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A comprehensive three-dimensional modeling network has been developed both for argon glow discharges
operating in the direct current (dc) and in the radio-frequency (rf) mode. The model network consists of
various Monte Carlo, fluid and collisional-radiative models to describe the behavior of the electrons, argon
atoms, argon ions, fast argon atoms, argon atoms in various excited levels, sputtered copper atoms and the
corresponding ions, both in the ground state and in various excited levels. Typical results of the simulations
comprise the electrical characteristics of the glow discharge, the densities, fluxes and energies of the various
plasma species, information about collisions in the plasma, optical emission intensities and erosion rates due to
sputtering. The results for the dc and the rf discharges have been compared. It is found that for the same input
power (i.e., power effectively going into the plasma) and pressure, the rf discharge requires lower voltages than
the dc discharge, in agreement with experimental data. The erosion rates and optical emission intensities are,
however, rather similar in both operation modes, which is also in agreement with experiment.

1 Introduction

Although direct current (dc) glow discharges are still
commonly used in analytical spectrometry, interest is also
shifting to radio-frequency (rf) discharges, mainly because they
allow the direct analysis of non-conducting materials, and,
therefore, they widen the application field of glow discharge
mass spectrometry (GDMS) and optical emission spectrometry
(GD-OES) to a larger variety of sample types. In order to
obtain a better understanding of the operating principles of rf
and dc glow discharges, we have developed a hybrid modeling
network, consisting of Monte Carlo, fluid and collisional—-
radiative models for the various plasma species. Such a model
network has initially been developed for a dc discharge,' and
more recently been adapted to an rf discharge. After a brief
description of the model network, the present paper will mainly
deal with a comparison of the calculation results obtained for a
dc and an rf discharge, and we will check this with experimental
data when available.

2 Description of the model network

The species assumed to be present in the plasma and considered
in the model network are argon atoms, argon ions, fast argon
atoms created from the argon ions by collisions, argon atoms in
various excited levels, electrons, sputtered copper atoms and
the corresponding copper ions, in the ground state and also in
various excited levels. These plasma species are described by a
combination of Monte Carlo, fluid and collisional-radiative
models, depending on the type of species, because each of the
models has its specific advantages and drawbacks. Indeed, the
Monte Carlo method is very accurate, since it describes the
particles on the lowest microscopic level without equilibrium
assumptions; however, it requires a long computation time,
especially for “slow” plasma species, because a large number of
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particles has to be followed to yield satisfactory statistics. The
fluid approach, on the other hand, which is based on the
continuity and transport equations, is considerably faster.
However, since it treats the species as a continuum in
equilibrium with the electric field, it is not valid for “fast”
plasma species, which gain more energy from the electric field
than they lose locally by collisions. Therefore, we use a Monte
Carlo model for the fast plasma species: fast electrons in the
entire discharge; argon ions and fast argon atoms; and copper
ions in the cathode sheath (or cathode dark space; this is the
region adjacent to the cathode, characterized by a strong
electric field). We use a fluid model for the slow plasma species,
like slow electrons and argon ions in the bulk plasma (or
negative glow: i.e., the main part of the discharge, with a very
weak electric field). Moreover, a collisional-radiative model is
applied for the argon atoms and copper atoms and ions in
various excited levels. This is a kind of fluid model, consisting
of a set of balance equations (one for each electron energy
level), with different production and loss processes. These
processes are either collisional or radiative, hence the name of
this model.

All the models are coupled to each other, due to the
interaction processes between the species, and they are solved
iteratively until final convergence is reached. This generally
takes several days. The Monte Carlo models are developed in
three dimensions, whereas, for the fluid and collisional—-
radiative models, two dimensions are sufficient, due to the
cylindrical symmetry of the discharge cell under study (see
below). An overview of the various species, as well as the
models used to describe them, is presented in Table 1. In the
following, a brief description of each of the sub-models will be
given.

2.1 Monte Carlo model for fast electrons

A large number of electrons, emitted from the rf electrode (or
cathode) or created by ionization collisions in the sheath, are
followed one after the other, as a function of time. During
successive time-steps, their trajectory is calculated by Newton’s
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Table 1 Overview of the various plasma species considered in the model network, and the models used to describe these species, together with

references for more detailed information

Plasma species Model Ref. (dc) Ref. (rf)
Argon atoms No model; assumed to be at rest — —
Fast electrons Monte Carlo model 2 3,4
Slow electrons Fluid model 5 3,4
Argon ions Fluid model 5 3,4
Argon ions in sheath Monte Carlo model 6 7
Fast argon atoms in sheath Monte Carlo model 6 7
Argon atoms in various excited levels Collisional-radiative model 8 9
Thermalization of sputtered copper atoms Monte Carlo model 10 12
Copper atoms and ions in excited levels Collisional-radiative model 11 12
Copper ions in sheath Monte Carlo model 11 12

laws, and their collisions (i.e., occurrence of a collision, kind of
collision, and new energy and direction after the collision) are
treated with random numbers. By following, in this statistical
way, a large number of electrons, their behavior can be
simulated. The electrons are followed as a function of time,
until (periodic) steady state is reached (which happens in the rf
case already after two rf cycles) or until the electrons are
transferred to the slow electron group. Indeed, when the
electrons arrive in the bulk plasma, and have energies below the
threshold for inelastic collisions (which is about 12 eV for
argon excitation), they are not important as fast electrons
anymore, because they will only play a role in carrying
electrical current and in providing negative space charge.
Therefore, they will be transferred to the slow electron group in
the bulk plasma, which will be followed with the fluid model
(see below). More details about this Monte Carlo model can be
found, e.g., in ref. 2 for the dc model, and in refs. 3 and 4 for the
rf model.

