https://doi.org/10.46813/2023-146-129

SIMULATION OF CAPACITIVELY COUPLED RF DISCHARGE
IN ARGON

V. Lisovskiy, S. Dudin, A. Shakhnazarian, P. Platonov, V. Yegorenkov
V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
E-mail: lisovskiy@yahoo.com

In this work, the axial profiles of the density of electrons and positive ions, the mean electron energy, the electric
field strength, and the potential were obtained, both on average over the period and in dynamics. It was shown that
argon discharges are dominated by ionization by electrons that gained energy by stochastic heating during the ex-
pansion of near-electrode sheaths. This ionization occurs in two pulses during one RF period. At low RF voltage
between the electrodes, the role of Ohmic heating of electrons in the electric field in a quasi-neutral plasma increas-
es, but the contribution of stochastic heating remains dominant. The time-averaged plasma potential was found to
increase non-linearly with the RF voltage between the electrodes Uy. It is shown that at low U, values (when the RF
voltage approaches the discharge extinction curve), the average potential ® can reach U,; due to the axial redistribu-

tion of the instantaneous potential in the gap between the electrodes.

PACS: 52.80.Hc

INTRODUCTION

Radio-frequency capacitive discharge in gases is
widely used in many plasma technologies. With its help,
various materials are sputtered, various films are depos-
ited (both metal and dielectric), semiconductor materials
are etched during the production of microchips, gas dis-
charge lasers are pumped, and the surfaces of techno-
logical and research chambers are cleaned (from centi-
meter size to the scale of large tokamaks and stellara-
tors), etc. Therefore, considerable attention is paid to
both experimental and theoretical research of its proper-
ties. Usually, either the external parameters of the RF
capacitive discharge (for example, the current-voltage
characteristics) or the time-averaged plasma parameters
are measured experimentally [1-7]. But in order to
understand exactly how the processes of birth and loss
of charged particles take place, and what the dynamics
of the internal parameters of the plasma look like, nu-
merical modeling is frequently used [2, 7 - 9].

The purpose of this work was to carry out numerical
modeling of the parameters of a radio-frequency capaci-
tive discharge in argon using the SIGLO-rf hydrody-
namic code. Plasma parameters averaged over the RF
period were determined, and their changes with time
were investigated. The mechanisms of ionization, the
time and place within the discharge, where and when
they occur, have been clarified.

1. DESCRIPTION OF SIGLO-RF CODE

SIGLO-rf is fluid code, which is the 1D user-
friendly simulation software of capacitively coupled RF
discharges. It was developed by JP Boeuf and LC Pitch-
ford at the University of Toulouse and is based on the
same physics as in [10, 11].

SIGLO-rf numerically solves the continuity, momen-
tum, and energy equations for electrons, the discontinui-
ty and momentum equations for positive ions, and Pois-
son's equation for the electric field.

In the axial profiles shown in the next section, the left
electrode is grounded, and RF voltage U oscillating
with a frequency of 13.56 MHz is applied to the right
electrode. The distance between the electrodes is fixed
and is 2 cm. The gas pressure is 1 Torr.
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Calculations were made for argon. Accordingly, the
necessary information was entered into the file with gas
parameters. The dependences of electron mobility, aver-
age electron energy, and ionization coefficient (the first
Townsend coefficient a/p) on the reduced electric field
E/p for gas temperature T = 300 K were preliminary cal-
culated using the Bolsig+ code [12]. At the same time,
cross-sections of electron collisions with argon atoms
were used, given in the LXCat database (www.lxcat.net)
[13], where cross-sections from the Phelps set [14] were
selected.

In addition, for argon, the mobilities of positive Ar+
ions in Ar, given in the review [15], were used. lon-
electron recombination was neglected due to the very
small value of the coefficient for this process [16].

2. EXPERIMENTAL RESULTS

RF capacitive discharge consists of three regions, a
quasi-neutral plasma and two sheaths of space charge,
which are actually transition parts between the plasma
and the electrode walls limiting it. Quasi-neutral plasma
and near-electrode sheaths differ greatly in terms of
parameters. At the same time, it is necessary to consider
not only the average parameters of the discharge over
the RF period but also to take into account that these
parameters also change over time due to the harmonic
change of the RF voltage on the right (potential) elec-
trode. Therefore, below we will present the average pro-
files of plasma parameters for the RF period, and for
some of them, we will find out their dynamics.

The time-averaged axial profiles of electron density
N, and positive ion density N, are shown in Fig. 1. It can
be seen from the figure that the quasi-neutrality condi-
tion is fulfilled in the plasma volume, that is, the densi-
ties of electrons and positive ions are equal to each oth-
er, and the corresponding parts of the curves in the fig-
ure coincide.

