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Abstract
A hybrid Monte Carlo]fluid model has been developed for the electrons, argon ions and fast argon atoms in an
argon glow discharge, either operated in the dc mode or the capacitively coupled rf mode. Typical working conditions
for rf GD-OES are considered, i.e. approximately 6 torr argon gas pressure and approximately 10 W power. Typical
results of the model, like the potential distributions, densities, fluxes and ionization rates, will be presented and
compared between the two operation modes. It will be demonstrated that the rf discharge yields more efficient
ionization than the dc discharge, and hence the rf discharge requires lower voltages to obtain the same amount of
power, which is in good correspondence to experimental observations. Q 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Glow discharge plasmas are being used in various application fields, e.g. materials processing in
U
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the semiconductor industry, the flat plasma display panel technology, the laser and light industry. Moreover, they find also application in analytical chemistry, for the trace analysis in solid materials w1,2x. In the latter application, the solid sample is used as the cathode or rf-powered electrode
of an argon glow discharge Žin a dc and capacitively coupled rf discharge, respectively., and is
being sputtered by plasma species. The sputtered,
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analytically important atoms can be ionized or
excited in the glow discharge plasma. The ionization collisions create ions of the cathode material,
which can be measured with a mass spectrometer,
giving rise to glow discharge mass spectrometry
ŽGDMS.. The excitation collisions, followed by
decay to lower levels, yield photons characteristic
for the material to be analyzed, which can be
detected with optical emission spectrometry ŽGDOES..
For the analysis of metals, a dc glow discharge
is very convenient, due to its simplicity and stable
operation conditions. However, non-conducting
materials cannot directly be analyzed with a dc
glow discharge, because they would be charged up
when used as the cathode, due to positive ion
bombardment, thereby preventing the plasma ions
from further bombarding and sputtering. However, this problem is overcome by applying an rf
voltage between the electrodes, so that the positive charge accumulation due to positive ion bombardment will be neutralized by an equal amount
of negative charge accumulated by electron bombardment during a part of the rf-cycle.
In the literature, a number of groups have
made comparisons between glow discharges in
the dc and rf mode, by looking at the analytical
characteristics. Marcus and coworkers w3x have
found that an rf discharge generally yields shorter
stabilization times and less variation over
extended periods of operation. Moreover, the signal-to-background ratios in the optical emission
spectra appear to be higher in an rf-discharge. On
the other hand, the sputtering rates and the raw
intensities seem to be lower in the rf-plasma w3x.
The same trend was found by Pereiro and coworkers w4x in a similar source geometry Žthe
Marcus-cell .. They found that the rf-discharge
needs approximately 4]8 W power to reach the
same amount of sputtering as a dc-discharge at 1
W, but they suggest that this can be explained
since the rf-power measured at the generator
does not necessarily enter for 100% into the
discharge. Kim and coworkers w5x studied a jetboosted glow discharge in the dc and rf modes,
and they found that the dc mode yielded three
times more sputtering than the rf discharge at

comparable power levels. The rf-mode, on the
other hand, showed lower detection limits than
the dc-mode. The emission intensities were comparable for some lines, but they were higher or
lower for others w5x. Hoffmann and his group
demonstrated that for their equipment ŽGrimmsource. the sputtering and excitation were rather
similar in both the dc and rf modes w6,7x. Moreover, they measured lower voltages Žrf amplitude
and dc bias voltage. in the rf mode, which suggests that this mode yields more efficient ionization w8x. Harrison and coworkers w9,10x found that
the rf-mode needed 10 times higher power levels
to reach the same amount of sputtering at similar
pressures. Moreover, the rf-mode required more
power for comparable ion intensities in the mass
spectrum w9x. However, the authors suggest also
that this is attributed to the power losses in the
rf-mode. Payling observed similar analytical characteristics in both the dc and rf discharges w11x.
Finally, Wagatsuma and Suzuki found that ‘equivalent discharge conditions’, yielding similar analytical characteristics Žerosion rates and emission
intensities . could be obtained in both operation
modes; the equivalent condition for the dc mode
at 500 V and 30 mA appeared to be 100 W in the
rf-discharge at the same pressure, hence again a
higher power w12x, which is, however, probably
again due to power losses in the rf-mode.
In general, it appears from all these experimental observations that the rf discharge requires
somewhat more power to yield the same amount
of sputtering, but this is probably due to power
losses in the rf-discharge. The reported emission
intensities and the analytical characteristics look
more or less similar. In order to draw conclusions
about fundamental differences between the dc
and rf modes, it is, however, very important to
make comparisons at exactly specified conditions
Že.g. constant power, constant pressure or constant emission intensities.. Indeed, different
results can be obtained depending on which conditions are kept constant. It is not always clear
from the experimental data which conditions were
held the same, probably because various operating conditions cannot easily be measured Že.g. the
exact gas pressure in both dc and rf modes, and
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the power, voltages and currents in the rf-mode..
Moreover, analytical GD-users are mainly interested in having similar analytical characteristics
in both modes which they wish to compare, and
therefore, they often prefer to make comparisons
at e.g. the same erosion rates; in this way they do
not have to deal with accurate measurements of
the discharge conditions as such w13x.
In order to understand and compare the main
features of both discharge modes, we have developed a 3D hybrid Monte Carlo]fluid model for
the electrons, argon ions and fast argon atoms in
a dc w14]16x and an rf glow discharge w17]19x. In
the present paper, the modeling results for the dc
and rf discharge in argon will be compared at
similar discharge conditions, typically used for
GD-OES. In Section 2, a brief description of the
model will be given. The results will be discussed
and the two operation modes compared in Section 3. Finally, a conclusion will be presented in
Section 4.

