation to obtain a self-consistent electric
field distribution throughout the discharge. The elec-
trons are actually split up into two electron groups,
based on energy considerations. The behavior of the
fast electrons (which are able to produce inelastic colli-
sions) 1s described explicitly by a Monte Carlo method,
as explained above, whereas the thermal electrons are
handled in a fluid model. For the latter group, the Max-
wellian energy distribution is assumed when solving
the fluid model. Hence the equations for the thermal
electrons considered in this fluid model, are conserva-
tion of number density and transport by diffusion and
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migration; no separate equation for conservation of
energy is included. However, when describing the
behavior of the various excited levels of argon, calcula-
tion of the detailed ionization, excitation and deexcita-
tion processes of the various levels are required; for that
purpose, the Monte Carlo model is used not only for the
fast electron group, but for all electrons. For example,
Fig. 4 will present the electron energy distribution cal-
culated with the Monte Carlo model for all electrons
(see below). The argon ions are described with a Monte
Carlo model in the cathode dark space (CDS), as well
as the fast argon atoms, which are created by symmetric
charge transfer and elastic collisions from the argon
ions, because these species are not in equilibrium with
the electric field in this region [1, 4]. The collision pro-
cesses taken into account are symmetric charge transfer
for the argon ions, elastic collisions with argon atoms
for both argon ions and fast atoms (strictly speaking,
symmeitric charge transfer is also a form of elastic col-
lision, because there is no change in internal energy of
the colliding species [5]), and fast argon ion and atom
impact ionization, and excitation and deexcitation of
argon atoms in the ground state and in the different
excited levels. The argon metastable atoms are handled
with a fluid model consisting of different production
and loss processes [6, 7]. The production processes
incorporated are electron, argon ion, and atom impact
excitation to the metastable levels and electron—ion
radiative recombination. The loss processes include
electron impact excitation and ionization from the
metastable levels, electron collisional transfer to the
nearby resonant levels, Penning ionization of the sput-
tered cathode atoms, metastable atom—metastable atom
collisions, and two-body and three-body collisions with
argon ground state atoms. An additional loss process is
diffusion and subsequent deexcitation at the cell walls,
The behavior of the various argon excited levels is cal-
culated in a kind of fluid model, i.e., a so-called colli-
sional-radiative model, because the level populations
of the different excited states are determined by a range
of collisional and radiative processes [R]. The relevant
processes taken into account are radiative decay; elec-
tron, fast argon ion, and fast and thermal argon atom
impact ionization; excitation and deexcitation between
all the levels; electron—ion radiative recombination: and
electron-ion three-bedy recombination where the third
bady is an electron, fast argon ion, or a fast or thermal
argon atom. Resonance radiation transport is accounted
for in the model by the incorporation of radiation trap-
ping: i.e., the photons ermitted due to radiative decay of
excited levels to the ground state can be reabsorbed
again by the ground state atoms, so that only a small
fraction can escape and the majority is trapped. The so-
called “escape factor” is calenlated according to the
method of Holstein [9] and Walsh [10] and is on the
order of 10~ to 10~ for the typical pressures investi-
gated, The sputtered cathode atoms (copper is chosen
here as an example} leave the cathode with energies of
5-10 eV; they lose these energies almost immediately
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by collisions with argon atoms, until they are thermal-
ized. This thermalization process is described with a
Monte Carlo model [11]. The further transport of the
cathode atoms (diffusion-controlled), their ionization,
and the transport of the cathode ions (determined by
diffusion and migration in the electric field) is
described with a fluid model [7, 12]; the ionization pro-
cesses considered for the sputtered atoms are Penning
ionization by argon metastable atoms, asymmetric
charge transfer by argon ions, and electron impact ion-
ization. Finally, since the cathode ions are not in equi-
librium with the electric field in the CDS, they are also
treated in this region with a Monte Carlo model (7, 12].