2.2 Fluid model for the slow electrons and argon ions

The slow electrons are studied with a fluid model, together with
the argon ions. The equations are the continuity equations for
slow electrons and argon ions, the transport equations (based
on diffusion and on migration in the electric field) for electrons
and ions, and Poisson’s equation, to obtain a self-consistent
electric field distribution from the electron and ion densities.
The equations are strongly coupled and solving them is a
difficult numerical task; in fact, this model is the most difficult
one to solve in the entire modeling network.

It should be mentioned that an important difference arises in
this fluid model for the dc and the rf discharge. Indeed, in the dc
discharge, the electrons, which are transferred to the slow
electron group in the bulk plasma (negative glow), do really
remain slow, because the bulk electric field is rather weak. In
the rf discharge, on the other hand, the electrons which are
slowed down can be heated again by the oscillating rf electric
field in the bulk plasma, and they can again give rise to inelastic
collisions. Therefore, an additional equation is used in the rf
fluid model (i.e., an energy balance equation), to calculate the
electron mean energy. From this mean energy, the rate of
ionization produced by the ‘“heated slow electrons” is
calculated. This ionization, produced by electrons heated in
the bulk plasma by the oscillating electric field, is called “o-
ionization”. On the other hand, the ionization due to electrons
emitted from the cathode (or rf electrode) and due to the ones
created from these emitted electrons, which gain energy during
their travel through the cathode sheath, is called “y-ioniza-
tion”. It has been demonstrated that a-ionization (calculated in
the fluid model) is more important than y-ionization (calcu-
lated in the Monte Carlo model) for the conditions under
study. In the dc case, only y-ionization comes into play, and
this explains why the rf discharge requires lower voltages than
the dc discharge, for the same pressure and power (see below).
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For more detailed information about the dc and rf fluid model,
we refer to refs. 5 and refs. 3 and 4, respectively.

2.3 Monte Carlo model for the argon ions and fast argon atoms
in the cathode sheath

Because the fluid model assumes that the plasma species are in
equilibrium with the electric field, it is not very suitable to be
used in the sheath, where the charged plasma species (ions,
electrons) are not in equilibrium with the strong electric field.
Therefore, the ions are described in this sheath region not only
with a fluid model, but also with a Monte Carlo model. The
principle is the same as for the fast electron Monte Carlo model
(see above). Moreover, the fast argon atoms, created from
elastic collisions (both with isotropic scattering and forward
scattering, as an approximation to charge transfer) from the
argon ions, are also treated with a Monte Carlo model in the
sheath region. Further details about this argon ion and fast
argon atom Monte Carlo model can be found in refs. 6, 7 for
the dc and the rf case, respectively.

2.4 Collisional-radiative model for the argon excited levels

Sixty-four excited argon levels are taken into account in this
model; some of them are individual levels (e.g., the 4s levels)
but most of them are effective levels, consisting of several
individual levels with similar excitation energy and quantum
numbers. For each of the levels, a balance equation is
constructed with different populating and depopulating
processes. The processes taken into account in this model are
electron, argon ion and atom impact ionization, excitation, de-
excitation as well as three-body recombination, radiative
recombination and radiative decay between all levels, and
Hornbeck—Molnar associative ionization for the levels with
excitation energy above 14.71 eV. Moreover, for the 4s levels,
some additional processes are incorporated, like Ar*-Ar*
(associative) ionization, Penning ionization of sputtered copper
atoms, three-body collisions with argon atoms, and radiation
trapping for the resonant levels, which radiate to the argon
ground state. More information is given elsewhere for the dc
case® and the rf case.’

2.5 Monte Carlo model for the thermalization of the sputtered
copper atoms

When the copper atoms are sputtered from the cathode (or rf
electrode), they have energies in the order of 5-10 eV, which
they lose almost immediately by collisions with the argon gas
atoms, until they are thermalized. This thermalization process
occurs almost “immediately”, and it is finished before the
diffusion starts. Therefore, both processes are separated in
time, and they can be described by two separate models. The
thermalization process is described with a Monte Carlo model,
similar to the electron Monte Carlo model.'® Output of this
model is the so-called thermalization profile (i.e., distribution
of thermalized copper atoms as a function of distance from the



electrode), which serves as initial distribution for the diffusion
of the thermalized copper atoms, described in the next model.

2.6 Collisional-radiative model for the copper atoms and ions in
the ground state and in various excited levels

As mentioned above, the further transport of the thermalized
copper atoms occurs by diffusion. Moreover, the copper atoms
can become excited and/or ionized. The behavior of the copper
atoms and ions, both in the ground state and in excited levels, is
described with a collisional-radiative model. Eight Cu® atomic
levels, seven Cu™ ionic levels, as well as the Cu™ " levels are
incorporated in the model. Most of the levels are again a
combination of several individual levels with similar excitation
energy and quantum numbers. Transport occurs by diffusion
for the atoms, and by diffusion and migration in the electric
field for the ions. Sixteen balance equations (one for each level)
describe the production and loss processes for the various
levels. The processes taken into account are electron and atom
impact ionization, excitation, de-excitation and radiative decay
for each of the levels, three-body electron-ion recombination to
the highest excited levels, as well as Penning ionization by
argon metastable atoms and asymmetric charge transfer with
argon ions, for some specific levels. Detailed descriptions for
the dc and the rf model, are available.!"!?