2. Description of the model
2.1. Discharge conditions
The glow discharge cell under investigation is a
simple cylinder, 2 cm in length and 0.25 cm in
diameter. The cathode or rf-powered electrode is
placed at one end of the cylinder, whereas the
other cell walls are grounded. Due to the large
difference in size of the rf-powered and grounded
electrodes, a large dc bias voltage is expected to
arise in the case of the rf-discharge, which is
beneficial for sputtering. The typical working conditions, used as input in the models are 13.56
MHz rf-frequency, 5.775 torr argon gas pressure
and approximately 10-W power. More exactly, the
incoming power of 10 W was used as input in the
rf model. In the dc model, the discharge voltage is
standardly given as input, whereas the electrical
current, and hence also the power, are obtained
as output Žsee below.. Hence, we had to find out,
by ‘intelligent guessing’, which voltage yielded a
power of approximately 10 W. Moreover, we take
T s 1000 K, which seems realistic for the power
value under consideration w20x.
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These discharge conditions and cell geometry
were suggested by Hoffmann w8x. He found out
that these values of power and pressure Žmore
exactly 10.2 W rf power and 11 W dc power.
yielded very similar analytical results in both the
dc and rf mode. Moreover, he has measured the
voltages for these values of power and pressure,
both in the rf and dc mode, in a Grimm-type glow
discharge with 2.5 mm anode diameter. The rf
amplitude and dc bias voltage in the rf-mode
were measured to be 764 V and y627 V, and the
dc voltage in the dc-mode was found to be 1100 V
w8x. These measured values will be used as a
check for our calculation results. The cell geometry in our model is only an approximation of a
real Grimm-type geometry Žbut with the same
anode diameter., in order not to further complicate the calculations.
2.2. Monte Carlo models
A three-dimensional Monte Carlo model is
developed for the electrons in the entire discharge w14,15,17,19x, and another one for the argon ions and fast argon atoms Žcreated from the
argon ions by charge transfer and momentum
transfer collisions. in the sheath in front of the rfelectrode or cathode w16,18x.
Briefly, the Monte Carlo models follow all particles Ži.e. electrons, argon ions or fast argon
atoms. during successive time-steps. The trajectory of these particles is calculated with Newton’s
laws, the probability for collision is calculated
from the collision cross-sections and the density
of the target particles, and compared to a random
number. If the collision probability is lower than
the random number, no collision occurs, and the
next particle is followed during that time-step. If
the collision probability is higher than the random number, a collision does take place, and the
kind of collision is then determined by another
random number, based on the partial collision
probabilities. Collisions taken into account in the
electron Monte Carlo model are elastic collisions,
electron impact ionization and excitation, and
electron]electron Coulomb collisions. The crosssections for these collisions as a function of the
electron energies are adopted from refs w21,22x,
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and the formulas of these cross-sections are presented also in ref. w17x. A detailed description of
the electron]electron Coulomb collisions, a
process which was not incorporated before in our
dc models w14,15x, is also given in ref. w17x. In the
Monte Carlo model for argon ions and fast argon
atoms, charge transfer and momentum transfer
collisions, as well as fast argon ion and atom
impact ionization and excitation were considered.
The cross-sections for these processes were
obtained from refs w23,24x. When the new energy
and direction after the collision are determined,
the next particle is followed in the same way. This
procedure is repeated during many time-steps
and for many particles.
It should be mentioned that in the electron
Monte Carlo model only ‘fast electrons’ are followed. Indeed, once the electrons arrive in the
bulk plasma Žnegative glow. and have energies
lower than the threshold for inelastic collisions
Žionization and excitation., they are not really
important as fast electrons. Their only role is to
carry the electrical current and to provide negative space charge. It would take a very long calculation time to keep following all these electrons
with the Monte Carlo method. Therefore, they
are transferred to the slow electron group, which
is treated in a fluid model.
2.3. Fluid model
The fluid model for electrons and argon ions
throughout the discharge w14,15,17,19x has been
developed in two dimensions. Indeed, due to the
cylindrical symmetry of the discharge cell, the
three dimensions could be reduced to two dimensions Žaxial and radial direction.. Input for this
fluid model are the creation rates of ions and
electrons, which are obtained from the Monte
Carlo model wi.e. electron, fast argon ion and
atom impact ionization rate andror slow electron
transfer rate Žsee below.x. The equations in this
model are the ion and electron continuity equations and flux equations based on diffusion and
on migration in the electric field. In the rf model,
also the electron energy balance equation is
incorporated, to calculate the slow electron mean

