The glow discharge: an exciting plasma!f
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Glow discharges are used in a large number of application fields. Their use as a spectroscopic source for analytical
chemistry is only one application; they are much more widely used for other purposes, such as in the micro-
electronics industry and in materials technology, and also as lasers, various kinds of light sources, and in the new
upcoming plasma displays. In this review we will give a brief overview of these applications. In order to improve the
results in these application fields and, in general, to obtain a better understanding of the plasma processes, various
modeling approaches for glow discharges, mainly for the non-analytical applications, have been described in the
literature, of which a brief overview will be given here. Finally, our own modeling network, which is specifically
applied to analytical glow discharges, will be briefly described and some typical results will be shown.

1 Introduction

The glow discharge is a kind of plasma, which means a
partially ionized gas consisting of nearly equal concentrations
of positive and negative charges and a large number of neutral
species. The glow discharge is formed in a cell filled with a
gas (inert or molecular gas) at low pressure. By applying a
potential difference between two electrodes, which can either
be inserted in a cell or form the cell walls, the glow discharge
plasma is created. Indeed, owing to the potential difference,
atoms of the discharge gas are ionized to yield free electrons
and positively charged ions, which is called ‘gas breakdown’.
The positive ions are accelerated towards the cathode of the
glow discharge, where they can release electrons upon bom-
bardment, called ‘secondary electron emission’. The electrons
arrive in the plasma, and can give rise to collisions with the
gas particles, the most important collisions being excitation
and ionization of these gas particles. The excitation collisions,
and the subsequent radiative decay to lower levels, result in
the characteristic light of the ‘glow’ discharge (i.e., blue in the
case of argon). The ionization collisions create new ions and
electrons. The ions can again release electrons from the cathode
material; the electrons can, in turn, give rise to new ionization
collisions, creating new ion—electron pairs. This electron—-ion
multiplication process makes the glow discharge a self-
sustaining plasma. More information about the operating
principles and characteristics of glow discharge plasmas can
be found, e.g., in ref. 1-5.

Glow discharges are used in a large number of application
fields, ranging from analytical chemistry (which constitutes
only a small fraction), to the micro-electronics industry, and
also as lasers, light sources, displays, and many other (minor)
applications. In this review, we will give a brief overview of
these applications, to illustrate that the glow discharge is really
an exciting plasma.

Further, to improve the results in the various application
fields, a good understanding of the glow discharge processes
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is desirable. This can be obtained, among others, by mathemat-
ical modeling. An overview of the different modeling
approaches described in the literature for various kinds of
glow discharges will be presented here.

Finally, the insights obtained by the modeling approach
make the study of glow discharges very exciting in itself. This
will be illustrated by explaining our own modeling network
for an analytical glow discharge and the presentation of some
typical results.

2 Applications of glow discharges (and related
discharges)

As mentioned above, glow discharges are used in a whole
range of applications, and not only for analytical chemistry.
In order to put the analytical glow discharge in a broader
perspective, we will give here an overview of the various (most
important) applications.

2.1 Analytical chemistry

The use of the glow discharge for analytical chemistry is based
on the principle of ‘sputtering’. The material to be analyzed
(generally solid samples) is used as the cathode of the glow
discharge. The bombardment of positive ions (and other
plasma species) at the cathode does not only release secondary
electrons, but also atoms of the cathode material, which is
called ‘sputtering’ (i.e., ‘sand-blasting’ at the atomic level).
The atoms of the cathode material arrive in the glow discharge
plasma and are subject to collisions with electrons and with
other plasma species. The ionization collisions create ions of
the cathode material, which can be measured with a mass
spectrometer, giving rise to ‘glow discharge mass spectrometry’
(GDMS) (e.g., ref. 5 and 6). The excitation collisions, and the
subsequent radiative decays, emit characteristic photons of the
cathode material, which can be detected with an optical
emission spectrometer, resulting in ‘glow discharge optical
emission spectrometry’ (GD-OES) (e.g., ref. 7 and 8). Further,
the atoms of the cathode material can also be probed directly
by an external light source, making ‘glow discharge atomic
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absorption and fluorescence spectrometry’ possible (GD-AAS®
and GD-AFS!?).