2.7 Monte Carlo model for the copper ions in the sheath

In analogy to the argon ions, the copper ions are not in
equilibrium with the strong electric field in the sheath, and they
are, therefore, also described with a Monte Carlo model in this
region. This model is very similar to the Monte Carlo model for
argon ions. It should be mentioned that the Monte Carlo
models for the argon ions, fast argon atoms and copper ions in
the sheath region are especially important to calculate the
energy distributions of these species bombarding the cathode
(or 1f electrode) which are needed to calculate the amount of
sputtering.

3 Results and discussion
3.1 Electrical characteristics

The calculations are performed for representative experimen-
tal conditions such as used by Hoffmann'® in a Grimm-type
glow discharge source with a 4 mm anode diameter. We have,
however, simplified the Grimm-cell geometry by assuming a
simple cylinder with a diameter of 4 mm and a length of 2 cm.
This is justified since the discharge is most intense in the
region close to the sample (rf electrode or cathode). The
discharge conditions measured by Hoffmann'® were a gas
pressure of 5 Torr and an electrical power of about 38 W,
both for the dc and the rf mode, in order to make a direct
comparison between both operation modes possible. We will
perform our calculations at the same conditions. The
measured electrical characteristics, such as the electrical
power, the rf and dc bias voltage, can then be used to
check our calculated results.

Fig. 1 shows the calculated potential at the rf electrode, as a
function of time in the rf-cycle (thick solid line). We assumed
a purely sinusoidal waveform, although the output of most rf
generators deviates from this perfect sine-form, due to the
superposition of higher order waveforms. However, the rf
generator used to produce the experimental data'’ was
sinusoidal within 10%. It appears from Fig.1 that the
potential at the rf electrode is negative during most of the
rf cycle; it becomes only positive around w?=m/2. The reason
for this is the highly negative calculated dc-bias voltage
(=519 V; solid line), which arises from the large difference in
size of the rf powered and grounded electrodes in the Grimm-
type source, in combination with the capacitive coupling
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Fig. 1 Calculated potential at the rf electrode, as a function of time in
the rf cycle (thick solid line) and calculated rf dc-bias, as well as the
measured values (grey lines). Also shown are the calculated and
measured voltages in the dc case (dash-dotted line), and the calculated
plasma potential in the rf and the dc case (broken line).

between the two electrodes. The experimental potential at the
rf electrode, as a function of time in the rf cycle, is also
presented in Fig. 1, as well as the measured dc-bias voltage
(grey curves). The calculated and measured dc-bias voltages
appear to be in satisfactory agreement (i.e., —519 V for the
calculated, and —569V for the measured value). The
amplitude of the potential at the rf electrode was calculated
to be somewhat higher than the experimental result (ie.,
769 V compared to 680 V), but the general waveforms look
very similar to each other.

Also presented in Fig. 1 are the calculated and measured
voltages in the dc mode. It should be mentioned that the rf and
dc models are essentially different in the types of input and
output parameters. Indeed, in the rf model, the power and
pressure are given as input, and the voltage and current as a
function of time in the rf cycle, as well as the dc-bias voltage,
are calculated. In the dc model, on the other hand, the voltage
and pressure are used as input values, and the electrical current,
and from this also the power, is calculated. In the present
investigation we want to make a comparison at the same values
of pressure and power. Therefore, we had to find out in the dc
model which voltage value yielded an electrical power of about
38 W. We found a value of 1000V, which is in excellent
agreement with the experimental value (see Fig. 1: dash-dotted
black line). Hence, it follows that, for the same power and
pressure, the rf mode yields much lower voltages than the dc
mode. The reason for this is the more efficient electron impact
ionization in the rf mode, due to the oscillating electric field (see
also below).

In spite of the higher voltage in the dc mode, the plasma
potential is very similar in both operation modes, as is
illustrated in Fig. 1 (dashed curves). In the rf case, it reaches a
maximum of about 250 V (i.e., equal to the potential at the rf
electrode) around wz=mn/2, but then it drops, and most of the
time (i.e., in the beginning and in the second half of the rf cycle)
it is around 36-37 V, which is also the value of the dc plasma
potential.

The calculated rf electrical current is plotted as a function of
time in the rf cycle in Fig. 2, as well as the various contributions
to the rf current

jrf,total([) :jrfﬁion([) 7jrf‘elec([) +jD(t)-

Here, jiriotar is the total rf current flowing in the plasma
(negative sign when it is directed toward the rf electrode, and
positive sign when it is directed away from the rf electrode);
Jrtion 18 the ion current [which contributes with a positive sign to
the total electrical current in the plasma, due to the positive
charge of the ions (it is always negative, because the ions are
always directed toward the rf electrode)]; jir.erec 1S the electron
current (which contributes with a negative sign to the total
electrical current in the plasma, due to its negative charge); and
Jjp is the displacement current. The latter is typical for rf
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Fig. 2 Calculated rf current as a function of time in the rf cycle (thick
solid line), as well as the contributions of argon ion, electron and
displacement current (thin solid lines), and the dc current (broken line).

discharges, and arises due to the movement of the rf sheath as a
function of time. It is calculated as:’