The near-electrode sheaths are dominated by posi-
tive ions, and the electron density here is much lower
than the ion density. That is, here we observe a violation
of the condition of quasi-neutrality. From the plasma to
the boundary of the sheaths, positive ions and electrons
move in the mode of ambipolar diffusion, so their densi-
ties in the plasma are the same.
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Fig. 1. Time-averaged axial profiles of the density
of electrons and positive ions

But after reaching the limit of the plasma region,
positive ions are accelerated to the electrodes by a
strong electric field averaged over time, the voltage of
which increases approximately according to a linear law
when approaching the electrodes (Fig. 2). In a quasi-
neutral plasma, this field is small (approximately units
V/cm and increases to 20 V/cm at the boundary of the
sheaths) but it is zero only in the center of the discharge
gap. In the considered case, the average electric field
strength near the electrode surface approaches
1400 V/cm.

As a result of the oscillations of the electrons in the
instantaneous radio-frequency electric field, some of
them enter the electrodes. Therefore, there are more
positive ions than electrons in the discharge gap. Thanks
to this, the plasma has a positive potential in relation to
the electrodes. Let us recall that the left electrode is
grounded, and the potential of the right electrode chang-
es according to the harmonic law and is also zero on
average during the RF period. Therefore, positive ions
are accelerated by this electric field averaged over the
RF period from the plasma to the electrodes, due to
which the RF capacitive discharge has found wide ap-
plication in many plasma technologies.

1500 T T T T

1000 200

500

E, Viem

0

100

Potential, V

-500

-1000

s l—e 1y
0.0 0.5 1.0 1.5 2.0

X, cm
Fig. 2. Time-averaged axial profiles of potential
and electric field strength

The value of the average plasma potential depends on
the RF voltage applied to the electrodes, the pressure, and
the type of gas. For argon gas at 1 Torr pressure and
500 V RF voltage, the average plasma potential (for the
center of the discharge) is about 230 V (see Fig. 2).

Now let's consider the time-averaged axial profiles
of the mean electron energy, which are shown in Fig. 3.
From the figure, one can see that the mean electron en-
ergy in the plasma reaches up to approximately 6 eV,
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however, in the space charge sheaths, it quickly de-
creases down to 1 eV near the electrodes. But here, it
should be taken into account that electrons alternately
fill the near-electrode sheaths, and during certain parts
of the RF period they are not present near the electrodes
at all, and, accordingly, their average energy is consid-
ered zero in this case.

Fig. 3 also shows the time-averaged axial profile of
the ionization rate. From its unit of measurement,
cm>-s?, it is clear that this value is equal to the product
of the electron density and the ionization frequency
vi"N; and is the term of the electron and ion balance
equation, which describes the rate of ionization birth of
charged particles in 1 cm® per 1 s at a certain point in
the discharge gap. The maximum values of the ioniza-
tion rate appear near the boundaries of the near-
electrode sheaths and indicate the presence of enhanced
electron heating in these areas. A much lower ionization
rate is observed in the central part of the discharge gap.
We will consider the processes of electron heating be-
low.

Now let's pay attention to the time dependences of
the axial profiles of the plasma parameters. First, let's
consider the profiles of the plasma potential for several
moments of time during one-half of the RF period
(Fig. 4). At the initial moment, when the high-amplitude
RF voltage is applied to the right electrode, almost the
entire potential drop is concentrated on the left near-
electrode sheaths, because the left electrode plays the
role of an instantaneous cathode. In the left sheaths, the
electric field strength is maximum, and the right sheaths
has practically collapsed. A flow of electrons enters the
right electrode, which is limited by a small voltage drop
near the electrode.
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Fig. 3. Time-averaged axial profiles of average electron
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Fig. 4. Axial profiles of potential for different parts
of RF period for voltage between the electrodes of 500 V
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Then, over time, the voltage drop on the left sheaths
decreases with the simultaneous narrowing of the thick-
ness of the left sheaths. At the right electrode, the volt-
age decreases first to zero, and then further to a negative
amplitude value. Throughout this half-period, the thick-
ness of the right sheaths increases. This half-period ends
with the reverse situation in relation to the initially con-
sidered zero time moment, namely, the left near-
electrode sheaths has collapsed, and the left electrode
receives a flow of electrons (which is regulated by a
small voltage drop near its surface).
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Fig. 5. Axial density profiles of positive ions and
electrons for different parts of the period for RF voltage
between electrodes of 500 V