In order to minimize the effect of spectral interferences and
contaminations due to reactions with the plasma gas, a high
purity inert gas (mainly argon) is standardly used. The glow
discharge is particularly well-suited for the analysis of solid
conducting materials (e.g., ref. 11 and 12), but also semi-
conductors (e.g., ref. 13 and 14), non-conductors (e.g., ref. 15
and 16), and even liquids'” and gases,'® can be analyzed.
Moreover, owing to the concept of ablating the cathode
material layer after layer, the glow discharge, especially in
combination with OES, is routinely and successfully used for
depth-profiling (e.g., ref. 19 and 20). Various operation modes
of glow discharges are used in analytical chemistry. The most
frequently used and simplest one is the direct current (dc)
mode, but other operation modes are becoming increasingly
popular, such as the radiofrequency (rf) mode (e.g., ref. 21
and 22), the milli- or microsecond pulsed mode (e.g., ref. 23
and 24), the magnetron assisted®>*® or the microwave
boosted?” glow discharge. Since the analytical application of
glow discharges is generally known by analytical chemists, we
will not go into more detail, but more information can be
found in the above references and in two recent books about
analytical glow discharge spectrometry.”-?8

2.2 The micro-electronics industry and materials technology

This application field is the largest and probably most
important one for glow discharges and related low pressure
discharges.®2°732 Indeed, the glow discharge is used for etching,
modification, pre-treatment and cleaning of surfaces, and for
deposition of thin films on substrates. The two most important
applications, ie., etching and deposition, will be described
here in more detail.

2.2.1 Etching. In the micro-electronics industry, glow
discharge plasmas are often used for etching of surfaces, in
order to generate topographical patterns on chips, as an
alternative to wet chemical etching.®3* The principle is as
follows® (see Fig.1): Suppose that one wishes to open a
‘window’ in a layer of SiO,, to expose a feature on a silicon
wafer. This can be done by applying a photoresist with an
opening of the same size as the desired window [Fig. 1(a)].
Then, the oxide layer is exposed to the discharge, and the part
not shielded by the photoresist is etched away [Fig. 1(b)].
Finally, the photoresist is removed [Fig. 1(c)]. An advantage
of plasma etching is that the material can be etched vertically®
[also called ‘anisotropically’; see Fig. 2(a)], in contrast to wet
chemical etching, where the material is always etched iso-
tropically [see Fig.2(b)] and a serious problem of non-
uniformity can occur.
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Fig. 1 Principle of etching: (a) a photoresist with suitable opening is
placed on top of the material to be etched; (b) the SiO, material is
etched away; (c) the photoresist is removed.
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Fig. 2 Example of ‘anisotropic’ (or ‘directional’ or ‘vertical’) etching
(a) and ‘isotropic’ etching (b).

Etching of surfaces by glow discharge plasmas can be
performed in two distinct ways. In ‘sputter-etching’ the mate-
rial is etched away due to the sputter-bombardment of plasma
ions and atoms. This can be carried out with argon as discharge
gas, and the mechanism is identical with sputtering in analytical
chemistry. However, more frequently, semiconducting mate-
rials in the micro-electronics industry are being etched in
so-called ‘plasma-etching’ (e.g., ref. 34—-37). A reactive plasma
gas is then used, and the material is etched away due to
chemical reactions at the surface. The most typical example is
the etching of a Si or SiO, surface by a CF, plasma (see
Fig. 3).3 F° radicals from the plasma bombard the surface and
react with Si to form the volatile SiF,, which escapes from
the surface, leaving a crater in the Si surface.

2.2.2 Deposition of thin films. Deposition of a layer on a
substrate is not only of importance in the micro-electronics
industry, but also in materials technology.®® As with etching,
deposition can also be performed in two ways.

In ‘sputter-deposition’ the atoms sputtered from a target
arrive in the discharge plasma where they can diffuse and be
deposited on a substrate (e.g., ref. 39-44). The principle of
sputtering is again similar to analytical chemistry, and argon
is often used as the discharge gas. To enhance the sputter-
deposition, this technique is often carried out in magnetron
discharges, in industrial applications. Fig. 4 shows the under-
lying mechanisms of magnetron sputtering. The magnetron
discharge consists also of two electrodes, with an electric field
between them. Moreover, a magnetic field is applied at the
cathode surface. The latter forces the electrons to move in
closed loops around the magnetic field lines (see Fig. 4).
Hence, they cover a much longer pathlength than in a glow
discharge without magnetic field, giving rise to more ionization.
Therefore, magnetron discharges can operate at much lower
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Fig. 3 Principle of plasma etching of silicon by a CF, plasma.
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Fig. 4 Schematic diagram of a magnetron sputtering discharge.



pressures (of the order of 1-10 Pa) for the same electrical
current. Similar to a simple dc glow discharge, the Ar* ions
are accelerated to the cathode by the strong electric field, and
they sputter away cathode (target) atoms. The latter arrive in
the plasma and can be deposited on the substrate. The
transport of the target atoms to the substrate is generally
much more efficient due to the lower operating pressure of the
magnetron discharge, and hence the virtual absence of scat-
tering elastic collisions.