. 0E
JD=¢&p o

where ¢, is the permittivity in vacuum, E is the electric field
strength at the rf electrode and # stands for the time. Indeed, the
rf sheath is characterized by a positive space charge (see below).
Since the sheath changes in thickness® during the rf cycle, and
since the argon ion density remains constant (see below), the
total positive space charge in the sheath changes in time. Since
I=dg/dt (where I is the electrical current and ¢ is the electrical
charge) this gives rise to a current, called ‘“displacement
current”. It is, however, obvious from Fig.2 that the
displacement current has a negligible contribution to the
total current, for the discharge conditions under study. Indeed,
this type of current is typical for rf discharges with electrodes of
comparable size, when the rf sheaths change considerably. At
lower gas pressures and lower dc bias voltages, the displace-
ment current is (in the rf sheath) generally of comparable
magnitude or even higher than the ion or electron currents.'*!’
Since the Grimm-type cell under study here gives rise to a large
dc bias (see above) so that the positive ion sheath is present
most of the time in front of the rf electrode, it resembles a dc
discharge, where the displacement current is absent.

During most of the rf cycle, the electrical current at the rf
electrode is primarily carried by the ions bombarding the
electrode (negative sign), as analogy to a dc discharge. When
these ions strike the rf electrode, they may induce current flow
through the power supply, by (1) ejecting a secondary electron
from the electrode surface and (2) acquiring an electron as they
are neutralized. Both mechanisms are taken into account in our
model. Around wt=mn/2, where the electrode potential is
positive, a large electron flux also hits the rf electrode, due to
the lower mass, and hence higher mobility of the electrons. The
electron current has also a negative sign here, giving rise to a
positive total rf current (see Fig. 2). Integrated over the entire rf
cycle, the total rf current at the rf electrode is zero, which is
imposed by the capacitive rf coupling of the electrodes.

Also illustrated in Fig. 2 is the total dc current at the cathode
(broken line), which is of course constant in time. In general, it
is comparable in magnitude to the total rf current; only around
wt=m/2, where the rf current is due to a large electron flux, the
dc current is considerably lower than the total rf current.

By multiplying the values of potential and electrical current
at the rf electrode or cathode, the electrical power is obtained.
It should be mentioned that the terms “power” and “input
power”’ are used in this paper for the “effective plasma power”,
i.e., the input power that really goes into the plasma. In the rf
case, this is generally not the same as the power that is
generated from the rf supply. Indeed, it is well known that a
substantial part (typically 20-60%) of the latter power is lost in
cables, connectors, etc. before reaching the plasma. The
electrical power is presented, for both the rf case (as a function
of time in the rf cycle) and the dc case, in Fig. 3. The time
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Fig. 3 Calculated power in the rf case (as a function of time in the rf
cycle, and the time-averaged value; solid lines) and in the dc case
(broken line).

evolution of the rf power is in good agreement with
experimental data.!® Also the time-averaged rf power is
shown in Fig. 3; it is more or less equal to the dc power.
These power values were used as input in the models (see
above), to compare with the experimental data'? [ie., input
power or effective plasma power: P=37 W (rf) and 38 W (dc)].
The figure shows that the power calculated from the product of
calculated voltage and current is indeed equal to the input
power, for both the dc and the rf case.

3.2 Potential distributions

Fig. 4 illustrates the two-dimensional potential distributions
throughout the discharge, at four different times in the rf cycle,
as well as in the dc discharge. The rf electrode or cathode is
found at the left-hand side of the figure. At wt=mn/2 [Fig. 4(a)]
the potential is positive (ca. 250 V) at the rf electrode, and it
decreases very slowly to zero at the grounded cell walls. There
is a strong sheath in front of the grounded electrode, especially
in the vicinity of the rf electrode, as appears from the steep
potential gradient there. Hence, the electric field (E=—YV V)
will be very low in the region adjacent to the rf electrode, but it
will be considerable in the bulk plasma and close to the
grounded electrode, at this time in the rf cycle.

The situation is completely different at the other times in the
rf cycle [Fig. 4(b-d)]. Indeed, the potential here is strongly
negative at the rf electrode (i.e., about —520 V at wt=0, © and
2, and almost —1300 V at wt=23n/2); it increases rapidly in the
rf sheath till zero at the end of the sheath. The rf sheath is about
0.6 mm long around w¢=23n/2 and about 0.4 mm at w¢=0 and
n. The potential reaches positive values in the bulk plasma,
called the “plasma potential”. The plasma potential varies
between 36 V at wr=m and 3n/2 and ca. 50V at wt=2m.
Finally, the potential returns to zero at the grounded cell walls.
This potential distribution gives rise to a strong electric field in
the rf sheath and a very weak electric field in the bulk plasma.

The rf potential distributions in Fig. 4(b—d) resemble very
much the dc potential distribution, presented in Fig. 4(e),
which is also very negative (i.e., —1000 V) at the cathode,
crosses the zero-line at about 0.7 mm from the cathode, and
reaches positive values of 36 V in the bulk plasma. Hence,
except around w¢=m/2 when the potential at the rf electrode is
positive, the potential distributions and electric fields are
comparable to each other in the dc and the rf discharge.

