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Monte Carlo Model for the Argon Ions and Fast
Argon Atoms in a Radio-Frequency Discharge

Amnemie Bogaerts and Renaat Gijbels

Abstract— A three-dimensional Monte Carlo model has been
developed for the argon jons and fast argon atoms in the RF
sheath of 2 capacitively coupled RF glow discharge in argon. Our
interest in the argon ions and fast argon atoms in the RF sheath
arises from the fact that the glow discharge under study is used as
sputtering source for analytical chemistry. This source operates
at typical working conditions of a few torr pressure and about
10 W incoming power. The argon jon and atom Monte Carlo
miuiel has been coupled to a hybrid Monte Carlo-fluid model for
electrons and argon ions developed before to obtain fully self-
consistent results. Typical results of this model include, among
others, the densities, fuxes, collision rates, mean energies, and
energy distributions of the argon ions and atoms, Moreover, we
have investigated how many RF cycles have io be followed before
perindic steady state is reached, and the effects of all previous RF
cycles are correctly accounted for. This is found to be the case
for about 20-25 RF cycles.

Index Terms— Argon, argon jons, fast argon atoms, glow dis-
charge, hybrid model, modeling, Monte Carlo, plasma, radio
frequency.

I INTRODUCTION

LOW discharges are finding increased interest in a

number of applications, like the microelectronics indus-
try, materials technology, lasers, light sources, and plasma
display panels. Mereover, an additional application field is
analytical chemistry [1], [2]: the material 1o be analyzed
is used as the cathode of the glow discharge, which is
being sputtered by encrgetic plasma particles. The sputtered
{analytically important) atoms arrive in the plasma where
they are subject to collisions. The ionization collisions creats
ions of the material to be analyzed, which can be measured
with a mass spectrometer [glow discharge mass spectrometry
(GDMS)]. The excitation collisions and the subsequemt decays
w lower levels give rise to characteristic photons of the
material, which can be detected with an optical emission
spectrometer [glow discharge optical emission spectrometry
GD-0ES)]. The simplest operation mode of an analytical glow
discharge is the direct cwrrent mode. However, because the
material to be analyzed is used as the cathode of the glow
discharge, this seems to resirict the applications 1o the analysis
of conducting materials. To extend the application range 1o
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the amalysis of nonconductors as well, a radio-frequency
voltage is applied to prevent charging-up of the nonconducting
materials. Because of its much larger applicability, capacitvely
coupled radio-frequency discharges are becoming more and
more popular in analvtical chemistry.

To improve the results in the various application fields
of glow discharges, u good insight in the glow discharge
processes is desirable. We oy to obtain this by mathematical
madeling. During the last few years, we have developed a
comprehensive modeling network for a de glow discharge in
argon, consisting of a number of sub models for the vadous
plasma species, i.e., electrons, argon ions, fast argon atoms,
argon atoms in various excited levels, sputtcred atoms and
ions in the ground state and in varicos excited levels. More
information can be found in [3]-[9] and references therein.
Recently, we started with modeling a capacitively coupled RF
discharge. In a previous paper [10], a hybrid Monte Carlo
fluid model was presented for the electrons and argon ions.
However, from our dc models, it became obvious that the
fast argon ions and aoms play a nonnegligible role in the
ionization processes of argon at the high dc voltages under
consideration {typically 600-1000 V), We found that these
processes had 1o be included in the dc model, in order to be
able to predict the comect current—voltage characteristics [6].
Moreover, these species resalt in sputtering at the cathode (or
RF powered electrode), which makes them of great importance
from an analytical point of view.

A number of models have been presented in the litera-
ure describing the behavior of jons explicitly and kineti-
cally in an RF discharge, either by using a Monte Carlo
method [11]-[16] or by applying a self-consistent particle-in-
cell model [17]-{21]. However, these models apply to glow
discharges operating at much lower pressures {mtorr regime)
than our analytical glow discherges (typically a few o ),
Muoreover, except for [14], they describe only the behavior
of the ions and do not take into account the fast atoms.
Mevertheless, it has been demonstrated that the fast atoms
often play a more important role than the jons for ionization
and spumering, not only in analytical glow discharges [3],
[6], but also for etching and materials processing applications
[14]. Therefore, in the present paper, 2 Monte Carlo model
iz described for both the argon jons and fast argon atoms in
the sheath in front of the RF powered electrode., The model
is made self consistent by coupling it to our hybrid Monte
Carlo fluid model for electrons and argon ions [10]. In the
following section, the model will be described. First, a brief
explanation of the previeusly developed hybrid model will
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be given, because the present model is linked to it Next,
the present ionfatom Monte Carlo model will be explamed
in detail. Finally, the coupling berween the ionfatom Monte
Carlo model and the hybrid model will be outlined.