In addition, ‘plasma-deposition or plasma enhanced
chemical vapor deposition (PE-CVD)’ is often applied for
important industrial applications. The discharge gas is then a
reactive gas, and due to chemical reactions in the plasma
(ionization, dissociation, ...) various kinds of radicals and ions
are formed, which can diffuse to a substrate and be deposited
(due to chemical surface reactions). A common example is the
deposition of diamond-like-carbon layers (DLC, or amorph-
ous hydrogenated carbon; a-C:H) in a CH,—H, plasma, for
the formation of protective hard coatings, to reduce wear
and/or friction, or for anti-sticking purposes (e.g., ref. 45-47).
Another application is the deposition of amorphous hydro-
genated silicon layers (a-Si: H) from a SiH,~H, plasma, used
for the fabrication of thin film transistors, xerographic mate-
rials, solar cells, etc. (e.g., ref. 48-50). The principle of the
deposition of DLC layers is illustrated in Fig. 5. It is usually
carried out in a plasma containing a mixture of CH, and H,.
However, in addition to these two gases, also other species
are present in the plasma, such as electrons, and various kinds
of ions and radicals, which are mainly formed by electron
impact ionization and dissociation of CH, and H,. These
species can be deposited on the substrate, and lead to the
formation of a DLC film. It is suggested that the CHj; radical
is the most important film-growing species for DLC layers.>!

Various types of discharges are nowadays being used for
the deposition and etching of surfaces. In addition to the most
simple direct current (dc) glow discharge, the capacitively
coupled radiofrequency (CC rf') glow discharge is also popular,
especially for the etching and deposition of non-conducting
materials. However, the latter operation mode is not so
advantageous for up-scaling to larger reactors (which is a new
tendency in materials technology), due to the high cost of
large rf-generators. Therefore, the pulsed dc operation mode,
and the (lower than rf-frequency) alternating current (ac)
discharges are attracting increasing interest. As mentioned
before, also the magnetron discharges are frequently used for
industrial applications of thin film deposition. Finally, some
new, high plasma density sources are becoming more and
more popular, of which the electron cyclotron resonance
(ECR) source and the inductively coupled plasma (ICP) are
the most well-known. In the ECR source (e.g., ref. 34, 36 and
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Fig. 5 Schematic diagram of plasma enhanced chemical vapor

deposition (PE-CVD) for the deposition of diamond-like-carbon
(DLC).
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52), a magnetic field is applied to the discharge, which forces
the electrons to cycle around the magnetic field lines with a
certain frequency. When microwave energy of the same fre-
quency (i.e., 2.54 GHz) is applied to the discharge, a resonance
effect occurs, which leads to very efficient energy-pumping into
the plasma. In the ICP source (e.g., ref. 35, 53 and 54), the
rf-energy is not capacitively but inductively coupled to the
plasma, by means of an external coil. The principle of inductive
coupling is, hence, similar to the analytical ICPs, but the
essential difference is the pressure. Indeed, in contrast to the
analytical ICPs, the technological ICPs operate in the pressure
regime of a few mTorr, and are hence far from thermodynamic
equilibrium, which is in fact a common characteristic of all
low pressure discharges.

2.3 Lasers

Various types of lasers are also based on glow discharge
plasmas. The lasers most closely related to the analytical glow
discharges are the so-called ‘metal vapor ion lasers’ (e.g.,
ref. 55-62). An inert gas (helium, neon or argon) is used as
the discharge gas, and atoms of a transition metal are intro-
duced into the discharge, either by evaporation or by sputtering
as in analytical chemistry. Typical examples are He—Cd,
He-Zn, He-Hg and Ne-Cu lasers. Population inversion,
necessary for laser action, is attained by asymmetric charge
transfer between the discharge gas ions and the sputtered
atoms (e.g.,, Ne* +Cu®->Ne’+Cu*). The discharge type is
generally a dc hollow cathode discharge.