The Monte Carle models are developed in three
dimensions, whereas the fluid models could be handled
in two dimensions. Indeed, due to the cylindrical sym-
metry of the cells to which the models are applied, the
three dimensions could be reduced to two dimensions,
More information about the models can be found in [1-
8, 11-13],

3. COUPLING OF THE MODELS

The different models are coupled to each other by
the interaction processes between the different plasma
species. The models are therefore combined into a
comprehensive modeling network and solved together
by an iterative procedure in order o obtain an overal]
picture of the glow discharge. The flow chart of the cou-
pling is presented in Fig. 1.

The procedure starts with the argon ion—-slow elec-
tron fluid model, assuming arbitrary creation rates of
argon ions and slow electrons (R o and R, o0

Results of this model are, among others, (i) the axial
and radial electric field distributions throughout the dis-
charge (£, and E_,); (ii) the interface between cathode
dark space (CDS) and negative glow (NG) for all radial
positions (d.(r), defined as the position where the cal-
culated potential goes through zero); (iii) the argon ion
flux entering the CDS Um‘ 4 (r)); and (iv) the argon ion

flux bombarding the cathode ( ot o 7)), both as a func-
tion of the radial position,

This information is used in the Monte Carlo models.
From the argon ion flux bombarding the cathode, the
eleciron flux starting at the cathode as a function of the

radial position is obtained: j, 4(r) = ~Yf o (r) where y

is the ion-induced secondary electron emission coeffi-
cient. The fast electron Monte Carlo model is calcu-
lated and yields, among others, the ionization rate of
argon atoms (i.e., the creation rate of argon ions) by
electron impact as a function of axial and radial posi-
tons (R, .0 arl-

This is used in the argon ion and fast atom Monte
Carlo model as the number of argon ions created in the
CDS. The argen ion flux starting at the interface
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Fig. 1. Flowchart of the combined models,

between CDS and NG as a function of radial position,
is obtained from the argon ion-slow electron fluid
model (j, .  (r), see above). Outputs of the argon ion

and fast atom Monte Carlo model are, among others,

the argon ion and atom impact ionization rates (i.e., the
creation rates of electrons, R . aand B, ., o).

Next, the fast electron Monte Carlo model is caleu-
lated again, incorporating these electrons formed by
argon ion and atom impact ionization. With the new
creation rate of argon ions (ie., by electron impact ion-
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ization), the argon jon and fast atom Monte Carlo
model 15 again calculated. This is repeated until conver-
gence is reached (i.e., when the argon jon flux bom-
barding the cathode, calculated in the argon ion and fast
atom Monte Carlo model, does not change anymore),
This is generally achieved after two or three iterations,

The creation rate of the slow electrons (R, ...),
resulting from the electron Monte Carlo model and the
argon ion creation rates {RM, =R, onar+ Riionar +

R, ion ac)s calculated in the electron and argon ion and
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fast atom Monte Carlo models are used as inputs in the
argon ion—slow electron fluid model. This yields new
axial and radial electric field distributions, a new inter-
face between CDS and NG, and new argon ion fluxes
entering the CDS and bombarding the cathode. This
information is again put into the Monte Carlo models.
The whole procedure is repeated until final conver-
gence is reached (ie., generally after five to ten ibera-
tions).

Results of the electron, argon ion, and fast atom
Monte Carlo models and of the argon ion—slow electron
fluid model, which are of importance for the argon

metastable atom fluid model { Ar? model); the excited-

level argon collisional-radiative model ( Ar CR. model);
and for the three copper models are the following.

The electron Monte Carlo model yields the electron
impact ionization, excitation, and deexcitation rates
between all the excited levels (R, .o are e oxc ice
R seenc. ac) which are used as populating and depopu-
lating terms in the argon metastable atom fluid model
and the argon collisional-radiative model. It also gives
the electron impact ionization rate of copper atoms
(R ion co)r which is used as loss term for the copper
atoms and production term for the copper ions in the
copper atom and ion Auid model.