I. DESCRIPTION OF THE MODEL

A. Brief Explanation of the Previous Hybrid Model

The previows hybrid model consists of a Monte Carlo
model for the electrons, and a fluid model for the electrons
and argon ions. In the electron Monte Carlo model. a large
number of electrons are followed during successive time steps.
Their trajectory is caloulated by Newton's laws, whereas their
collisions (i.e., oocurrence of a collision, kind of the collision,
and new energy and direction after collision) are determined by
random numbers (similar to the ion/atom Moate Carlo model;
see below), Besides electrons starting at the RF electrode az a
function of time, elecirons created in the plasma by ionization
collisions are also followed. Collision processes incorporated
in this model are total electron impact excitation and ionization
from the argon atom ground state, elastic collisions with
argon atoms, and electron-electron Coulomb scattering. The
electrons are followed during a number of RF cycles until
periodic steady state is reached, ie., when the results do not
change anymore from one RF cycle to the next (analog o the
ionfatom Monte Carlo model; ses below).

Beside this Monte Carle model, the electrons are also
treated in a Auid model, together with the argon ions. The
equations are the first three velocity moments of the Boltzmann
equation, i.e., the balance equations for particle densiry. for
momentumn density, and for energy density. Furthermore, these
equalions are coupled to Poisson's equation to obtain a self-
consistent potential and electric field distribution. The method
we used for solving these coupled equations is based on the
Scharfetter-Gummel exponential scheme (see [10]). The input
parameters in this fluid model are the geomeiry, the boundary
conditions, the pressure, and the discharge power, as well as
the creation rates for ions and electrons, and the energy loss
rate for the electrons, both obtained from the electron Monte
Carlo model. The RF voltage and the dc bias vellage are
calculated self-consistently from this model. This is based on
the fact that the power dissipated in the discharge should be
equal to the given input power (for the RF voltage) and that
the ion and electron fluxes to the BF electrode should be equal
to each other when integrated over the entire RF cyele, which
is imposed by the capacitive coupling and the difference in
size of RF powered and grounded electrodes (for the de biaz
voltage). More detailed information about this hybrid mode]
can be foumd in [10].

B. Detailed Explanation of the loniAtom Monte Carlo Model

The argon ions and atoms are followed as a function of
time in the Monte Carlo model, in the sheath adjacent to the
RF powered electrode. The region where the ions and atoms
are followed is assumed constant and is taken a little further
than the farthest point of the sheath. In practice. a region of
about 1.5 mm was considered. The time-varying electric field

1407
E
(=]
vy
=
2
3
g 1: wt = n/2
2wt =7
3wt = 3n/8
; 4: wt = 27
_Eﬂ.- .
0.00 0.02 0.04 0.06 p.08 0.10
z (cm)

Fig. 1. Ome-dimensionsl axial electric field distributions in the first mam in
fromt of the RE electrode at four different times in the BF cycle, The solid hnes
represent U real ehecric field and the dashed fines symbolize the sffective
electric fiedd as is felt by the argon fons.

is adopted from the fluid model [10]. Since the ions cannot
follow the rapidly fuctuating electric field, they feel only an
effective electric field, which approaches the rme-averaged
electric field (see [10]). It is calculated from the real electric
field as follows [22]:

A el

% = IIE - E'“m]
where E and E*T are the real and effective electric field,
respectively, and v, is the momenmm transfer frequency

2
Vg = ——

L b TR o5
with p and mn being the mobility and mass of the argon ions,
and e being the electron charge.