Another type of glow discharge with laser properties, based
on a neon—copper mixture, is the ‘copper vapor laser’ (e.g.,
ref. 63-67). The discharge type is the positive column of a dc
or pulsed discharge. In this case, population inversion for laser
action is caused by simple electron impact excitation. The
latter process is much more efficient to the Cu® 3d'° 4p 2P,
and ?P;, levels than to the lower lying 3d° 4s* 2D, and *Ds),
levels, which gives population inversion of these levels,
resulting in Cu atomic laser lines at 510.6 and 578.2 nm.

Further, laser action can also be reached in other discharge
types, of which the excimer lasers®®®° (e.g., Ar,, ArF, XeCl,
KrF, ...) and the CO, lasers’® are two common examples.

2.4 Lamps

Since the glow discharge emits light due to excitation and
subsequent radiative decay to lower levels, it is clear that it is
also being used for lighting purposes,”™"* e.g., the fluorescent
lamps, the neon lamps (in illuminated advertisements) and the
xenon lamps (in modern cars). Also worthy of mention are
the new types of electrodeless induction lamps, which are
atmospheric pressure ICPs (e.g., ref. 74-78). An example of
the Philips QL lamp, with the plasma outside the induction
coil instead of inside, is shown in Fig. 6.77-78 It consists of a
coil of 15 windings with a ferrite core (the antenna) surrounded
by a bulb. An rf-generator (not depicted) feeds the coil with
an alternating current of 2.65 MHz and an amplitude of
typically 1 A. This induces a plasma current of approximately
10 A. The power delivered by the rf-generator is held constant
at 80 W. The bulb contains a mixture of argon and mercury.

s Uncoated bulb
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Fig. 6 Schematic diagram of the Philips QL lamp.”®
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Fig. 7 Schematic diagram of a micro-discharge for plasma display
panels.

As in all fluorescent lamps, mercury is the active species in the
lamp, ie., most of the inelastic collisions take place between
free electrons and mercury atoms. The argon has to be present
as a buffer gas; otherwise the gas pressure would be too low
and electrons and ions would easily diffuse to the wall, where
recombination takes place. The great advantage of this lamp
type (as well as of the other types of electrodeless lamps) is
that reactions between the electrodes and the plasma are
avoided, leading to much longer lifetimes of the lamp.

2.5 Displays

Another growing field of application is the display technology.
The so-called ‘plasma display panels (PDPs)’ (e.g., ref. 79-82),
which are attracting increasing interest as television screens,
are based on several micro-discharges. Such a micro-discharge
consists of two electrodes both covered by a dielectric layer
and a MgO layer, and separated by, e.g., 0.1 mm. Two kinds
of electrode designs are now being used. In the ‘matrix-
electrode design’, a number of line and column electrodes,
placed orthogonally to each other, are deposited on two
parallel glass plates. A discharge is formed at each intersection
of the line and column electrodes. In the ‘coplanar-electrode
design’, two perpendicular sets of parallel electrodes are
deposited on the glass plates, but the discharges now occur
between two electrodes on the same plate, and can be triggered
by the electrode on the other plate. The dielectric barriers are
used to avoid optical and electrical interaction between neigh-
boring cells. A typical discharge gas is a mixture of Xe—Ne
(in a ratio of 10:90) at a pressure of ca. 500 Torr. The
discharge voltage is typically of the order of 200V, and is
applied as an alternating current (ac) square wave voltage.
The latter is required by the dielectric layers on top of the
electrodes, to avoid charging-up of the electrodes. One of the
two electrodes is also covered with phosphors, which convert
the UV light emitted by the discharge plasma into visible light.
A picture element in a display consists of three discharge cells
next to each other, coated with phosphors in the three funda-
mental colors. A schematic diagram of such a micro-discharge
in the matrix-electrode design is shown in Fig. 7.

Another type of display making use of plasmas is the plasma
activated liquid crystal (PALC) display. In contrast to the
PDPs, the plasma is here not used as a light-emitter, but is
applied as an electrical switch for the liquid crystal, because it
can conduct electrical current.

3 Modeling approaches

In order to improve the results in all these application fields,
a good insight into the discharge processes is desirable. This
can be obtained by measurements in the plasma (i.e., plasma
diagnostics), but also by mathematical modeling. A number
of different modeling approaches exist for the description of
glow discharges.