The argon ion and fast atomn Monte Carlo model cal-
culates the argon ion and atom impact ionization, exci-
tation, and deexcitation rates between all the argon
atom levels (R in ace Rt exc. Are Rif, deeac, 4c)» Which are
populating and depopulating terms in the argon meta-
stable atom fluid model and the argon collisional-radi-
ative model. They also give the argon ion and atom flux

energy distributions at the cathode (f, .(0, E) and

Fal0, EN), which are needed to calculate the flux of sput-

tered copper atoms in the copper ion and atom Auid
model.

Finally, the argon ion-slow electron fluid model
yields the argon ion and slow electron densities (n, .

and n, ,,.,), which are exploited in some populating and
depopulating terms of the argon metastable atom fAuid
muodel and the argon collisional-radiative model (i.e.,
electron—argon ion recombination to all levels). More-
over, the argon ion density and the potential distribution
(¥} resulting from the argon ion-slow electron Auid
model are made use of in the copper atom and ion Auid
model for the asymmetric charge transfer ionization
and for the migration component of the copper ion
transport, respectively.

With these input values, the argon metastable atom
fluid model, the argon excited-level collisional-radia-
tive model, and the copper models are solved. The
argon meatastable atom model and the collisional-radi-
ative model for the other excited levels are coupled,
because the population densities of the different excited
levels are connected by the various collisional and radi-
ative processes. Furthermore, the argon metastable
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atom model yields the argon metastable atom density
(Par, peede Which is required for the Penning ionization
rate of the copper atoms in the copper atom and ion
fluid model. Then, the copper models are calculated.
The Monte Carlo model of the copper atom thermaliza-
tion process yields the thermalization profile (Fp,
which is the input in the copper atom and ion fluid
model. Results of the copper atom and ion fluid model
are, among others, the flux of copper atoms entering the

CD5( Jeyr 4 (r)) and the number of copper ions created

in the CDS (R, r,), which are both needed in the cop-
per ion Monte Carlo model. One of the results of the
copper ion Monte Carlo model is the flux energy distri-
bution of the copper ions bombarding the cathode
(f 10, E)). This allows us to calculate the updated

flux of copper atoms sputtered from the cathode used in
the copper atom and ion fluid model. The copper atom
Monte Carlo model, copper atom and ion fluid model,
and copper ion Monte Carlo model are solved itera-
tively until convergence is reached (typically after two
to three iterations). Then, the resulting copper atom
density (np,) is put into the argon metastable atom fluid
muode] for the Penning ionization loss term. The argon
metastable atom fuid model, the argon collisional—
radiative model, and the three copper models are solved
iteratively until convergence, which is typically
reached after two iterations.

Results of the argon metastable atom fluid model,
the argon collisional-radiative model, and the three
copper models, which can in principle influence the
results in the electron, argon ion, and fast atom Monte
Carlo medels and in the argon ion—slow electron fluid
model, are the following.

The argon metastable atom fluid model and the
argon collisional-radiative model yield the argon meta-
stable atom density and the population densities of the
other excited levels, which are used to recalculate the
electron, fast argon ion, and atom impact excitation,
deexcitation, and ionization rates in the electron, fast
argon ion, and atom Monte Carlo models. Moreover,
some of the production and loss terms can influence the
argon ion and slow electron densities in the argon ion—
slow electron fluid model, although this effect is almost
negligible,

The copper atom and ion fluid model yields the cop-
per atom density, which determines the new electron
impact ionization rate of copper atoms in the electron
Monte Carlo model. The copper ion density can influ-
ence the electric field and potential distributions in the
argon ion-slow electron fluid model. The asymmetric
charge transfer ionization term can affect the argon ion
density in the argon ion-slow electron fluid model, and
the three ionization terms of copper can influence the
slow electron density in the argon ion—slow electron
fluid model,

These data are again put into the electron, argon ion,
and fast atom Monte Carlo models and into the argon
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won—slow electron Auid model, and the entire mode] is
solved until final convergence is reached. The effects of
the argon metasiable atom fluid model, the argon colli-
sional-radiative model, and the copper models are,
however, negligible at the discharge conditions investi-
gated in this work. so that final convergence is actually
already reached after one iteration.