energy, which is necessary to compute the ionization in the fluid model. Indeed, in the rf model,
the slow electrons can be heated again by the
fluctuating electric field and they can produce
some extra ionization, as will be explained below.
These continuity, flux and energy balance equations are coupled to Poisson’s equation, to obtain
a self-consistent electric field distribution. It
should be mentioned that the argon ions in the rf
case cannot follow the rapidly fluctuating electric
field, and hence they feel only an effective electric field, which is nearly equal to the timeaveraged electric field. The outputs of the fluid
model are, among others, the electric field and
the ion flux, both as a function of position and
time in the rf-cycle Žfor the rf-case.. They are
used as inputs in the electron, argon ion and fast
argon atom Monte Carlo models, to determine
the trajectory of these particles, and also the
electron flux leaving the rf-electrode Žor cathode.
due to secondary electron emission, and the argon ion flux entering the sheath Žobtained from
the ion flux at the rf-electrode Žcathode. and at
the sheath]plasma interface, respectively..
Only secondary electron emission due to argon
ion bombardment is considered, with a secondary
electron emission coefficient equal to 0.083 Žwhich
is typical for a copper electrode w25x.. When a
clean electrode surface is assumed Žas is justified
here, because the rf electrodercathode will continuously be sputter-cleaned . secondary electron
emission due to argon atom bombardment can be
neglected at the moderate argon atom energies
under consideration here Ži.e. calculated to be
around 10 eV w18,26x.. Indeed, for clean surfaces,
the argon atom induced secondary electron emission coefficient is very low for atom energies
below 700 eV, and starts to increase only for
higher atom energies w27x.
2.4. Differences between the rf and dc models
In this way, the Monte Carlo and fluid models
are coupled, and they are solved iteratively until
convergence is reached. Details about the Monte
Carlo and fluid models for both discharge modes
can be found in refs w14]19x and will not be
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repeated here. However, we will briefly address
the main differences in the models for the dc and
rf discharge:
Ž1. As mentioned before, the Monte Carlo
model considers only the fast electrons, and the
slow electrons are treated in the fluid model.
There is, however, an important difference
between the dc and rf models. Indeed, in the dc
mode, when the electrons are slowed down in the
negative glow, they remain slow. However, in the
rf mode, the slow electrons can be heated again
by the fluctuating electric field wboth in the moving rf-sheath Žwhich is called ‘wave-riding’. but
also in the bulk plasma where the electric field
can be quite high around v t s pr2, see belowx.
These heated electrons can then produce again
ionization, which is called ‘a-ionization’, in contrast to ‘g-ionization’ which is produced by the
electrons emitted from the rf electrode and the
subsequent electrons formed in the plasma with
sufficient energy to cause further ionization. More
details about these two ionization mechanisms
can be found Že.g. w19,28]30x.. It is clear that in
the dc mode, only g-ionization plays a role. This
phenomenon of a-ionization is the reason of the
more efficient ionization in the rf mode compared
to the dc mode Žsee later.. The a-ionization is
calculated in the fluid model, based on an empirical formula for the ionization rate coefficient as a
function of the electron mean energy. The latter
is, therefore, also calculated explicitly in the rf
fluid model with an electron energy balance equation. More details about the electron energy
balance equation and the description of a-ionization in the rf fluid model are given by Bogaerts et
al. w17,19x, respectively.
Ž2. Another major difference between the two
cases is the question of time-dependence. Indeed,
the dc model runs under steady state conditions,
and although the electrons, argon ions and fast
argon atoms are followed in the Monte Carlo
models during successive time-steps, the input
and output data are independent of time. The
Monte Carlo calculations are therefore stopped
when: Ži. the electrons are absorbed at the walls
or transferred to the slow electron group; Žii. the
argon ions are neutralized at the walls; and Žiii.
the fast argon atoms are again slowed down until
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thermal energy due to collisions. In the rf Monte
Carlo simulation, however, the particles are really
followed as a function of time, in the time-varying
electric field. The Monte Carlo calculations are
run during a number of rf-cycles until periodic
steady state is reached, i.e. when the effects of all
previous rf-cycles on the last rf-cycle Žwhere the
sampling of output data takes place. are taken
into account. In practice, this happened already
at the second rf-cycle for the electron Monte
Carlo model w17x. For the argon ion and fast
argon atom Monte Carlo model, approximately
25]30 rf-cycles had to be followed before periodic
steady state was reached, due to their higher mass
and hence lower velocity w18x. It may appear
strange that the electrons have to be followed
only for two rf cycles whereas the argon ions and
atoms needed to be followed for approximately
25]30 cycles, because as long as heavy particles
are in a transient regime, the electron behavior
will also change and therefore vary from cycle to
cycle until all particles come to periodic steady
state. However, the electron and ionratom Monte
Carlo models are calculated separately from each
other, and the output data of both Monte Carlo
models, as a function of time, are only collected
during the last rf cycle. In this way, the electrons
do not need to be followed for the same number
of rf-cycles as the heavy particles.
Ž3. As mentioned in the introduction, there is
also a difference in the input and output data of
both models. Indeed, the dc model uses the discharge voltage as input value, beside the gas
pressure and temperature, and calculates the
electrical current self-consistently, i.e. as the sum
of the fluxes of the charged plasma species. In the
rf model, however, the incoming power is used as
input value, because this is more readily available
from a practical point of view. The rf and dc bias
voltages are then calculated self-consistently.
Indeed, the rf voltage is adapted so that the
power calculated based on the product of voltage
and current, i.e. P s Ž1rT .