In the ‘analytical model’,%*84 the plasma quantities are
calculated as a function of discharge conditions (pressure,
voltage, current, power) by analytical scaling laws. This gives
a rapid prediction of the glow discharge, but the approxi-
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mations made to deduce the scaling laws are often only valid
for certain conditions.

In the ‘fluid model’,3%-8 the plasma species are considered
as a fluid, in equilibrium with the electric field. They are
described with the first (three) moments of the Boltzmann
equation, i.e., the particle continuity, momentum balance, and
energy balance equations. When this model is used for charged
plasma species, the above-mentioned equations are often
coupled to Poisson’s equation, to obtain a self-consistent
electric field distribution throughout the discharge. Such model
calculations are also fairly fast (although it can be tricky to
solve the coupled non-linear differential equations), but it is
also only an approximation. Indeed, the assumption of equilib-
rium with the local electric field is not valid for the fast
electrons in the discharge, because they gain more energy from
this field than they lose by collisions.

In the ‘Boltzmann model’,%”-88 the non-equilibrium behavior
of the particles is accounted for, and they are described with
the full Boltzmann transport equation, with different terms
describing the energy gain from the electric field and the
energy loss due to collisions. However, a disadvantage of this
model is that it becomes mathematically very complicated,
especially when the glow discharge is being described in more
than one dimension.

In the ‘Monte Carlo model’,%*°° the plasma species are
treated as separate particles. Their trajectory in the electric
field is calculated by Newton’s laws and the collisions (i.e.,
occurrence and kind of collision, and new energy and direction
after collision) are handled by random numbers. By following
in this statistical way a large number of particles, the glow
discharge can be simulated. This model is the most accurate
one, because it describes the behavior of the separate particles
explicitly. Moreover, it is mathematically very simple.
However, in order to reach satisfactory statistics, a long
calculation time is required, especially when slow particles
(such as slow electrons and ions, or neutral atoms) are being
described. Moreover, this model requires a certain electric field
distribution as input value, and hence it does not give a
self-consistent description of the glow discharge.

This problem is overcome in the ‘particle-in-cell mode
which couples a Monte Carlo calculation of the trajectory and
collisions of the particles, to the Poisson equation, in order to
obtain a self-consistent electric field distribution. This is an
additional advantage, next to the inherent advantages of the
Monte Carlo model (i.e., being accurate and simple). However,
it requires an even longer calculation time than a pure Monte
Carlo model, because (i) a large number of particles have to
be followed for valid statistics, and (ii) a very small time-step
is needed for the solution of the Poisson equation.

Hence, each of the models has its particular advantages and
disadvantages. Therefore, ‘hybrid models’®>~° are sometimes
used, which consist of an accurate but computationally inten-
sive model (e.g., Monte Carlo) for some plasma species (e.g.,
fast electrons) and a model which yields fast calculations but
is only approximate (e.g., fluid model) for other species (e.g.,
neutral atoms, for which the approximation is valid). Hence,
this model has, in principle, the advantages of both models
(i.e., being both accurate and making the calculations reason-
ably fast) and no real disadvantages (although it can still
require a fairly long calculation time). It is interesting to note
that typical computation times can vary from a few minutes
(for the simple analytical approaches) to several days (for the
hybrid Monte Carlo—fluid models and the particle-in-cell
methods).

Finally, another model worthy of mention is the so-called
‘collisional-radiative model’®°" used for plasma atoms or ions
in excited levels. It is, actually, a kind of fluid model, consisting
of coupled continuity (or balance) equations with various
production and loss terms. Because the production and loss

° 91,92
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processes of these excited levels are of a collisional or radiative
nature, this model is called a collisional-radiative model.

In the literature, a large number of models have been
presented. Most of these models apply to discharges used for
etching and deposition (e.g., ref. 83-89 and 91-94). Apart
from obtaining a better general understanding, which is always
one of the aims of modeling, the ‘uniformity issue’ in the case
of etching is an important incentive for these models. It is,
indeed, important to have anisotropic etching [see Fig. 2(a)],
in order to obtain perfectly vertical crater walls, which are
uniform across the entire wafer. Moreover, for the deposition
of thin layers in materials technology, up-scaling to larger
reactors is nowadays a real challenge. This up-scaling is still
often carried out by trial-and-error. However, building larger
reactors by trial-and-error is very expensive and often time
consuming. Therefore, modeling can present a solution, i.e.,
in the model, the effect of a larger cell geometry is predicted
prior to building the new reactor cell. NIST, for example, has
an entire program devoted to the establishment of etching/
deposition system standardization.