The program source codes are written in Fortran,
The caleulations are performed on a Sun Sparcserver
20 workstation. The Monte Carlo models typically take
about 10 min each in simulating about 10 000 particles.
The solution of the coupled equations in the argon ion-
slow electron fluid model requires at least 3 h, The cal-
culations in the argon metastable atom Auid model and
in the copper atom—copper ion fluid model each take
about 1 min, and the collisional-radiative model for the
63 effective levels of the argon atom requires about 1 h.

The whole iteration procedure until final conver-
gence therefore continues several days.

4. RESULTS OF THE MODELS

Table | presents an overview of the typical results
that have been obtained with the models, as well as the
references of papers where more detailed information
can be found. In the following, only some results will
be selected and illustrated as typical examples of the
possibilities of the modals.

Figure 2 presents the two-dimensional copper atom
density distribution throughout the discharge of the
standard cell for analyzing flat samples in the VG000
glow discharge mass spectrometer (VG Elemental,
Thermo Group). The cathode is situated at z = 0, and
the anode is given by the cell walls {i.c.. other bound-
aries of the figure). Moreover, the black rectangles from
z=0.05 1o z = 0.15 cm represent the so-called front
plate of the cell, which is also at anode potential, Cath-
ode and anode are separated by an insulating teflon
ring, which is visualized by the black rectangles from
z=0to 2 =005 cmin the figure, It can be seen that the
sputterad copper atom density reaches a maximum at
about 1 mm from the cathode and decreases gradually
towards the cell walls. Three-dimensional sputtered
atom density profiles have recently been measured for
tantalum atoms with both laser-induced fluorescence
and atomic absorption spectrometry, and the experi-
mental results were in excellent agreement with the cal-
culation results at the same discharge conditions and in
the same geometry [18].

With the models, it is also possible to calculate the
self-consistent potential and electric field distributions
throughout the discharge resulting from Poisson's
equation, as was illustrated e.g., in [3]. The position at
which the potential crosses zero is defined as the inter-
face of cathode dark space (CD5) and negative glow
(NG). In Fig. 3, the length of the CDS is illustrated as a
function of pressure and voltage for typical discharge
conditions encountered in amalvrical glow discharges.
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Fig. . Caleulated two-dimensional density profile of the
sputtered copper atoms (glow discharge conditions: p =
056 torr, V= 1000V, 7= 3 mA).

The CDS length clearly increases with decreasing pres-
sure and only slightly with decreasing voltage. At lower
pressures and voltages, the CDS would fill up the entire
discharge region. These calculated results were com-
pared with an empirical relation between the CDS
length and the current density in the discharge proposed
by Aston [19], and good agreement was reached [4, 13],

With the Monte Carlo models, information can also
be obtained about the energy distributions of the
plasma species. Figure 4 shows the calculated electron
energy distribution as a function of distance from the
cathode at p= 1 torr, V= 1000V, and [ = 2 mA. For the
present purpose, all electrons with energies ranging
from zero to maximum energy (i.e., 1000 eV), and no
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Table 1. Overview of the information that can be obtained with the models