The dynamics of the electron density profile for the
same moments of time are shown in Fig. 5. The positive
ion density profile practically does not change with
time, because the frequency of the RF field of
13.56 MHz applied to the electrodes is too high for
them. lons are heavy inert particles, in a discharge they
react only to constant (or time-averaged) and low-
frequency (less than 1 MHz) electric fields. Light elec-
trons, in the presence of sufficiently frequent collisions
with gas molecules, are able to sense changes in the
electric field almost without inertia. At the initial mo-
ment (/T = 0), electrons are pushed out of the left near-
electrode sheaths and, having filled the right sheaths,
enter the right electrode (instantaneous anode). At the
same time, we note that the electron density profile in
the right sheaths practically coincides with the profile of
the density of positive ions, with the exception of a nar-
row region near the very surface of the right electrode.
That is, it can be said that quasi-neutral plasma almost
completely fills the right sheaths at the initial moment
of time. Later, as shown in Fig. 4, the voltage on the
right electrode decreases. The plasma potential also de-
creases, but more slowly than the voltage on the right
electrode, so the voltage drop on the right sheaths in-
creases. This leads to the fact that the thickness of the
right sheaths increases. Electrons, which initially almost
completely filled the right sheaths, are now pushed from
the right electrode back into the plasma because the
potential of this electrode is now more negative in rela-
tion to the plasma. This ejection increases the electron
energy and is called stochastic heating [17 - 20]. This
stochastic heating led to an increase in the ionization
rate near the boundaries of the near-electrode sheaths on
the time-averaged axial profiles (see Fig. 3).

Fig. 6 shows in which places and when exactly sto-
chastic heating occurs in the RF capacitive discharge.

0.0
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The first peak of the ionization rate (it is located on the
right in the figure) occurs when electrons are pushed out
of the right near-electrode sheaths. The stochastic heat-
ing itself affects the ionization rate both in the right
sheaths and outside it in the region of quasi-neutral
plasma near the sheaths boundary. At the same time,
electrons fill the left sheaths. After the potential on the
right electrode reaches the maximum negative value, the
voltage on the left sheaths begins to increase. This in-
crease in voltage pushes electrons out of the left sheaths,
and as a result of stochastic heating, we observe a spike
in the ionization rate, which is on the left in Fig. 6.
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Fig. 6. Spatio-temporal dependence of ionization rate
for RF voltage between electrodes of 500 V

Let's note one more important feature of RF capaci-
tive discharge, which occurs in any gas, namely, the
balance of positive and negative charges arriving on the
surface of each of the electrodes. Fig. 7 shows the cur-
rent densities of positive ions and electrons that reach
the surface of the left electrode during one RF period. It
can be seen from the figure that the flow of positive ions
is maximal at the beginning and at the end of the RF
period (corresponding to the amplitude of positive RF
voltage on the right electrode).
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Fig. 7. Time dependence of the current density
of positive ions and electrons on the left electrode

for RF voltage between the electrodes of 500 V

In the middle of the period, the ion flow decreases,
but not to zero. That is, during the entire RF period,
positive ions arrive on the surface of the left electrode.
Electrons also arrive at the same electrode but in the
form of a short burst with a maximum when the RF
voltage on the right electrode reaches the negative am-
plitude value. Therefore, for the stable burning of the
discharge, it is necessary that the balance of positive and
negative charges be fulfilled, that is, the number of elec-
trons that entered the left electrode during the burst
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shown in the figure was equal to the number of positive
ions that reached the surface of this electrode during the
entire RF period. The areas under the J, and J, curves
(between these curves and the abscissa axis) must be
equal to each other.

Above we presented the results for a fixed value of
the RF voltage Us=500V applied to the electrodes.
Below, we will consider the dependence of the plasma
parameters on Uy, in the range from the discharge ex-
tinction voltage (the minimum voltage at which the RF
discharge is possible to burn, for 1 Torr it is equal to
27 V) to 1000 V. The RF voltage decrease leads to in-
crease in RF electric field strength in the plasma (Fig. 8)
with a simultaneous decrease in the rate of ionization
due to stochastic heating. This leads to an increase in
the role of Ohmic heating of electrons in the plasma, the
contribution of which to the ionization rate can reach a
third of the contribution of stochastic heating at low RF
voltages (Fig. 9).