Further, because the plasma display panel technology is one
of the promising new applications of glow discharges, a lot of
modeling is now also devoted to this type of micro-discharge.”®
The aim is to study effects of the geometry such as electrical
or optical interaction between adjacent cells (cross-talk prob-
lems in high resolution displays) or the sensitivity of the
display to defects such as electrode misalignment. Another
main challenge is the improvement of the luminous efficiency,
which is at the moment still rather low.*®

For the prediction of optimization of the light intensity and
luminous efficiency of lamps, some models are also being
developed for this application (e.g., ref. 74—77 and 99). These
models consist, for example, of collisional-radiative models,
to describe the behavior of excited levels and hence to calculate
the light emission. Similarly, some models are also being
developed for the description of gas discharge lasers (e.g.,

Table 1 Species assumed to be present in the plasma, and models used
to describe these species

Species Model

Thermal argon No model, assumed uniformly distributed
gas atoms
Fast electrons
Slow electrons

Argon ions

Monte Carlo model (entire discharge)

Fluid model (entire discharge)

Fluid model (entire discharge)

Monte Carlo model (cathode dark space)
Monte Carlo model (cathode dark space)
Collisional-radiative model (entire discharge)

Fast argon atoms
Argon atoms in
excited levels
Sputtered atoms:
thermalization
Sputtered atoms
+ions, in ground
state +excited levels
Sputtered ions

Monte Carlo model (entire discharge)

Collisional-radiative model (entire discharge)

Monte Carlo model (cathode dark space)

Table 2 Typical quantities calculated for a dc glow discharge

Fundamental plasma quantities:
Densities, fluxes and energies of the various plasma species
Information about collision processes in the plasma
Information about interaction at the cell walls (e.g., sputtering)
Potential and electric field distributions in the plasma
Current—voltage—pressure characteristics

Quantities of direct importance for analytical applications:
Optical emission intensities and ion intensities
Explanation of variations in relative sensitivity factors
Crater profiles and erosion rates
Prediction of effect of cell geometry

ref. 66, 67, 90, 95 and 97), in order to optimize the laser
output power and laser gain.

Finally, glow discharges used for analytical purposes have
also recently become the subject of modeling (e.g., ref. 100
110), for example, for understanding variations in relative
sensitivity factors in GDMS,!!! for the calculation of ion
intensities and optical emission intensities,'!*!1® for crater
optimization in GD depth-profiling,''* and for the prediction
of the effect of the cell geometry.'!5116 In the next section, we
will briefly present our own hybrid model set-up for analytical
glow discharges.

4 Hybrid model of analytical glow discharges

In previous years, we have developed a comprehensive hybrid
model for a dc glow discharge in argon, and a similar model
for an rf discharge in argon is currently under development.
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Fig. 8 Sputtered tantalum atom densities, calculated (a) and measured
by laser induced fluorescence (b), for a six-way cross glow discharge,
at 1000 V, 1 Torr and 2 mA (reprinted from ref. 117 with permission
from Elsevier Science).
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This hybrid model consists of various sub-models (i.e., Monte
Carlo, fluid and collisional-radiative models) for the various
species present in the glow discharge. Table 1 gives an overview
of the species described in the hybrid model and the sub-
models used to describe these species. The Monte Carlo models
are developed in three dimensions; the fluid and collisional-
radiative models are only two-dimensional, because, owing to
the cylindrical symmetry of the discharge cells under consider-
ation, the three dimensions in the equations could be reduced
to two dimensions (axial and radial direction). More infor-
mation about these models can be found, e.g., in ref. 100-105
and 107-110. In the following, some results of the models will
be presented.

4.1 Modeling of a dc glow discharge in argon

The typical quantities that we have calculated for a dc glow
discharge are summarized in Table 2. A few examples will be
outlined here. Fig. 8(a) shows the calculated sputtered tanta-
lum atom density for a six-way cross glow discharge at 1 Torr,
1000 V and 2 mA. A schematic picture of a six-way cross set-
up can be found in ref. 117. The black thick line at z=0 and
around r=0 symbolizes the cathode; the other figure borders
represent the cell walls which are at anode potential. To check
the validity of this model, the calculated results were compared
with experimental data, measured by laser induced fluorescence
spectrometry [see Fig. 8(b)].!'7 In general, there is satisfactory
qualitative and quantitative agreement (only a factor of 2
difference, which does not exceed the expected uncertainties
of both modeling and experimental results).