3.3 Densities of the plasma species

The calculated two-dimensional density profiles of the argon
ions throughout the discharge, in both the dc and the rf
discharge, are presented in Fig. 5. The rf ion density is more or
less constant throughout the entire rf cycle, since the ions
cannot follow the rapidly oscillating electric field due to their
high mass and hence low mobility. Both the dc and rf density
are low and rather constant in the rf sheath, and they reach a
maximum of about 10'* cm ™2 at 2 mm from the electrode. The
rf ion density drops, however, more slowly to low values as a
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Fig. 4 Calculated two-dimensional potential distributions in the rf
case, at four different times in the rf cycle (a-d) and in the dc case (e).
The rf electrode (or cathode) is found at the left end of the figure.

function of distance from the electrode than the dc ion density,
so that it can be concluded that, in the rf case, the discharge cell
is more filled with argon ions than in the dc case. The electron
density (not shown here) is more or less equal to the argon ion
density in the plasma bulk, both in the dc and the rf case, giving
rise to nearly charge neutrality and hence a low electric field.*
The same is true for the rf sheath at wt=m/2, where the electric
field is also low (or the potential nearly constant). However, at
the other times in the rf cycle, the electron density returns to
zero in the rf sheath,* resulting in a positive space charge and
hence a high electric field (or large potential drop; see Fig. 4).

Electron and argon ion densities have been measured with a
Langmuir probe in Marcus’ group, for both a dc'”!® and an
1f"? discharge. The obtained density values were several orders
of magnitude lower than our results (i.e., order of 10'! cm™>
and 10' cm ™3 for the dc and the rf discharge, respectively).
However, as far as we understand from their papers, the

experimental discharge conditions were lower than the ones
under investigation here, and were also not the same for the dc
and the rf mode. We have calculated with our dc models that
the electron and ion densities can indeed vary over several
orders of magnitude for different discharge conditions and cell
geometries (e.g., ~10" em ™2 at 0.5 Torr, 1000 V, 2 mA in the
VG9000 cell,?® and ~ 10" cm™> at 4 Torr, 800 V, 30 mA in a
Grimm-type cell?!). In future work, we would like to make a
detailed comparison with the experimental Langmuir probe
results, for exactly the same discharge conditions and source
design.

Fig. 6 shows the calculated two-dimensional density
profiles of the argon atoms in the metastable (4s [3/2],)
level, in both the rf and the dc case. Again, the metastable
densities appear to be constant in time throughout the entire
rf cycle. Looking at the absolute values, the metastable
densities are characterized by similar peak values in both the
dc and the rf mode. The location of the peaks is, however,
slightly different. Indeed, the rf metastable density shows a
pronounced maximum near the rf electrode, attributed to
electron, but also fast argon ion and atom impact excitation,
and it has also rather high values in the entire bulk plasma,
especially between 1.2 and 1.6 cm from the rf electrode. The
latter is due to excitation by heated slow electrons (or o-
electrons) around wz=m/2. Indeed, due to the non-negligible
electric field in the bulk plasma around wt=m/2 [see e.g.,
Fig. 4(a)], the electrons can become slightly heated, and they
have just enough energy to cause excitation and ionization.
The rather large amount of ionization in the bulk plasma
around wt=m7/2 (see also below), on one hand, is responsible
for the lower voltages in the rf mode compared to the dc
mode (at the same power and gas pressure). The consider-
able amount of excitation, on the other hand, results in
rather high values of the metastable density in the bulk
plasma. The dc metastable density is also characterized by a
pronounced peak close to the cathode, again mainly due to
electron, but also to fast argon ion and atom impact
excitation, and it reaches a second, but clearly lower
maximum in the bulk plasma between 0.8 and 1cm from
the cathode. This is also entirely due to electron impact
excitation as in the rf case, but the peak is clearly lower and
it is somewhat closer to the cathode, where the electrons
have still enough energy for excitation. Indeed, in the dc
mode, the bulk electric field is rather low, and the electrons
cannot significantly become heated anymore as in the rf case
around wt=mn/2.

We have also calculated the level populations of higher
excited argon levels. As an example, the one-dimensional
density profiles of the 4p[1/2]; level are illustrated in Fig. 7, at
four different times in the rf cycle (black curves), as well as in
the dc discharge (grey line). In contrast to the metastable
density profiles, the 4p[1/2]; level population changes slightly as
a function of time in the rf cycle, because the higher excited
(non-metastable) levels react more rapidly to the oscillating rf
electric field. The 4p[1/2], level reaches a small peak adjacent to
the rf electrode or cathode (due to fast argon ion and atom
impact excitation), and a pronounced maximum at about
1-2mm from the electrode (attributed to electron impact
excitation), in both the rf case (at all times) and in the dc case.
Further away from the electrode, in the bulk plasma, the
density profiles are clearly different, both as a function of time
in the rf cycle, and also in the dc discharge compared to the rf
discharge. Indeed, the density is rather high at wt=mn/2, where
excitation due to a-electrons is appreciable, but it drops
gradually at later times in the rf cycle, when the a-electrons lose
their energy. In the dc discharge, the 4p[1/2]; level population
decreases much more rapidly in the bulk plasma, since the
electrons do not have enough energy for excitation here. The
higher excited levels show similar density distributions,” and
are therefore not presented here. However, it was found’® that
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Fig. 5 Calculated two-dimensional density profiles of the argon ions, in the rf case (a) and the dc case (b).

the highly excited levels have a somewhat lower density at their
maximum in the dc mode, compared to the rf mode, which
suggests that excitation to these high levels is less efficient in the
dc mode than in the rf mode.