Fig. 1 shows the one-dimensional axial clectric field dis-
tributions in the first mm from the RF powered electrode at
four different tmes in the RF cyele. The solid lines symbolize
the real electric field, whereas the effective electric field as
felt by the ions is represented by the dashed lines. The real
electric field varies strongly as a function of tme: it is almost
zero at w! = w2, but it is exmemely negative at the RF
electrode at the other times (i.e., in the onder of =15 k¥/cm
at wi = 7 and 27 and even —25 kV/em at wi = 3w,/2). The
effective electric feld, however, does ot vary so much in
time (i.e., only a factor of two: berween —10 and —20 kV/cm
at the RF electrode). Moreover, since the ions cannot follow
the real electric field due to their high mass, they seem to
feel the electric field with a slight delay. This explains why
the effective electric field is lowest at wi = 7 instesd of at
wt = /2. Similarly, the effective elecmic field felt by the
ione is highest at wi = 2w, whereas the real electric field was
highest at wt = 3% /2.

All the argon ions and fast argon atoms are followed during
successive tme sieps. Beside continoing with the ions from
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the previous lime step, it is also checked whether ions have
to be followed, which: 1) are entering the sheath from the
bulk plasma at that time (the ion flux as a function of time
iz obtained from the fluid model), 2) are formed by electron
impact jonization at that time (taken from the electron Monie
Carlo model), 3) are created by fast ion impact ionization, and
4) arise from fast atom impact ionization (both adopted from
this model). It is found that the majority of 1ons are formed
by electron impact ionization in the RF sheath (nearly 97.5%);
about 2.5% originate from the bulk plasma, and only a small
fraction is formed in the RF sheath by fast argon ion and atom
impact ionization.

Similarly, beside the atoms from the Previous nme step,
it is checked whether additional atoms have to be followed,
which are created at that time-step by: 1) charge transfer of
argon fons, 2} momentum transfer of the argon jons, and 3)
mamentum transfer of the argon atoms, However, in order to
reduce the calculation time, the argon atom is removed from
the Mente Carlo calculations when its energy becomes lower
than 1 eV, because it is not really “fast” anymore and cannot
give rise 10 dlom Impact ionization, excitation, and sputtering
anymore,

A typical time step in the order of 1.15 x 10~% 5 was used in
the model, which corresponded 1o 64 time-steps within one RF
cycle. This time step was found to be small enough. Indeed,
we have checked that exactly the same calculation results wers
obtained when using a time-step of 1017 and 10~ s,

During this time-step, the trajectories of all the ions and
aloms are computed with Newton's laws
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where zp, Zp, wo and 2, x, y are the position coordinates
before and afier Af, v, v, Uy, and ., vy, v, are the
velocities before and after At, E,, and E,,4 are the axial and
radial electric field, as a function of axial and radial position
and time in the RF cycle (obtained from the fluid model: see
above}, o is the azimuthal angle of the radial position (ie.
the angle of the radial position coordinates with respect to the
x-axis), and g and m are the charge and mass, respectively.
For the atoms, g is of course zero, and the last term in the
equations disappears.

Then, the collision probability is calculated and compared
to a random number between zero and one. If the probability
is lower than the random number, no collision takes place.
However, if the probability is higher, a collision takes place,
and the kind of collision is determined, based on the partial
collision probabilities and a second random number. The
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collisions taken into account for the argon ions include charge
transfer and momentum transfer collisions and fast argon ion
impact ionization and excitation. For the fast argon atoms, mo-
mentum transfer collisions, fast argon atom impact jonization,
and excitation were incleded. The cross sections for all these
processes were obtained from Phelps [23], [24]. Finally, the
new energy and direction after collision are determined based
on formulas for scattering angles and energy conservation.
More details about the Monte Carlo procedure and about the
scattering theories used can be found in [3], [10], and [25].
respectively,

This procedure is repeated during a large number of time
steps (and RF cycles) until periodic steady state is reached,
ie., when the effect of all previous RF cycles is taken into
account. In practice, it was found that periodic steady state
was reached after 20-25 RF cycles (see below), Indeed, the
maximum distance for the ions and atoms to travel is equal
to the maximum sheath length and is typically | mm [10].
The velocity af the ions and atoms is in the order of 10°=108
em/s. Hence, 1o cross the entire sheath, they nesd 10-5-10-7
5. Since one RF period lasts 7.4 x 10~% s, at least 14 RF
cycles have to be followed. Hence, 20~25 RF cycles are safe
numbers, and they correspond well with the number of 25,
predicted in [17]. In practice, we followed the ions during 30
RF cycles to be sure that periodic steady state will also be
reached at other discharge conditions (i.e., other RF sheath
thicknesses} under investigation. Later in this paper, the effect
of the number of RF cycles to be followed will be discuszed
in more detail,