Fig. 9(a) shows a calculated optical emission spectrum of
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the argon atoms in a glow discharge at 1 Torr, 1000 V and
2 mA."? The spectrum is clearly dominated by peaks in the
700-1000 nm region, ie., the so-called red lines. Also, the
experimental Ar(I) spectrum is clearly dominated by these red
lines, as follows from Fig. 9(b)!'? (adopted from tabulated
values for a hollow cathode glow discharge at 150 mA and
1 Torr!'®). Although the discharge conditions of the calculated
and experimental results are significantly different, and
although the experimental data were not corrected for spec-
trometer response, similar trends in the relative line intensities
in both spectra are observed.

Another calculated quantity, of interest for GD depth-
profiling, is the crater profile due to sputtering at the cathode,
as is presented in Fig. 10(a) (calculated for the VG9000 flat
cell, at 0.75 Torr, 800 V and 4 mA).'* The calculated crater
is much deeper at the sides than in the center, and the crater
walls are not completely vertical. Moreover, there appears to
be some accumulation of sputtered material just outside the
crater. The calculated crater is a good prediction of the
experimental crater at similar discharge conditions and for the
same cell geometry, as is presented in Fig. 10(b).1*° Indeed,
also, the measured crater is much deeper at the sides than in
the center, has non-vertical crater walls and there is some
accumulation of sputtered material outside the crater. Also,
the absolute values of the crater depth are in satisfactory
agreement. This example illustrates that the model is able to
reproduce more or less the experimental crater profiles. Hence,
the effect of the cell geometry and discharge conditions on the
crater profile to be expected, can, in principle, be predicted.

Finally, a last example for the dc discharge, to illustrate the
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Fig. 9 Argon atomic optical emission spectra, calculated for a six-way cross glow discharge at 1000 V, 1 Torr and 2 mA (a), and measured in a
hollow cathode glow discharge at 150 mA and 1 Torr (b)!!*® (reprinted from ref. 112 with permission of Elsevier Science).
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Fig. 10 Crater profile due to sputtering at the cathode, calculated for
the VG9000 glow discharge cell at 800 V, 0.75 Torr and 4 mA (a),''*
and measured for the same cell at 750 V and 3 mA (b).!14119

ability of the models to predict the effect of the cathode
geometry, is presented in Fig. 11(a) and (b).!1® They show the
calculated copper ion density profile in a cell with a flat or
pin-type cathode. In the flat-cathode cell, the maximum copper
ion density is reached at the cell axis, at about 5 mm from the
cathode. In the pin-cathode cell, the maximum is not reached
at the cell axis, but in a ring around the pin-cathode, at about
5 mm from the pin surface. This rather distinct distribution is
in excellent agreement with the calculation results of Fiala and
co-workers.'° From this, also the ion currents to the mass
spectrum can be calculated and compared for the flat-cathode
and pin-cathode cells. Of course, not only the effect of the
cathode geometry, but also of the cell geometry, can be
obtained from the model calculations. Hence, the models can
be useful for new cell design.

4.2 Modeling of an rf discharge in argon

In principle, the same quantities that have been calculated for
a dc glow discharge can also be obtained for an rf discharge,
and such a hybrid model is currently under development. At
present, the electrons, argon ions and fast argon atoms have
been described by a combination of Monte Carlo and fluid
models. The quantities that have been calculated up to now
comprise the potential and electric field distributions, the rf
and dc bias voltages, the densities, fluxes and energy distri-
butions of the electrons, argon ions and argon atoms, infor-
mation about collision processes in the plasma, etc. Some
selected examples will be illustrated here.