Fig. 8 presents the calculated two-dimensional sputtered
copper atom densities (in the ground state) in the rf (again
found to be constant in time) and dc discharge. Only the first
4 mm adjacent to the sample are shown, because the densities
at distances further away from the electrode become negligibly
low. In both cases, the densities reach a maximum of about
5x 10" em ™3 very close to the electrode (at less than 0.5 mm).
The maximum density in the dc case seems to be slightly higher
than in the rf case, which is quite unexpected, since the erosion
rate was found to be slightly lower (see further). However, the
population levels of excited copper atoms are somewhat higher
in the rf case,'? and moreover, the density profile of the copper

ground state atoms drops off more slowly in the rf discharge
than in the dc case. In general, both density profiles look very
similar.

The calculated density profiles of the Cu™ ions in the ground
state are also very similar in the rf and dc mode, both in relative
profiles (i.e., maximum around 1 mm) and even in absolute
values (ca. 4x 10" em™3), as is illustrated in Fig. 9. The dc
Cu? ion density reaches its maximum slightly further away
from the cathode, and decreases more rapidly to low values at
the cathode compared to the rf density, due to the somewhat
longer length of the dc cathode sheath (ie., ca. 0.7 mm)
compared to the rf sheath (varying between 0 and 0.6 mm; see
Fig. 4). Nevertheless, the overall levels of the dc and rf Cu™ ion
densities are very similar. Moreover, we have found that the
Cu™ ions in excited levels are also characterized by similar level
populations in both operation modes. This finding is not
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straightforward, taking into account the clear differences in
electric potentials, currents and argon ion and electron
densities in both discharge modes (see above). It turns out
that, although the model predicts somewhat less efficient
sputtering in the dc discharge, this appears to be compensated
by slightly more efficient copper ionization. Finally, by
comparing the absolute values of the Cu™ ion densities at
their maximum with the maximum density values of the copper
atoms, the ionization degree could be estimated. It was found
to be in the order of 0.1%, for both the rf and dc case.

The two-dimensional Cu™ " ion density profiles, calculated
for both the rf and the dc mode, are presented in Fig. 10.
Again, the absolute values of the densities (i.e., maximum of
3-4 x 108 cm ) and the relative shapes are nearly identical for
both operation modes. Comparison of the absolute values of
Fig. 10 with those of Fig. 9 shows that the estimated Cu™ */
Cu™ ratio is about 0.1%, hence similar to the Cu™/Cu® ratio.

3.4 Information about collision processes in the plasma

The most important collision processes in the plasma are
excitation and ionization. Excitation has already briefly been
discussed in the previous section, when the argon metastable
atom densities were presented. Moreover, the calculated
relative contributions of the various populating and depopu-
lating processes for the argon atom and copper atom and ion
excited levels have been tabulated®'? for the discharge
conditions under study here. In this section, we will focus on
electron impact ionization in the plasma, because this process
constitutes the major difference between rf and dc discharges.

In Fig. 11 the electron impact ionization rate of argon is
plotted in one dimension as a function of distance from the rf

electrode or cathode. As mentioned in Section 2, the ionization
due to electrons is described, in the rf case, both in the Monte
Carlo and in the fluid model. Indeed, the Monte Carlo model
treats only the fast electrons, and once they are slowed down
below the threshold for inelastic collisions in the bulk plasma,
these electrons are transferred to the fluid model. However,
these slow electrons can be heated again by the oscillating
electric field (due to the movement of the rf sheath) and by the
moderate electric field in the bulk plasma around wt=mn/2 (see
above, Fig. 4). Hence, these electrons can produce some more
ionization, which is typical for an rf discharge, and is called ““a-
ionization”. The ionization rates due to Monte Carlo electrons
[ie., the electrons emitted by the rf electrode and the fast
electrons created in collisions from the first group; (producing
so-called ‘““y-ionization”)] are presented, at four times in the rf
cycle, at the top of Fig. 11. This type of ionization reaches a
maximum at the sheath-bulk plasma interface. The ionization
due to fluid electrons (a-ionization), which is shown at four
times in the rf cycle in the middle part of Fig. 11, also reaches a
maximum here at times wz=m, 31/2 and 2n. This maximum is
caused by the electrons which are drawn towards the rf
electrode around wf=m/2 and then accelerated back towards
the bulk plasma at later times, when the rf sheath develops
again and is characterized by a strongly negative electric field.
It appears from Fig. 11(b) that the ionization at wt = is rather
low compared to the other times. The reason is that the
electrons, which have been drawn toward the rf electrode at
wt=mn/2, have not yet gained much energy on their way back to
the bulk plasma at wf=m, to yield a lot of ionization. At later
times (wt=3n/2 and 2m), they have gained already enough
energy to cause more ionization, giving rise to higher peaks in
Fig. 11(b). The fluid ionization at wt=m/2 (presented by the
broken line in the middle part of the figure) is characterized by
a peak adjacent to the rf electrode (caused by the electrons
drawn towards the rf electrode) and a broad maximum in the
entire bulk plasma (caused by electrons accelerated here by the
moderate electric field). The latter broad maximum corre-
sponds with the rather high values of the argon metastable
density in the bulk plasma, as has been explained before. The
lower part of Fig. 11 presents the electron impact ionization
rate in the dc case (i.e., also y-ionization). It reaches also a
maximum at the sheath-negative glow interface, similar to the
v-ionization in the rf case, and is somewhat higher in
magnitude than the time-averaged rf y-ionization. However,
in the dc case, no a-ionization takes place, so that the overall dc
ionization is lower than the overall rf ionization, necessitating a
higher dc voltage for the same conditions of pressure and
power, in agreement with experiment (see above in Section 3.1).
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The latter is also illustrated in Fig. 12, which presents the
ionization rate, integrated over the entire discharge volume, as a
function of time in the rf cycle. It is clear (upper part of the figure)
that most of the rf ionization is due to fluid electrons (o-
ionization). The latter is especially important around wt =m/2, as
was expected already from the broad maximum in Fig. 11. Also
shown for comparison is the dc ionization rate, integrated over
the entire discharge volume. It is somewhat higher than the rf y-
ionization, but clearly lower than the rf o-ionization, as was
illustrated already in Fig. 11. The lower part of Fig. 12 shows the
ionization rate due to fast argon ions and atoms, both in the rf
mode and the dc mode. It appears that these processes occur at a
similar rate in both operation modes, when averaged over time.
The cross sections of argon ion and atom impact ionization start
to rise only for energies above several 100 eV. Since the argon
ions and atoms can only reach high energies adjacent to the rf
electrode or cathode (where they have gained energy from the
high electric field in the sheath), these processes occur only in this
region. Integrated over the entire rf discharge, they are,
therefore, of minor importance compared to electron impact
ionization (see the left axis of upper and lower part of Fig. 12).
We calculated relative contributions for electron, argon ion and
argon atom impact ionization of about 95%, 1% and 4%,
respectively, in the rf case, and about 89%, 2% and 9%,
respectively, in the dc case. The reason that electron impact