C. Coupling Berween the Two Models

As mentioned before, this argon ion and fast argon atom
Monte Carlo model is coupled to our hybrid model [10] to
reach self-consistent results, The procedure is as follows. First,
the fluid equations are solved, assuming arbitrary values for
the ion and electron production rates. The results of this fAuid
modcl are the eleciric field as a function of position and time
in the RF cycle, as well as the ion flux bombarding the RF
electrode and entering the RF sheath from the bulk plasma.
The electric field and the ion flux at the RF electrode are used
as inputs in the electron Monte Carlo model to determine
the electron trajectory in the electric field and the number
of electrons starting at the RF electrode az a function of
time, respectively. This Monte Carlo model yields, among
others, the electron impact ionization rate. The latter is used
as input in the argon ion/fast argon atom Monte Carlo model
to determine the number of ions created by this process as a
function of time. Other input values for this model include the
eleciric field as a function of position and time, as well as the
ion flux entering the RF sheath from the bulk plasma, both
adopted from the fluid model. Outputs of the latter model are,
among others, the fast argon ion and atom impact ionization
rates. Hence, the electron Monte Carlo model is then again
calculated, including the electrons formed by the lamer two
processes. Mext, the argon ion/ffast argon atom Monte Carlo
maodel is again ren, ete. This procedure of successive electron
and argon ionjatom Monte Carlo models is repeated unti] the
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Fig. 2. Two-dimensional density distibution of the argon jons in the RF
sheath at wt = #. The results at the other times in the BF cycle are practically
identical,

total ionization (due to electron, fast argon ion, and atom
impact) remains constant. After thar, the fluid calculations arc
again solved using the sum of the electron, fast argon ion,
and fast argon atom impact ionization rates as input (ie., for
the creation rates of argon ions and electrons as a function
of position and time). This fluid model yields new values for
the electric field distribution and for the jon fluxes at the RF
electrode and at the RF sheath, which are again used in the
electron, and argon jon/fast argon atom Monte Carlo models.
This whole procedure is repeated until convergence is reached,
which typically occurs after five iterations.

I, RESULTS aND DISCUSSION

A. Argon lon and Fast Argon Atom Densities

Fig. 2 shows the argen ion density at wt = =. The results at
the other time steps in the RF cycle are practically the same.
The argon ion density is in the order of 10°2-10'% em™3, It
is rather low at the RF electrode and reaches its maximum of
10%% ¢m—2 at about 0.12 em from the RF electrode. This result
is in fair agreement with the outcome of the fluid model, as
is illustrated in Fig. 3 (both the results in the entire discharge
region and the detail of the RF sheath are presented). The
absolute values are nearly identical, but the fiuid model yields
a maximum slightly further away from the RF electrode (ie.,
at 0.15-0.2 cm).

The fast argon atom density distribution at wi = « is
presented in Fig. 4. It is in the order of 1017-10" cm~2,
with its lowest value at the RF sheath-bulk plasma interface
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Fig. 3. Two-dimensional density distribution of the argon fons. bath in the
entire discharge region =5 well as o detail of the RF cheath, at i = =,
calculvied with our fluid model. The resukts at the other times in e BF cycle
were 1dentical.

and increasing toward the RF electrode. It is also more or less
constant during the entire RF cycle. By comparing Figs. 2 and
4. i1 becomes clear that the fast argon atom density s higher
than the argon ion density by about one order of magnitude.
However, compared to the overall argon gas atom density of
nearly 1017 em™3 (at a pressure of 6 torr and a gas temperature
of 600K}, the coniribetion of the fast argon atom density
is negligible; ie., most argon atoms are still thermalized.
Nevertheless, it is expected that these fast argon atoms play a
significant role in the sputtering process, as was also the case
in the de glow discharge [3].