2p

H0

V Ž t . ? I Ž t .dt, is

equal to the fixed input power. Similarly, the dc
bias voltage is adapted after each rf-cycle by the
condition that the ion and electron fluxes at the
rf-powered electrode must be equal to each other
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when integrated over the entire rf-cycle, as is
imposed by the capacitive rf coupling w17x.
Finally, it should be mentioned that, in order to
be sure about the present comparison, we have
also run our rf model under ‘dc conditions’, i.e.
constant potential between the two electrodes. In
this case, the dc model is also run until steady
state is reached and the results do not vary in
time anymore. Moreover, the power was then also
used as input value, and the voltage was adapted
in the same way as in the rf model Žsee above..
We found that both the ‘pure dc’ model and the
‘rf model run for dc conditions’ yielded exactly
the same results. This was used to ensure that
possible differences between the dc and rf modes
are not due to differences in the model approximations, but are really due to differences in operation of both modes.

3. Results and discussion
3.1. Electrical potential
Fig. 1 shows the potential at the rf-electrode as
a function of time in the rf-cycle, at 5.775 torr
pressure, 1000 K gas temperature and 10.2 W
incoming power. It has a sinusoidal profile, with a
negative offset of y640 V Ži.e. the dc bias voltage.. The amplitude of the sine wave is 937 V.
The measured rf amplitude and dc bias voltages,
for exactly the same conditions, were 764 V rf
amplitude and y627 V dc bias w8x Žsee before..
Hence, the calculated dc bias voltage is in good
agreement with the experimental value, but the
calculated rf amplitude is somewhat too high.
This may be due to approximations in the model
Že.g. fluid approximation in the calculation of the
electron mean energy and ionization rate coefficient, and a simplified cell geometry.. However,
the calculated rf amplitude is already in the correct order of magnitude, and what is more important, the calculated rf voltages are lower than the
calculated dc voltage Žsee below., as is also found
experimentally w8x. It should be mentioned that
with the first version of our rf model Žwhen the
description of a-ionization was not yet incorporated in the fluid model w17x, see later., the

Fig. 1. Electrical potential at the rf-electrode Ž Vrf-electrode ;
solid line., dc bias voltage Ž Vdc-bias ., and plasma potential
Ž Vplasma,rf . in the rf discharge. Also shown are the operating
voltage Ž Vdc . and plasma potential Ž Vplasma,dc . in the dc discharge Ž p s 5.775 torr, Ps 10.2 W rf and 10.45 W dc..

opposite result was obtained, and the calculated
rf voltages appeared to be higher than the calculated dc voltage. This indicated that the ionization was, at that time, not correctly described in
our rf model. Hence, at present we are already
quite satisfied with the correct tendency in the
calculated results. Moreover, the voltage waveform presented in Fig. 1 is also qualitatively very
similar to the measured waveform presented in
Hoffmann et al. w7x. It should be mentioned,
however, that most rf generators do not yield a
perfectly sinusoidal waveform, due to the superposition of higher order waveforms. The rf generator used to produce the experimental data was,
however, sinusoidal within 10%. In future work,
the effect of distortions on the sine-wave might
be investigated.
It appears that the calculated potential at the
rf-electrode is negative during most of the rf-cycle;
it is only positive around v t s pr2. Also illustrated in the figure is the plasma potential, indicated by Vplasma,rf Ždashed line.. It is always positive, but oscillates between a minimum and a
maximum value, and is strongly anharmonic. It is
nearly constant Žaround 35 V. when the voltage
at the rf-electrode is negative, and increases to
approximately 300 V Ži.e. more or less equal to
the voltage at the rf-electrode. at v t s pr2.
For the same conditions of gas pressure and
temperature, the measured voltage in the dc-case