ionization is even more significant in the rf case is of course
due to the dominant role of a-ionization.

3.5 Information about sputtering at the rf electrode or cathode

The model network is also able to calculate the amount of
sputtering at the rf electrode/cathode, based on the flux energy
distributions of the argon ions, fast argon atoms and copper
ions calculated with the Monte Carlo models, and on an
empirical formula for the sputtering yield as a function of the
bombarding energy. Fig. 13 illustrates the calculated net
sputtering flux in the rf mode (as a function of time in the rf
cycle) and in the dc mode, integrated over the entire electrode
area (Jopurner)- It appears that the net sputtering flux varies
between 2-4 x 10'7 s™! for the rf mode, and is in the order of
2% 10'7 57! for the dc mode.

It should be mentioned that the “‘net” sputtering flux is the
result of the total sputtering flux, calculated in the way
mentioned above, minus the flux of redeposited copper atoms
onto the electrode. The latter can be quite high, so that the net
sputtering flux is only about 30-40% of the total sputtering
flux. It is the net sputtering flux which gives rise to the erosion
rate, by:22
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Fig. 10 Calculated two-dimensional density profiles of the Cu® ™" ions, in the rf case (a) and the dc case (b). Only the first 4 mm from the electrode are

shown. Reprinted from ref. 12, with permission of Elsevier Science.
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ER is the erosion rate (in cm s '), Jsput, net 15 the net sputtering
flux per unit area [in cm 2 s7!; ie., Jsput.net = Jsputnet (s~
electrode area (cm?®)], M and p are the atomic weight (in
g mol™!) and density of the sample material [pc, =8.92 g cm >
(ref. 23)], and N, is Avogadro’s number.

Averaged over time in the rf cycle, the net sputtering flux
(Jsput.net) 1s about 2.7 x 1017571 (see Fig. 13) over the entire
electrode area. For an anode diameter of 4 mm, the electrode
area is about 0.126 cm?. Hence, the net sputtering flux per unit
area (jspuenet) is about 2.1 x 10" em™2s™!, which corresponds
to an erosion rate of about 0.253 pm s~ '. Experimentally, a
value of 1 yum in 8s was measured.'> Hence, our calculated
value (i.e., ~#2.0 um in 8 s) is higher, but still in the correct
order of magnitude. In the dc case, the net sputtering flux,
divided by the cathode area (=jpuine), Was about
1.6 x 10" cm™2s™!. This corresponds to an erosion rate of
about 0.19 pm s~ '. The experimental value was 1 ym in 9 s;'*
hence our predicted value (i.e., ~#1.7 um in 9 s) is again higher.
It can, however, be concluded that, although both calculated
values are somewhat higher than the corresponding experi-
mental data (in fact, we are already quite satisfied with this
discrepancy of only a factor of 2), the calculated relative
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\E 6e+017 —
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Fig. 12 Calculated ionization, integrated over the entire cell volume, in
the rf case as a function of time in the rf cycle (solid lines) and in the dc
case (dashed lines). Upper part: electron impact ionization (in the rf
case: o, y and the total ionization) and lower part: fast argon ion and
atom impact ionization.
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Fig. 13 Calculated net sputtering flux in the rf case, as a function of
time in the rf cycle (black solid line) and time-averaged value (grey solid
line), and in the dc case (broken line). Reprinted from ref. 12, with
permission of Elsevier Science.

difference between rf and dc erosion rates is in reasonable
agreement with the experimental observations of Hoffmann.'?

Finally, the relative contributions to the sputtering of the
different plasma species bombarding the electrode are calcu-
lated. The fast argon atoms appear to play the dominant role in
the sputtering process, both in the rf and dc mode, with a
relative contribution of 69.5% (rf) and 68.8% (dc), because the
argon atom flux hitting the electrode is much higher than the
argon and copper ion fluxes. However, the argon and copper
ion energies bombarding the electrode are higher than the atom
energy, and since the sputtering increases with bombarding
energy, the argon and copper ions play also a non-negligible
role in the sputtering process. Their contributions were
calculated to be about 18.3% (rf) and 19% (dc) for the argon
ions, and about 12.2% in both operation modes for the copper
ions (called “‘self-sputtering’).