B. Argon lon and Fast Argon Atom Mean
Energies and Energy Distriburions

The mean argon ion and fast argon atom energies, as 8
function of axial position in the RF sheath, are depicted in
Fig. 5, at four different times in the RF cycle. The mean argon
ion energy (solid lines) increases toward the RF electrode,
sifee the ions gain energy from the electric field. The energy is
not constant during the entire RF cycle: it is highest at wt = 2r
{about 33 ¢V at the RF electrode) and lowest at wi = 7 (around
13.5 eV at the RF electrode), which comesponds exactly to the
variations in the effective electric field distributions, illustrated
in Fig. 1. At first sight, this result is surprising, because the
ions need many RF cycles to traverse the RF sheath, and
one would expect that the effect of the varying electric field
and hence the ion energy would be averaged out. However,
the argon jons undergo many charge transfer collisions, after
which they start again from thermal energy. Next. they again
receive energy from the instantaneous electric field (which can

‘be considerably close to the RF electrode, see Fig. 1). When
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Fig. 5. One-dimensional mean energics of the argom ions (sodid lines) and
fast argan atoms (dashed Hnes) in the RF sheath, at foor different tmes in the
RF eycle, as a function of distance from the RF electrode.

the ion data are sampled at this moment, the variation of the
effective electric field is clearly felt

The mean fast argon atom energies at the four different
times, represented by the dashed Tines in Fig. 5, do not vary so
much duting the RF cycle (although they are a little bit higher
at wit = /2 and 2rr), and they stay also more or less constant
in the RF sheath, only slightly increasing in the last 0.5 mm
in front of the RF electrode, The mean fast argon atom energy
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is somewhat lower than the argon jon energy because the fast
argon atems cannot gain energy from the elecric field, they
can only lose energy by collisions, It should be mentioned,
however, that only atems with energy higher than 1 eV are
called “fast,” and that the mean fast argon atom energy lnoks
artificially high, especially between (.5 and 1.5 mm from the
BF electrode, because it includes only fast argon atoms, Of
course, the overall mean argo n atom enerzy will be very
close to thermal, as discussed before.

The flux energy distributions of argon ions bombarding the
EF electrode, at four different times in the RF cvele, are shown
in Fig. 6. It should be noticed that the energy axis is truncated
at 60 eV, ie., lower than the total dc or RF voltage, because
the energy axis beyvond 60 eV gives no additional informarion.
The energy distributions exhibit some pronounced features,
characterized by a series of peaks, superimposed on a rapidly
decreasing curve, This characteristic structure has also been
ohserved in other calculation results (e.g., [11], [14], [1E],
[19], [26]), as well as in experimental measurements (e.g..
[26]-[29]). At very low pressure (a few mitomr ), when the
wons do not undergo collisions in the sheath, the ion ENETTY
distribution is characterized by a saddle-shaped structure, due
te RF modulation. However, as the pressure incrsases, the
saddle shape disappears gradually, and secondary peaks appear
on top of the energy distribotion, as a result of thermal
ions formed in the sheath due 1o charge ransfer collisions,
and which gain only a fraction of the RF electic field,
The relative heights and positions of these secondary peaks
depend on the discharge conditions (de bias voltage, pressure)
and are directly related to the number of ions which have
undergone charge transfer collisions at different distances from
the RF electrode. Moreover, the energy distribution is shifted
toward lower energics due to charge transfer and momentum
transfer collisions. Although the models and measurements
described in the literature apply w glow discharges operating
at lower pressures (e.g., 1-100 mtorr ), the same feature is
also observed in our modeling results for 6 torr |

Fig. 7 presents the flux energy distribution of the Fast argon
atoms bombarding the RF electrode at wi = 7. The results
al the other time steps were pearly identical. Again, the
energy axis is truncated at 100 eV, because the number of
atoins with higher energy is negligible. In conrast 1w the
argon ion flux energy distribution, the fast argon atom energy
distribution does not exhibit a peaked structure, but decreases
monotonically toward higher energies, because the atoms,
when they have lost energy due to collisions, cannot gain
energy anymore from the electric field. The same decreasing
curve was also obtained in the modeling results presented
in [14]. Finally, it is also worth mentioning that the energy
distribution peaks at 1 eV and is zero ar siill lower energies.
Ihermscm,nfms:.isﬂwfmmmammmmrgies
below 1 eV are removed from the fast argon atom Monte
Carlo mode] (see above).