Calculated quantities (+ references for more information)
Electrical current {as a function of voltage and pressure) (4, 13)
3D potential distributions (2.3, 13)
3D axial and radial electric field distributions {2.3,13)
Value of the plasma potential 2,313
Lengths of the different regions (CDS, NG, AZ) 2,313
3D density profiles of
argon ions (2,3, 13)
fast argon atoms (1, 13}
argon metasiable atoms (6,7 8 13)
other argon excited levels )]
fast electrons (1,2,3,13)
thermalized electrons (2,3,1%)
atoms of the cathode material (7. 12,13)
ions of the cathode material (7,12, 13)
(Thermalized argon atoms are assumed to be eniformly distributed throughout the discharge)
Ton fluxes of argon and cathode ions at the exit slit of the cell to the mass spectrometer (14, 15}
Ionization degrees of argon and cathode atoms (12,13
1D energy distributions and mean energies of
electrons (1,2,13)
argon ions (1, 13)
fast argon ions (1, 13)
cathode ions (12,13)
Information about collision processes
D collision rates of the different collision processes of electrons, argon ions, and fast argon atoms and rel-| (14, 13)
ative importance of these collision processes
3D rates of Penning ionization, asymmetrie charge transfer, and electron impact ionization and relative | (7, 12, 13)
contributions to the total ionization of sputtered atoms
3D rates and relative contributions of the various populating and depopulating processes (see text) of the | (6, 7, 8, 13)
metastable and other excited argon levels
[nformation about sputtering
Sputtering {erosion) rates at the cathode (1,12, 13,15)
Thermalization profiles of the sputtered atoms (11, 13)
Amount of redeposition on the cathode by backseattering or backdiffusion (11,13, 16)
Relative contributions of argon ions, fast argon atoms, and cathode ions to the sputtering process (L7, 12, 13)
2D crater profiles due to sputtenng at the cathode (16)
Emission spectra and emission profiles due to radiative decay from the excited levels (8}
Prediction of variations in relative sensitivity factors for GDMS (7

only the fast electron group (see Section 2), are treated
with the Monte Carlo model. At the cathode (z = 0), the
electrons have rather low energies (around 4 eV) but
their energy increases when they move away from the
cathode due to the strong electnc field in the CD3S.
However, they also lose energy by collisions and are

therefore characterized by a complete distribution rang-
ing from thermal to maximum energy, with all energies
of nearly equal probability. Further, in the NG (ie.,
starting from 0.13 cm in the present case), the electrons
do not gain much energy anymore due to the very weak
electric field but they lose their energy more efficiently
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by collisions. Hence, the energy distribution shifis
towards lower energies and a pronounced peak appears
at about 0.4=2 eV. Indeed, when the electrons reach
energies of a few eV, they have a large probability for
electron-electron  Coulomb  scattering  and  they
exchange their energy very efficiently with other elec-
trons, leading to a nearly Maxwellian distribution at
low energies. However, there are still electrons present
with energies ranging up to 1000 ¢V, The energy distri-
bution is similar in the entire NG region, because the
electrons scatter back and forth.

Figure 3 illustrates the argon ion energy distribu-
tion, for different positions from the cathode, calcu-
lated at the same discharge conditions of Fig. 4. The
1ons enter the CDS from the NG (at 0.15 cm) with ther-
mal energy (not presented here), but they gain energy
on their way towards the cathode. However, they also
lose their energy very efficiently due to collisions, so
that their energy distribution decreases more or less
exponentially towards higher energies. Flux energy dis-
tributions of the argon ions bombarding the cathode
have also been measured with a double focusing mass
spectrometer by varying the acceleration voltage and
keeping the magnetic field constant [20], and the results
were in rather good agreement with the present calcu-
lation results,

The “fast” argon atom energy distribution for differ-
ent positions from the cathode and at the same dis-
charge conditions as Figs. 4 and 5 is depicted in Fig. 6,
It is comparable to the argon ion energy distribution,
because the atoms are formed out of the ions by sym-
metne charge transfer and elastic collisions. However,
the energy distribution decreases even more rapidly
towards higher energies, since the atoms cannot gain
energy from the electric field; they can only lose their
energy by collisions. Hence, most fast argon atoms
have really low (nearly thermalized) energies.