3.6 Optical emission intensities

From the level populations of the excited argon atoms, copper
atoms and ions calculated in the collisional-radiative models
(see above), the optical emission intensities of spectral lines can
be calculated, when multiplying the populations with the
Einstein transition probabilities for radiative decay.

Fig. 14 illustrates the calculated optical emission spectrum of
the argon atoms, both for the dc and the rf mode, integrated
along the cell axis as a function of distance from the electrode,
to simulate end-on observation. The spectrum contains 605
argon atom lines. The rf spectrum was found to be nearly
constant during the rf cycle. For the dc discharge, this
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calculated spectrum has been checked against experimental
data found in the literature in a previous paper, for somewhat
different discharge conditions,”* and satisfactory agreement
has been reached. For the rf discharge, and for the comparison
between the two operation modes, we intend to compare the
calculations with experimental data at exactly the same
conditions in the near future, as soon as the experimental
data become available.

The spectra are presented on a semi-logarithmic plot, in
order to show the large number of lines. It is, however, obvious
that the region of 700-1000 nm is characterized by the most
intense lines, i.e., the so-called “red lines”, corresponding to
4p—4s transitions. Furthermore, the region of 380470 nm
contains also rather strong lines, the so-called “blue lines”,
corresponding to Sp—4s transitions. When comparing the rf and
dc spectra, it appears that the dc lines are somewhat less intense
than the rf lines. However, the difference is less than a factor of
about 2, so that we can conclude that our model calculations
predict, for the same power levels, similar argon optical
emission spectra in the rf and dc mode. This will have to be
checked in the near future by comparing with experimental
data, when available.

The optical emission spectrum of the copper atomic and
ionic lines is presented in Fig. 15, for both the rf case
(constant during the entire rf cycle) and the dc discharge,
again integrated in the axial direction to simulate end-on
observation. The intensities of 103 copper atomic and ionic
lines are calculated. However, the spectrum might well contain
more lines, originating from levels which were not considered
in our collisional-radiative model (because no cross section
data were available for them). Nevertheless, the most intense
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lines are probably all included in our calculated spectrum.
When comparing the rf and dc spectra, it appears that the dc
optical emission intensities are somewhat lower than the
corresponding rf intensities. This seems to be especially the
case for the atomic lines (i.e., the dc values were found to be
about one order of magnitude lower), whereas the ionic lines
showed only a difference of 10-20%. Indeed, we found, in
ref. 12, that the dc copper atomic level populations were
clearly lower than the rf values, whereas the ionic levels were
almost of the same magnitude. Experimentally, the Cu
intensities were found to be about 10% lower in the dc case
compared to the rf case.!* Hence, this is apparently in good
agreement with our calculated differences for the ionic lines,
but the differences we calculated for the atomic lines seem to
be somewhat too high. In general, however, both the rf and dc
spectra have a very similar outlook. A detailed comparison
with experiment, concerning both dc and rf spectra, is planned
for the near future.

4 Conclusion

A hybrid two-dimensional modeling network has been
developed for dc and rf glow discharges in argon with a
copper cathode. The network consists of several sub-models
(Monte Carlo, fluid and collisional-radiative models) to
describe the behavior of electrons, argon ions, fast argon
atoms, argon atoms in various excited levels, and copper atoms
and ions, both in the ground state and in various excited levels.
Typical results of the models comprise the electrical character-
istics (voltage, current, power, potential and electric field
distributions), the densities, fluxes and energies of the various
plasma species, information about collisions in the plasma and
about sputtering at the rf electrode or cathode, and optical
emission intensities. Some of these results are presented and
compared between the two operation modes. It appears that,
for the same values of electrical power and pressure, the rf
discharge requires lower voltages than the dc discharge. The
reason for this is the more efficient ionization in the rf mode.
Indeed, not only so-called y-ionization (i.e., due to electrons
emitted from the electrode or created in the sheath, and
accelerated by the strong electric field, as in the dc mode) plays
a role, but the slow electrons in the plasma can also become
heated again in the oscillating rf electric field, and give rise to
so-called o-ionization. Also, the argon ion and electron
densities, and, to a less extent, the argon excited atom densities
are slightly higher in the rf mode than in the dc mode, and they
drop more slowly as a function of distance from the rf
electrode. Hence, it appears that, in the rf case, the discharge
cell is more filled with plasma than in the dc case. The sputtered
copper atom and ion densities are, however, calculated to be
more or less comparable in both operation modes. The
sputtering at the rf electrode or cathode has also been
calculated, and the obtained erosion rates were found to be
in acceptable agreement with experimental data, both the
absolute values and the relative values between dc and rf mode
(dc values slightly lower than rf values). Finally, the optical
emission spectra of argon and copper have been calculated for
both operation modes, and the rf spectral intensities were
found to be slightly higher than the corresponding dc
intensities, which also agrees with observations.

Hence, our calculation results are found to be in reasonable
agreement with experimental data, when available, i.e., erosion
rates, optical emission intensities, as well as the rf voltage as a
function of time, the dc bias voltage, and the dc voltage, when
pressure and power are given. In the near future, we plan to
perform a more detailed comparison with experimental data, in
the framework of the EC Thematic Network on Glow
Discharge Spectroscopies.
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