C. Argorn fon and Fasr Argon Atom Fluxes

Another feature which becomes apparent from Figs. 6 and 7
15 that the fast argon atom flux bombarding the RF electrode is
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Fig. 6. Flux emergy dismibations of the argem jons bombarding the RF electrode, ot four different tmes in the RF cycle. Nete that the z-axis is
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much higher than the argon ion flux. Indeed, a large number
of these fast arpon atoms are created due to charge transfer
and momentum transfer collisions, Hence, although the mean
fast argon atom energy is lower than the mean ion energy, it
15 expected that the fast argon atoms still play a dominant role
in sputtering, due to their much higher flux, as is also the case
in the dc glow discharge [3].

The total argon ion and fast argon atom fiuxes bombarding
the RF electrode, as a function of time in the RF cyele, are
depicted in Fig. 8. It is indeed clear that the fast argon atom
flux is much higher than the argon ion flux (ie.. a factor of
20; see left and nght axes). Moreover, the fast argon atom
Aux s more or less constant in me, whereas the argon ion
flux is at its maximum around ot = 0 = 27 and has a
minimum around wi = 7 (see negative scale). Hence, there is
a phase shift with regard to the RF voltage applied to the RF
electrode (which is at its maximum around wt = 37,/2 and at
its minimum around wf = 72}, in agreement with results in
the literamre (e.g.. [L8]-{20]). The argon ion flux at the RF
electrode. calculated with our fluid model, is also illustrated in
Fig. & (short dashed line). It reaches also 2 minimum at wt = «
and a maximum at wi = 0 = 27, in good comespondence
with our Monte Carlo results. However, the variation between
the minimum and the maximum value seems o be somewhat
less pronounced in the Monte Carlo model: it varies between
—8.5 x 10%% 2L and —1.5 » 107 571, whereas the result of
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the fluid model varies betwesn —4 x 10 571 and 1.7
1017 ¢~1, Mevertheless, the results obtained with both models
are in the same order of magnitude and show a similar time

dependence.
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Fig. 9. Rates of jonization by the argon ions and fast argon atoms (lefi axis, selid lines), integrated over the entire BF sheath, as & function of time
in the RF cycle. For comparison, also the slectron impact ionization rate, integmated over the entire discharge axis, calculsied with our electron Monte
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D, Collisions of the Argon lons and Fast Argon Atoms 3-4), as is explained by the much higher argon atom flux (see
Fig. 9 illustrates the ionization rates, due to fast argon ion Fig. 8). This outcome is in correspondence with our previous
and fast argon atom impact, integrated over the emtire RF ¢ resulis [6].
sheath region, a5 a function of time in the RF cycle. The  For comparison, the electron impact ionization rate, inte-
ionization is at its minimom around wt = , and reaches a  grated over the entire discharge, is also illustrated {dashed
maximum at wt = 0 = 2, which follows the trend of the line, right axis). It reaches a minimum around wt = /2
effective electric field (Fig. 1). This is expected because the and a maximum at wt = 0 = 27, but it is much higher
above mentioned processes become important onlv at high than the argon atom impact ionization rate {by a factor of
ion and atom energies [23]. The fast argon atoms seem 1o 50) and than the argon lon impact ionization rate (by a factor
produce more jonization than the argon ions (by a factor of of 150). Integrated over the entire discharge region and RF
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cycle, the electrons contribute for about 97.7% to the total
ionization of argon (of which 60% occurs in the RF sheath
and 40% in the plasma bulk). The relative contributions of
the fast argon atoms and ions to the total ionization were
calculated to be about 1.8% and 0.5%. respectively. Hence,
the fast argon atoms and ions seem o play only a minor
role for tonization at the present discharge conditions. This is
nod surprising, because the calculated RF voltage and do bias
voltage are in the order of 600 V and —345 V, respectively
(see below)., We have found that in the dc case, the effect of
fast arpon long and atoms on the total ionization (and on the
calculated current-voltage characteristics) started to become
important for voltages higher than 600 V [6]. Hence, it is
expected that jon and atom impact ionization become more
important at higher RF and dc bias voltages, which give rise
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Fig. 11. Total mumber of argon ions (beft axis, sobd bise) and fast argon

atearss (right axis, dashed ling) followed in the model, as a functian of tme
during many RF cycles.

to higher ion and fast atom energies, and hence, more efficient
fast argon ion and atom impact ionizalion.