A. Bogaerts et al. r Spectrochimica Acta Part B: Atomic Spectroscopy 54 (1999) 1335]1350

1341

Fig. 2. Two-dimensional potential distribution in the rf-discharge, throughout the discharge region at four times in the rf-cycle
Ž p s 5.775 torr, P s 10.2 W..
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Ži.e. 1100 V. resulted in a calculated current of
9.5 mA, hence in a calculated power of 10.45 W,
which is in excellent agreement with the measured power value of 11 W w8x. This dc voltage is
also indicated in the figure. Hence, it is clear that
in the dc mode a higher voltage than the dc bias
voltage Žwhich can be considered as the equivalent to the voltage in the dc mode. is required to
yield more or less the same power value as in the
rf-mode. This indicates that the latter mode yields
more efficient ionization, due to the heating of
slow electrons in the fluctuating electric field, and
the subsequent possibility of a-ionization by these
electrons. This will be discussed in more detail
further in this paper.
Although the voltage in the dc-mode was found
to be higher than the dc bias voltage in the
rf-mode, the dc plasma potential was calculated
to be 35 V Žsee Fig. 1, Vplasma,dc ., which is exactly
equal to the rf plasma potential Žat least when the
voltage at the rf-electrode is negative..
Fig. 2 shows the calculated two-dimensional
potential distributions at four times in the rf-cycle.
At v t s pr2, the potential is very positive Žalmost 300 V. at the rf-electrode. It decreases only
slowly to zero at the grounded electrode walls. At
the other three times in the rf-cycle shown here,
the potential is extremely negative at the rf-electrode, as followed also from Fig. 1. It is approximately y640 V at v t s p s 2 p Ži.e. equal to the
dc bias voltage. and almost y1600 V at v t s
3pr2 Ži.e. equal to the sum of the dc bias voltage

and the rf amplitude.. The potential crosses zero
at less than 1 mm from the rf-electrode, and
reaches a positive value in the bulk plasma Ži.e.
approximately 50 V at v t s p, and approximately
35 V at v t s 3pr2 and v t s 2 p; called the
plasma potential.. It returns to zero at the
grounded electrode walls. This two-dimensional
potential distribution at v t s p, 3pr2 and 2 p
resembles strongly a typical dc potential distribution, as is shown in Fig. 3. Indeed, the potential is
also very negative at the cathode Ži.e. y1100 V
for the dc-case under consideration.. It crosses
also the zero-line at less than 1 mm from the
cathode, and reaches also a positive value of 35 V
in the negative glow Žthe plasma potential., before it returns to zero at the anode walls.
The position where the potential crosses the
zero-line is defined here as the interface between
rf-sheath and bulk plasma Žin the rf-case., or
between the cathode dark space and negative
glow Ždc-case.. In the rf-discharge, the rf-sheath
varies in thickness, as is illustrated in Fig. 4. It
varies between 0 at v t s pr2 Ži.e. there is no
rf-sheath . and approximately 0.6 mm at v t s
3pr2 Ži.e. when the largest potential drop of
almost 1600 V takes place.. The thickness of the
cathode dark space in the dc discharge, which is
also depicted in Fig. 4, is approximately 0.8 mm
for the discharge conditions under investigation.
This value is slightly higher than in the rf case.
Indeed, the dc mode yields a higher voltage and
hence lower current Žsee below. for the same

Fig. 3. Two-dimensional potential distribution in the dc-discharge, throughout the discharge region Ž ps 5.775 torr, Ps 10.45 W,
V s 1100 V..
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Fig. 4. Thickness of the rf-sheath as a function of time in the
rf-cycle, and thickness of the cathode dark space in the
dc-discharge Ž p s 5.775 torr, Ps 10.2 W rf and 10.45 W dc..

power value as the rf mode, and following the
empirical formula of Aston w31x:
dsheath s