Note the interesting behavior of the time-averaged
plasma potential (this is the potential of the center of the
discharge relative to the electrodes, averaged over the
RF period), which we denote as @ (Fig. 10). This poten-
tial increases monotonically with increasing RF voltage
on the electrodes. Analytical theory [19] assumes that
@ = (3/8) Uy. But calculations using the SIGLO-rf code
show that this dependence is not linear. Moreover, as
the Uy voltage decreases, the ratio U,; /® also decreases,
and at low RF voltages, especially before the discharge
extinction, the average plasma potential @ may even
slightly exceed the amplitude of the RF voltage on the

electrodes U, (see Fig. 10).
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Fig. 8. Dependence of the amplitude of the RF electric
field in the center of the plasma and the maximum
values of the ionization rate on the RF voltage applied
to the electrodes
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Fig. 9. Spatio-temporal dependence of the ionization
rate for the RF voltage between the electrodes of 27 V
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voltage between the electrodes Uy, as well as the ratio
Urf/CD on Uy

This is explained by the redistribution of the poten-
tial between the electrodes under conditions of low the
density of charged particles in the plasma, which is
shown in Fig. 11 for different moments of the RF peri-
od. We see that the potential of the middle of the dis-
charge varies from 17 V (/T = 0.5) to 43 V (/T = 0) at
different times, that is, the plasma always has a positive
instantaneous potential relative to the grounded elec-
trode. It should be noted that even at a high RF voltage
of 500 V (see Fig. 4), the plasma relative to the elec-
trode (momentary anode) had a potential of approxi-
mately 15 V, which corresponds to the magnitude of the
anode voltage drop of the DC discharge [21].
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Fig. 11. Axial potential pfbfiles for different parts
of the period for RF voltage between electrodes of 27 V

CONCLUSIONS

In the present research, the structure and properties
of a radio-frequency capacitive discharge in argon are
investigated using the one-dimensional hydrodynamic
code SIGLO-rf. As a result of calculations, this code
allows obtaining axial profiles of charged particles
(electrons, ions), the average energy of electrons, poten-
tial, and electric field strength both at specific moments
of the RF period and on average over the period. Addi-
tionally, the current density of each type of charged par-
ticle is determined both on the electrodes and in the
plasma volume.

The dynamics of the density of charged particles, the
potential and the rate of ionization in the RF capacitive
discharge were also studied. It was shown that the most
intense ionization in a discharge in argon occurs in two
pulses during one RF period due to the stochastic heat-
ing of electrons. Electrons that during the anode phase
filled, for example, the right near-electrode sheath, dur-
ing the next expansion of this sheath are pushed into the
plasma and acquire energy that allows them to ionize
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argon atoms. After half of the RF period, stochastic
heating repeats in the opposite near-electrode sheath
during its expansion.

It is shown that the time-averaged plasma potential
@ depends nonlinearly on the RF voltage between the
electrodes U, and at low Uy values this potential can
reach (and even slightly exceed) U, This is observed
when the RF voltage approaches the discharge extinc-
tion curve and is explained by the redistribution of volt-
age between the electrodes, thanks to which the quasi-
neutral plasma of the RF capacitive discharge is positive
relative to even the instantaneous anode.
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MOJEJIOBAHHS B4 EMHICHOI'O PO3PSAAY B APTTOHI

B. Jlicosecvkuit, C. [yoin, A. Hlaxnaszapan, I1. IInamonos, B. €zopenkos

OTtprMaHo 0ChOBi NPO(diTi T'YCTHHH €JIEKTPOHIB Ta O3UTHBHUX 10HIB, CEPEAHBOI EHEPTii eIEKTPOHIB, HANPYXKe-
HOCTi eIEeKTPUYHOTO IOJIS Ta MOTEHIIay K y CepeIHbOMY 3a IMepioj, Tak i ixHio AuHaMmikKy. [loka3zaHo, 0 B po3-
psizi B aproHi nepeBaxkae ioHi3allisl eJIEKTPOHAMHU, sIKi HaOyJIM eHeprii i yac CTOXaCTHYHOTO HArpiBy NMpHU PO3IIH-
PeHHI MpHUeTeKTpofHHX IapiB. Ll ioHi3aris BigOyBaeThCs ABOMa iMITyJIbCaMu MPOTATOM ogHoro BU-nepiony. Ipu
HU3bKIH BU-Harpy3i Mix eJIeKTpojaMu 3pocTae posib OMIYHOTO HAarpiBy €JEKTPOHIB y €JIEKTPUYHOMY I10JIi B KBa3i-
HEUTpasbHIN IU1a3Mi, ajleé BHECOK CTOXAaCTHYHOTO HArpiBy 3aJMIIAETHCS JOMIHYIOUHM. 3°sICOBAHO, IO CepeAHii 3a
yacoM noteHmian mwiazmMu @ HeminiitHo 3pocrtae 3 BU-Hanpyroto Uy Mixk enektpogamu. [TokazaHo, 10 npu HU3BKHUX
3HadeHHAX Uy (mpu HabmmwkenHi BU-Hanpyroro 10 kpuBoi 3racaHHs po3psAdy) cepeaHiid moteHmian @ Moxe 1ocs-
rati U s 3aBISIKM OCEOBOMY IIEPEPO3II0ILTY MUTTEBOTO MOTEHIIIATY B IPOMIKKY MK €JIEKTPOIaMH.
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