From the calculated flux energy distributions of the
species bombarding the cathode, the amount of sputter-
ing at the cathode can be calculated. From Figs. 5 and
G, it appears that the flux of fast argon atoms is defi-
nitely higher than the flux of argon ions, Therefore, it is
expected that the fast argon atoms play a dominant role
in sputtering. This is indeed observed in Fig. 7, where
the relative contributions to sputtering of the fast argon
atomns, argon ions, and copper cathode ions as a func-
tion of voltage and pressure are illustrated. The fast
argon atoms are dominant at all voltages and pressures
(i.e., about 70%). The argon ions always take the sec-
ond place (i.e., about 25-30%). However, the contribu-
tion of copper ions to the sputtering (i.e., called “self-
sputtering™) cannot be neglected. It amounts to about
0.1-5% and clearly increases with voltage and pres-
sure, Indeed, it was found that, at higher voltages and
pressures, the ratio of copper ion to argon ion density
and flux increases [13] and hence the amount of self-
sputtering will rise too.
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Fig. 3. Calculated length of the cathode dark space (depg)
as a function of voltage at three pressures,

Finally, Table 2 lists some information about the
collision processes of electrons, argon ions and, atoms,
which is also obtained from the Monte Carlo models. It
wis calculated that the electrons undergo about 10-24
collisions per cm in the CDS and about 35-900 per cm
in the NG. This high number in the NG is almost
entirely due to the very efficient electron—electron Cou-
lomb scattering; this process is nearly absent in the
CDS, because the electrons gain energy by the electric
field and they have too high energies for efficient elec-
tron—electron scattering. Hence, the number of elec-
tron—tlectron collisions is virtually zero in the CDS and
ranges from 20 to 900 per cm in the NG. The number
of elastic collisions with argon atoms per em is about
5-20 in both CDS and NG. Electron impact ionization
from the ground state level occurs about one to four
times per cm in the CD3S and less than once per cm in
the NG due to the lower energies in this region (and
hence less favorable for ionization). The other pro-
cesses are still less frequent. Integrated over the total
discharge region, electron—¢lectron collisions are by far
the dominant collision processes (ca. 99%, as appears
from Table 2); they are, however, only significant at low
(< a few eV) energies. At higher energies, the elastic
collisions with argon atoms are the most important pro-
cesses: but integrated over all energies, they contribute
only about 0.73%. The other collision processes (ion-
ization, excitation, deexcitation from the different lev-
els, and recombination to the levels) are of still lower
numerical importance, as can be seen from Table 2.

The argon ions undergo about 100-150 collisions
per cm, which means about 15-20 collisions in the
CDS (since the latter was about 0.15 cm long in the
present case). The dominant processes are symmetric
charge transfer (ca. 52%) and elastic collisions with
argon atoms (ca. 46%). Tonization and total excitation
from the ground state level contribute about 0.2 and
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Fig. 4. Calculated flux energy distnbutions of the elecirons as a function of distance from the cathode (glow discharge conditions:
p=1tom V= 1000V, /=2 mA)
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Fig. 5. Calculated flux energy distributions of the argon ions in the CDS as a function of distance from the cathode {glow discharge
conditions: p = | tor, V= 1000V, =2 mA),
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Fig. 6. Catculated flux energy distributions of the fast argon atoms in the CDS as a function of distance from the cathode (glow dis-

charge conditions: =1 torr, V= 1000V, I =2 mA),

1.2%, respectively; and ionization, excitation and deex-
citation from higher levels, and recombination can be
considered negligible. The situation is similar for the
fast argon atoms: they undergo about 40-60 collisions
per cm (hence about 69 collisions in the total CDS).
These are mainly elastic collisions with argon atoms
(ca. 99.4%); ionization and excitation from the ground
state level have a minor contribution (i.e., 0.1 and
0.48%, respectively), and the other processes are again
of minor numerical importance.