A
B
q 1r2
p
I

the sheath thickness, at constant pressure, is
known to increase with decreasing current Žsee
also Bogaerts and Gijbels w16x..
3.2. Electrical current
Fig. 5 shows the electrical currents in the rfdischarge calculated at the rf electrode, as a
function of time in the rf-cycle. The total electrical current is symbolized with the thick solid line.
It is negative during the most part of the rf-cycle
Žapprox. y7 to y20 mA. and strongly positive
around v t s pr2 Žvalues till 100 mA.. Integrated
over the entire rf-period, the total electrical current flowing through the rf-discharge is zero, as is
imposed by the capacitive rf-coupling. This total
electrical current is the sum of the ion and electron currents, and the displacement current, all
taken at the rf electrode. The latter current arises
from the moving of the rf-sheath; indeed, this
gives a change in the accumulated positive charge
and hence, it results in a current, since I s d qrdt.
From Fig. 5 follows, however, that this displacement current, JD , is negligible at the discharge
conditions under investigation, since the rf-sheath
indeed did not change very much in thickness
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Žonly till maximum 0.6 mm; see Fig. 4.. At lower
gas pressures and lower dc bias voltages, the
displacement current is Žin the rf-sheath . generally of comparable magnitude to or even higher
than the ion or electron currents w32,33x. This
illustrates again that at the high gas pressure and
dc bias voltage under consideration here, the
rf-discharge very much resembles a dc discharge.
Therefore, at the discharge conditions under
study, the ion and electron currents at the rf
electrode determine the total electrical current.
The ion current Žthin solid line. is negative during
the entire rf-period, which means that the ions
are always directed towards the rf-electrode and
that sputtering of the electrode material occurs
during the entire rf-cycle, in spite of the fact that
the potential at the rf-electrode is positive around
v t s pr2. The electron current at the rf electrode Žlong dashed line. is zero during most of the
rf-cycle, except around v t s pr2, where it
becomes extremely negative Ži.e. directed towards
the rf electrode., due to the low mass and hence,
the high mobility of the electrons. This ‘boost’ of
electron current is necessary to compensate for
the positive charge accumulation, as is imposed
by the capacitive rf-coupling.
Also plotted in Fig. 5 is the ion flux at the
cathode, in the dc discharge Žshorter dashed line.,
which is equal to y8.8 mA. Most of the time, it is

Fig. 5. Total electrical current at the rf-electrode w Jtotal Žrf.x,
and contributions of the ion current w Ji Žrf.x, electron current
w Je Žrf.x and displacement current w JD Žrf.x, also at the rf-electrode, as a function of time in the rf-cycle. Also shown is the
ion current in the dc-discharge at the cathode w Ji Ždc.x Ž ps
5.775 torr, P s 10.2 W rf and 10.45 W dc..
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Fig. 6. Two-dimensional argon ion density profile in the rf-discharge, throughout the discharge region at v t s pr2 Ž p s 5.775 torr,
Ps 10.2 W.. The results at the other times in the rf-cycle are comparable.

slightly lower than in the rf-discharge Žup to a
factor of 2., which is attributed to the somewhat
lower current in the dc discharge, for the same
power Žsee above..
3.3. Positi¨ e ion and electron densities
Fig. 6 shows the two-dimensional argon ion
density at v t s pr2. It is more or less constant
during the entire rf-cycle since the argon ions
cannot follow the rapidly fluctuating electric field
due to their high mass and low mobility. The
argon ion density is low and more or less constant

in the rf-sheath Žapprox. 3 = 10 11 cmy3 ., and increases to a maximum value of approximately
10 13 cmy3 around 1 mm from the rf-electrode.
Then, it decreases again to lower values at the
cell walls. The electron density is nearly equal to
the argon ion density in the plasma bulk, giving
rise to more or less charge neutrality and hence a
low electric field. The same is true for the rfsheath at v t s pr2, where the electric field is
again low Žor the potential nearly constant, see
Fig. 2; strictly speaking, there is no rf-sheath at
this time.. 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