Fig. 12 shows the potential at the rf-electrode (i.e., the
sample) as a function of time in the rf-cycle, at typical rf-GD-
OES discharge conditions (5 Torr gas pressure, 10 W power).
It is negative (i.e., plays the role of cathode) during most of
the rf-cycle, due to a negative dc-bias (V). The latter is
caused by the difference in area of the rf-powered electrode
(i.e., sample) and the grounded electrode (i.e., cell walls). The
potential at the rf-electrode is only positive around n/2. This
calculated waveform is in excellent qualitative agreement with
experimentally measured waveforms.'?® The plasma potential
is also plotted as a function of time in the rf-cycle in Fig. 12
(Vplasma; dashed line). It is equal to the potential at the

E-U‘x"""'L‘\;""' (a)

@\l nlem™
3|\ 4E+010

|| {3E+010
' — 2E+010
\ —1E+010
‘ — 5E4009
| |1 H2E+009
gl H{1E+009
& |/ -5E+008

] /| 1 0E+000
-1.0 /1t
T——1E+010

05
Cathode |

0.0

i &
2.0 — :
e 00 05 10
8
B~ (b)
|, 2.0E+008 —
1.5:,"/[* \'_a -
4 », \
:!l %}HII"
1.0- |\ 4
| | nfem
|| 3.2E+009
05|\ J ‘ L ®30E+009
Cathode \_L _ g 2.5E+009
' 1 2.0E4009
H| - 1.0E+009
\I'|' — 5.0E+008
L {2.0E+008
- 1.0E+008
10.0E+000

|
0.5 1.0
zlem

Fig. 11 Copper ion densities, calculated for a cell with flat-type (a) and
pin-type (b) cathode, at 1000 V, 2.2 mA, 1 and 0.7 Torr, respectively
(reprinted from ref. 116 with permission from Elsevier Science).

rf-electrode around 7/2, and decreases to a nearly constant
value of about 40 V during most of the rf-cycle.

The two-dimensional potential distribution, at four different
times in the rf-cycle, is illustrated in Fig. 13. The rf-powered
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Fig. 12 Potential at the rf-electrode (Vif.eiectroqe; SOlid line), plasma
potential (Vp,sma; dashed line), and dc bias voltage (Vg dotted line),
as a function of time in the rf-cycle, at 5 Torr and 10 W.

electrode is at the left side of the figure, whereas the other
boundaries of the figure represent the grounded electrode. At
n/2, the potential is positive at the rf-electrode, and also
throughout the largest part of the cell. It goes, of course, to
zero at the grounded cell walls. At the other times in the
rf-cycle, the potential is very negative at the rf-electrode, as
was expected already from Fig. 12. It crosses zero at about
1 mm from the rf-electrode and is positive in the remainder of
the plasma. The position where the potential crosses the zero
line is defined here as the interface between the rf-sheath and
the bulk plasma. Except at n/2, the rf potential distribution
resembles very much a dc potential distribution (see, e.g.,
ref. 104 and 115).

Also, the rf argon ion density profile, depicted in Fig. 14, is
very similar to a dc argon ion density profile (e.g., ref. 104
and 115), especially when calculated for the same cell
geometry. It is low in the rf-sheath, and reaches a maximum
at about 3 mm from the rf-electrode (i.e., in the beginning of
the bulk plasma) and then it returns to low values at the
anode walls. More information about our recent calculation
results for an rf discharge in argon can be found in ref. 121
and 122.
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Fig. 14 Two-dimensional argon ion density profile throughout the
discharge (constant during the entire rf-cycle) at 5 Torr and 10 W.

5 Conclusion

We have tried to illustrate that numerical modeling of glow
discharges (and fundamental research in general) is an interes-
ting field of study, because it gives a better insight into the
complex plasma processes, and it can improve the analytical
capabilities of the glow discharge. Moreover, glow discharges
are increasingly being applied in fields other than analytical
chemistry, i.e., in the micro-electronics industry, as lasers, light
sources, displays, efc. Since the number of applications of
glow discharges is still growing [e.g., also for environmental
applications, such as the plasma abatement of perfluoro com-
pounds (PFCs), the plasma decomposition of NO,, the exhaust
gas treatment by dielectric barrier discharges, for ozone gener-
ation in corona streamers, efc.], and since the existing appli-
cations (especially in the micro-electronics industry and
materials technology, and for lasers and plasma displays) are
becoming increasingly important, we can conclude that glow
discharges are indeed very exciting plasmas with a bright
future!

We expect that future efforts will be directed, among others,
to developing new discharge configurations and optimizing
existing types, with still higher plasma densities, better uni-
formity and higher efficiencies, for still better application
results. To reach this, model predictions will remain very
powerful tools, both accurate models which can describe
specific effects and details, but also more simple models which
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Fig. 13 Two-dimensional potential distributions throughout the discharge, at four times in the rf-cycle, at 5 Torr and 10 W.
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can be employed e.g., by industrial users, to give a rapid
prediction of the plasma behavior.
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