The extent to which both the argon ions and fast
atoms give rise to ionization and excitation processes is
only of minor importance compared to symmetric
charge rransfer and elastic collisions. Compared to
electron impact ionization and excitation, these pro-
cesses are, however, not negligible. Indeed, we found
that the maximums in the ionization rates by argon ion
and atom impact ionization are of the same order of
magnitude as the maximum in the electron impact ion-
ization rate at the tvpical discharge conditions of
0.5=1 torr, 1000 V, and a few milliamps [13]. Integrated
over the total discharge region, the relative importances
of these processes to the total ionization of argon were
calculated to be about 89% for electron impact (about
1 5% in the CDS and about 74% in the NG), about 2.5%
for argon ion impact, and about 8.5% for fast argon
atom impact, Hence, in spite of the fact that electron
impact ionization is clearly dominant (since it can
occur in the entire discharge region, whereas argon ion

PLASMA PHYSICS REPORTS Vol 24
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and atom impact ionization only take place close to the
cathode, where the ions and atoms can reach high
enough energies), argon ion and atom impact ionization
are not negligible at the discharge conditions investi-
gated.

..r.l'}'...r:irlﬁ:I
E‘ﬂ_
e Pl Skl o
60 Ar}
— 100 Pa
-==75Pa
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b
201

Cu*
0 ek el
500 T00 M) 1100 1300 V.V

Fig. 7. Calculated contributions 1o sputtering of the cathode
by fast argon aoms, argon ions, and copper cathode ions as
a function of voltage at three pressures.
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Table 2. Number of collisions per em for the electrons, argon ions, and fast argon atoms and relative coniributions of the
differeat collisions processes incorporated in the model (for a glow discharge cell of 2 em Jength and 4 em radius, at | torr

pressure, 1000V discharge voltage, and 2 mA current)

Electrons Argon ions Argon atoms
Total number of collisions, per particle per cm 1024 in CDS 100-150 in CDS 40-60 in CDS
35900 in NG
Relative contribution of individual collisions (%):
electrons: electron—electron scattering 9.0
ions: symmetric charge transfer 323
elastic collisions 0.73 462 004
wnization from # = 1 {ground state) 0.03 0.2 0.08
excitation froma = 1 to 4s (n = 2-5) 0.003 1 0.4
excitation from # = 1 to 4p {n = 6-11) 0.001 0.2 0.07
excitation rom e =1 to 3d, s (n=12-17) 0.001 0.015 .00
excitation from = 1 to Spin= 18, 19) 6 107 0,003 Bx 10
excitation from n = 1 to dd, 65 (n =20, 21) 6x 10 0.003 0.001
excitation from n = | to higher levels Sx 10t 0 0
ionization from 4s (1 = 2-5) 103 2% 1075 7w 10
ionization from dp (n=6-11) 1ot 4 10" 2% 107
ionization from 34, 3s (n= 12-17) 3 10 i Sy 10®
ionization from 5p (n= 18, 19) 5% 1078 Ix 107 L5x 1077
ionization from 4d, &s irr = 20, 21) g x 10-® §x 107 4% 107
ionization from higher levels 2w 107 {1l 5% 1078
idejexcitation within excited levels 1071855 x 107 1ol 1r2-qo-?
__recombination to different levels 1ol 10 b oo

Besides the three above ionization mechanisms, two
other processes incorporated in the model can, in prin-
ciple, be responsible for the formation of argon ions,
1.e., electron impact ionization from the metastable lev-
els and metastable atom-metastable atom collisions
leading to the ionization of one of the atoms. However,
at the discharge conditions of interest to us, both these
processes are found to be only of minor importance
(1.e., contribution of 1% or less).

5. CONCLUSION

A comprehensive modeling network consisting of
different submodels for the various species present in a
glow discharge plasma, has been developed for a DC
glow discharge in argon. This paper presents an over-
view of the different models and explains how the mod-
els are coupled to each other and solved iteratively, in
order to obtain an averall picrure of the glow discharge.
The typical results that can be achieved with the models
are summarized, and some of them are illustrated in
more detail. In general, good agreement is reached
between our calculated results and experimental obser-

vations, which shows that our models present a more or
less realistic picture of the glow discharge plasma.
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