Fig. 7. Two-dimensional argon ion density profile in the dc-discharge, throughout the discharge region Ž p s 5.775 torr, P s 10.45
W, V s 1100 V..
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and hence a high electric field Žor large potential
drop, see Fig. 2..
The two-dimensional argon ion Žand electron.
density profiles are in very good qualitative agreement with the ion and electron density distributions in the dc discharge, as follows from Fig. 7.
The dc argon ion density profile is also low and
rather constant Žapprox. 10 11 cmy3 . in the cathode dark space, and reaches a maximum at
approximately 1.5 mm from the cathode. The
absolute value of the maximum is, however, a
factor of two smaller Ži.e. approx. 4 = 10 12 cmy3 .,
which is again the result of the somewhat less
efficient ionization and lower current in the dc
discharge.
3.4. Ionization rates
The electron impact ionization rate of argon
throughout the discharge, calculated with the
electron Monte Carlo model, at four times in the
rf-cycle, is illustrated in Fig. 8. At v t s pr2, the
ionization is rather low, with a maximum at the rf
electrode, because the electrons in the Monte
Carlo model have rather low energies at this time
Žsee also Bogaerts et al. w17x. and cannot produce
efficient ionization. At the other times in the
rf-period, the ionization rate is clearly higher and
it is characterized by a maximum around 1 mm.
Indeed, in the beginning of the bulk plasma, the
electrons are not directed by a strong electric
field and can scatter back and forth, giving rise to
a longer residence time in the plasma and hence
more chance for ionization. The same situation
occurs in the dc discharge Žsee Fig. 9.: the maximum is found around 1 mm from the cathode,
which is the beginning of the negative glow. The
absolute value of the maximum is somewhat
higher than the results in Fig. 8, at v t s p, 3pr2
and 2 p. However, the ionization rates shown in
Fig. 8 apply only to g-ionization, i.e. ionization
due to electrons emitted from the rf electrode
and electrons formed by ionization with sufficient
energy to cause some more ionization. This ionization mechanism is simulated in the Monte
Carlo model. However, as mentioned before, the
electrons which are slowed down in the bulk
plasma can also be heated again by the fluctuat-
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ing electric field Žeither in the moving rf-sheath
or in the bulk plasma where, at v t s pr2, a
moderate electric field is present; see the potential drop in Fig. 2 at pr2.. Subsequently, these
electrons can produce ionization, which is called
a-ionization. This ionization mechanism is
described in our fluid model.
Fig. 10 presents the a-ionization rates, calculated with the fluid model, at four times in the
rf-cycle. At v t s pr2, the a-ionization rate is
very high, both adjacent to the rf-electrode, and
in the bulk plasma. Indeed, the latter region is
characterized by a moderate electric field, which
is just sufficient to heat the electrons to energies
suitable for ionization Žsee also Bogaerts et al.
w19x for more details.. At the other times in the
rf-cycle, a-ionization occurs at the end of the
rf-sheath. Indeed, around v t s pr2, the electrons
are drawn towards the rf-electrode Žsee the negative electron current in Fig. 5.. A fraction of these
electrons can really reach the rf-electrode; the
remaining fraction will be overtaken by the moving rf-sheath at the times later than v t s pr2,
and they will be accelerated again away from the
rf-electrode by the strong electric field which again
dominates now in the rf-sheath. These electrons
produce again some ionization at the end of the
rf-sheath, as is shown in Fig. 10. When comparing
Figs. 8 and 10, it is clear that a-ionization due to
slow electrons which become again heated is generally higher than g-ionization. This is most
pronounced at v t s pr2. Therefore, averaged
over the entire rf-cycle, the ionization in the
rf-mode will be clearly higher than in the dc-mode,
due to the extra mechanism of a-ionization.
The electron impact ionization rate of argon in
the rf-discharge Ži.e. the sum of a and g ionization., integrated over the entire discharge region,
is plotted in Fig. 11 as a function of time in the
rf-cycle Župper figure, solid line.. It reaches a
pronounced maximum around v t s pr2, due to
the distinct contribution of a-ionization Žsee also
Fig. 10, i.e. a high value maintained over a long
distance.. The electron impact ionization rate per
second, calculated for the dc mode, integrated
over the entire discharge region, is also plotted in
this figure Ždashed line.. It is approximately 7 =
10 16 sy1 . This value is comparable to the electron
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Fig. 8. Two-dimensional electron impact g-ionization rate of argon in the rf-discharge, throughout the discharge region at four
times in the rf-cycle, calculated with the Monte Carlo method Ž ps 5.775 torr, Ps 10.2 W..
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Fig. 9. Two-dimensional electron impact ionization rate of argon in the dc-discharge, throughout the discharge region Ž ps 5.775
torr, P s 10.45 W, V s 1100 V..

impact ionization rate in the rf-case, at times
other than pr2. However, due to the pronounced
peak of the rf ionization rate around v t s pr2,
the overall ionization in the dc case is clearly
lower.
Beside the electrons, also fast argon ions and
fast argon atoms can yield ionization of the argon
gas. The cross-sections of fast argon ion and atom
impact ionization clearly increase with increasing
ion and atom energy, and are only important for
energies higher than a few 100 eV w23x. Hence,
these processes occur only in the rf-sheath Žor
cathode dark space. close to the rf-electrode Žor
cathode., where the electric field is high and the
ions and atoms can reach high energies. The fast
argon ion and atom impact ionization rates in the
rf-discharge, integrated over the entire discharge
region, are also plotted in Fig. 11 as a function of
time in the rf-cycle Žlower part of the figure, solid
lines.. Because these processes play only a role
close to the rf-electrode, the total ionization produced by these processes is lower than for electron impact ionization Ži.e. a factor of 10]50 for
the atoms, and a factor of 30]150 for the ions..
Moreover, these processes have a maximum contribution around v t s 0 s 2 p, where the argon
ions and fast argon atoms reach the highest
energy Žsee the results obtained in Bogaerts and
Gijbels w18x.. Also shown in this lower figure are
the fast argon ion and atom impact ionization
rates calculated for the dc case, integrated over