E. Effect of the Argon lons and Atoms on
the Electrical Characteristics

In our previous hybrid Monte Carlo-fluid model [10], the RF
and dc bias voltages were calculated self-consistently, when
the input power, the gas pressure, and gas lemperalure were
given, For the present conditions of 10 W incoming power,
6 torr argon pressure and 600K gas temperamre Vhp was
calculated to be 900 V and V. was —610 V [10]. Now, when
the ion/atom Monte Carlo mode] is added to this hybrid model,
Ve and V. become clearly lower (ie., in the order of 600
WV and —345 V, respectively). The reason for this is that fast
argen ion and atom impact lonization make the glow discharge
self-sustainable at lower voltages. The explanation that ion and
atom impact ionization are really responsible for the lower
voltages, and that this was not due to another phenomenon,
was checked by comparing the results of the hybrid ion/fanom
Monte Carlo and electron Monte Carle-fluid model, with and
without taking into account these processes.

Hence, although the above processes have only & minor
contribution to the total amount of ionization, they do have a
significant effect on the electrical characteristics due to the
so-called “snowball-effect” (i.e., the ions and atoms cause
ionization, thereby creating some electrons; these electrons
can also give ionization, creating some more ions; the jons,
and the atoms formed by collisions of the jons, vield again
tonization, giving rise to some more electrons, ete.) and it is
expected that this effect will become even more important at
higher dc bias vollages.

F. Effect of the Number of RF Cycies 1o Be
Followed on the Calculated Results

As mentioned before, it was investigated how many RF
cycles had to be followed before periodic steady state was
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reached. and it was found that this was the case for 20-25
RF cycles. To demonstrate this, Fig. 10a) and (b) shows the
argon fon and fast argon atom fluxes at the RF electrode,
for a range of different RF cycles followed. It is indeed
apparent that below 20 or 25 RF cycles (for the ions and
atoms, respectively), the results increase with the number of
RF cycles, because the previous RF cycles still have noticeable
effect on the last cycle (i.e., the one from which the output data
are sampled). However, after 20 or 25 RF cycles, the results do
not change anymore, which shows that peniodic sieady state is
indeed reached afier 20-25 RF cycles. However, to be sure that
this steady state would be reached for all discharge conditions
ta be investigated, we ran the calculations for 30 RF cycles,
Fig. 11 illustrates the number of ions (solid line, left axis) and
atoms {(dashed line, right axis), followed as a function of time,
during the successive RF cycles. It appears indeed that the
number of ions and atoms remains periodically constant after
about 20 and 23 RF cycles, respectively,

IV. Comcrusmon

A Monte Carlo model has been developed for the argon
ions and fast argon atoms in the sheath adjacent 1o the RF
electrode, and this model has been coupled to a hybrid Monte
Carlo fluid model for the electrons and argon ions, which was
developed before [10]. Typical results of the mode] presented
here comprise the argon ion and fast atom densites, fluxes,
collision rates, mean energies, and energy distributions. The
latter are very important for our application (sputtering glow
discharge for analytical chemnistry), because it determines the
amount of sputtering. Moreover, this quantity is also of great
significance from the point of view of materials processing, as
appears from the large number of publications in the literature
(e.g.. [11], [14], [18], [19], [26]-[29]). Since the fast argon
atom flux bombarding the RF electrode is considerably higher
than the argon ion flux, it is expected that these fast argon
atoms give the main contribution to sputtering, in spite of
their slightly lower energy.

Further, it was demonstrated that the argon ions and fast
argon atoms play some role in the total degree of ionization.
Although their relative contribution, compared o electron
impact ionization, was rather low, these species do have a
significant effect in lowering the RF and de bias voltages.
Moreover, it is anticipated that both the comtribution of the
fast argon ions and atoms to the overall jonization, and the
effect of these species on the RF and dc bias vollages, wiil
still increase with rsing V5,.

Finally, it was investigated how many RF cycles have w be
followed before periodic steady state is reached; and this was
found to be the case for about 20-25 RF cycles,
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