the discharge region. It appears that the dc values
are very close to the time-averaged values of the
rf ionization rates. Hence, fast argon ion and
atom impact ionization seem to occur more or
less equally in the dc and rf mode.
Integrated over the entire rf-period, we calculated that for the rf mode, approximately 95% of
the total amount of ionization of argon is due to
electron impact Žapprox. 72% due to a-ionization
and approximately 23% due to g-ionization.. The
contributions of the fast argon atoms and argon
ions were calculated to be 4% and 1%, respectively, which is of less importance, but not entirely
negligible. Similar calculations were carried out
for the dc case. It was found that approximately
89% of the ionization was due to electrons, and
approximately 9% and 2% to fast argon atoms
and argon ions, respectively. Hence, the fast
argon ions and atoms in the dc-mode seem to
have a slightly higher contribution in ionization
than in the rf mode. This is attributed to two
effects: Ži. the higher dc voltage yields higher ion
and atom energies and hence more efficient ionization; and Žii. in the rf mode electron impact
ionization is relatively more important due to the
large contribution of a-ionization around v t s
pr2. Nevertheless, the overall trends in the relative contributions of electrons, argon ions and
fast argon atoms are comparable in both the
operation modes. This demonstrates again that
for the rf-discharge conditions under considera-
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Fig. 10. Two-dimensional electron impact a-ionization rate of argon in the rf-discharge, throughout the discharge region at four
times in the rf-cycle, calculated with the fluid model Ž ps 5.775 torr, Ps 10.2 W..
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Fig. 11. Ionization rate of argon due to electron impact Župper part., and argon ion and atom impact Žlower part of the
figure., integrated over the entire discharge region, both calculated for the rf-mode Žas a function of time in the rf-cycle;
solid lines. and for the dc-mode Ždashed lines. Ž ps 5.775 torr,
Ps 10.2 W rf and 10.45 W dc..

tion here, the rf-discharge resembles very much a
dc discharge.

4. Conclusion
A hybrid Monte Carlo]fluid model has been
developed for the electrons, argon ions and fast
argon atoms in an argon glow discharge, operated
either in the dc or in the rf mode. Typical results
of this calculation comprise the electrical characteristics, the potential distribution, the electrical
currents, the argon ion and slow electron densities, and the ionization rates in the plasma. The
working conditions that have been simulated are
typical for rf-GD-OES and were suggested by
Hoffmann w8x because measured electrical characteristics Žvoltage, power, pressure. are available, i.e. 5.775 torr gas pressure, 1000 K gas
temperature and 10.2 W electrical power. With
these input data, an rf voltage of approximately
937 V and a dc bias voltage of y640 V were
calculated. These calculated voltages are in reasonable agreement with experimental values w8x.
Comparison has been made with a dc discharge at
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the same pressure, power and gas temperature. It
was found that in the dc discharge a higher operating voltage Ži.e. 1100 V. was needed to yield the
same amount of power, compared to the corresponding dc bias voltage in the rf discharge. This
demonstrates that ionization is more efficient in
the rf-discharge than in the dc-discharge. The
reason for this is that beside g-ionization Ži.e. due
to electrons emitted from the rf-electrode or
formed in the plasma with sufficient energy to
cause ionization. also a-ionization occurs in the
rf-mode. The latter mechanism is due to slow
electrons in the bulk plasma which can become
heated again due to the fluctuating rf electric
field, and seems to be especially important around
v t s pr2. Integrated over the entire rf-cycle and
discharge region, we found that a and g ionization contribute to the total ionization for approximately 72 and 23%, respectively Žthe remaining
fraction is due to fast argon ion and atom impact
ionization.. Since in the dc mode only g-ionization is possible, it becomes indeed clear that the
rf mode will yield more efficient ionization than
the dc mode. The difference in voltages between
dc and rf modes, and hence also the difference in
ionization efficiencies Žwhich are directly related
to it., are in excellent agreement with experimental observations w8x.
Beside the ionization efficiency, also the argon
ion and slow electron densities and the argon ion
flux were found to be somewhat higher in the rf
discharge than in the dc discharge. In future
work, we plan to calculate also other glow discharge parameters, like sputtering rates, optical
emission and ion intensities in the rf discharge, as
we have done already for the dc discharge, in
order to compare also these analytically more
important parameters between both operation
modes. These comparisons will then also be
checked against experimental observations.
Apart from these differences in the absolute
values, the relative profiles of the two-dimensional potential distributions, argon ion densities
and ionization rates of argon calculated for the
rf-discharge are, at least during the negative Ži.e.
the largest. part of the rf-cycle, more or less
similar to the results for the dc-discharge. Hence,
it can be concluded that, for the discharge condi-
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tions under consideration, the rf-discharge resembles very much a dc-discharge, but with some
extra possibility for ionization.
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