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In the present work, the dynamics of axial profiles of negative ions and the degree of electronegativity
a =N,/ N, of different parts of the RF capacitive discharge in carbon dioxide are investigated using the SIGLO-rf
fluid code. Time-averaged axial profiles of densities of electrons N, positive N, and negative N, ions are also ob-
tained in a wide range of gas pressures and applied RF voltages. It is shown that at a sufficiently high gas pressure
(1 Torr and higher), the quasi-neutral plasma consists predominantly of positive and negative ions. The degree of
electroneutrality a is about several tens and decreases with increasing RF voltage. Because of oscillations in the RF
electric field, electrons are ejected every half-period from a near-electrode sheath to the sheath near the opposite
electrode being the temporary anode. This leads to a significant increase in the degree of electronegativity in the
sheath abandoned by the electrons. At low carbon dioxide pressures (below 0.17 Torr), the plasma consists predom-
inantly of electrons and positive ions with a very low negative ion density, and the degree of electronegativity is

significantly less than unity.
PACS: 52.80.Hc

INTRODUCTION

Discharges in electronegative gases are used to gen-
erate negative ion flows [1-4], heat thermonuclear
plasma [5], for plasma etching of semiconductor materi-
als and deposition of thin films [6, 7]. In the etching and
deposition technologies, the radio-frequency capacitive
discharge burning in gases containing fluorine, hydro-
gen, and other electronegative components is most
widely used. Therefore, much attention is paid to both
experimental and numerical studies of its properties [7—
22].

In electronegative gases, either direct capture of a
free electron by a gas molecule occurs (for example, in
SFe, SFg ions are formed in this way), or dissociative
attachment occurs with the detachment of one of the
atoms from the main molecule, which becomes a nega-
tiveion: CO,+e - CO+ 0.

Free electrons moving in an electric field carry the
discharge current, gain sufficiently high energy, and
create new ion-electron pairs in ionizing collisions with
gas molecules. Electrons attached to gas molecules with
the negative ion formation lose the ability to produce
ionization. Current transfer by heavy negative ions is
usually negligible due to their low mobility in an elec-
tric field. Both of the above-mentioned attachment pro-
cesses lead to the loss of free electrons and, as a result,
to the obstruction of burning a discharge.

The accumulation of negative ions in the plasma can
significantly change the current transfer processes [23,
24], up to the transition of ambipolar diffusion to free
diffusion [24] at high values of the degree of electro-
negativity a = N/N; ~ 100...1000. Therefore, the study
of the processes of generation and accumulation of neg-
ative ions in the plasma of a radio-frequency capacitive
discharge is an important problem.

To solve this problem, we used the SIGLO-rf fluid
code, which allowed us to reveal the behavior of nega-
tive ions in RF capacitive discharge in carbon dioxide in
a wide pressure range. This approach allowed us to cal-

culate the evolution of the axial distribution of a when
changing the discharge parameters.

1. DESCRIPTION OF SIGLO-RF CODE

Prof. Boeuf and Prof. Pitchford from the University
of Toulouse published papers [25, 26] describing nu-
merical simulation of processes occurring in radio-
frequency capacitive discharge. Based on the equations
and assumptions described in [25, 26] they developed
the fluid code SIGLO-rf. Our group has already used it
for numerical modeling of the properties of radio-
frequency capacitive discharge in oxygen [19], argon
[27], and carbon dioxide [28]. A detailed description of
the equations solved by the SIGLO-rf code is given in a
recent paper [28]. Therefore, here we limit ourselves to
a brief analysis of the processes considered by the code.

Since carbon dioxide is electronegative, in this case,
the balance equations for free electrons, and positive
and negative ions are solved numerically. For each of
the listed types of charged particles, the momentum
equations are solved simultaneously, and for electrons,
the energy equation is also solved. The Poisson equation
is also used to calculate the electric field strength. All
the necessary constants of the processes of generation
and loss of charged particles are described in [28].

The calculations were performed for the distance be-
tween the vertically located electrodes of 2 cm. The RF
voltage of 13.56 MHz frequency was applied to the
right electrode. The RF voltage amplitude was varied
from the minimum voltage of maintaining the discharge
(extinction curve) to 1000 V. The left electrode was
under the Earth's potential. The calculations were per-
formed in the range of carbon dioxide pressures from
0.07 to 10 Torr. At pressures below 0.07 Torr, the dis-
charge was not maintained, i.e. after the start of the cal-
culations, the plasma density rapidly decreased from the
initial value (10° cm™®) down to zero. For each case
shown in the figures below, the calculations were per-
formed for 100,000 periods of the RF electric field.

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne6(154)

108

Series: Plasma Physics (30), p. 108-113.


mailto:lisovskiy@yahoo.com

Note that after about 20,000 periods a steady state was
reached, and the plasma parameters stopped changing
during further calculations.

2. RESULTS OF MODELING

Let us first consider the results for a carbon dioxide
pressure of 1 Torr. The average axial profiles of the
charged particle densities over the RF period, as well as
the density ratio a = N, / N, at RF voltage amplitudes of
100 and 1000 V, are shown in Figs. 1 and 2, respective-
ly. At such a gas pressure, electron density maxima are
visible near the boundaries of the near-electrode layers
due to the formation of the so-called “active” double
layer in these regions [28]. It is intended to balance the
number of charges of opposite signs arriving at the sur-
face of each of the electrodes during the RF period. At
an RF voltage amplitude of 100 V, the density of nega-
tive ions in the quasi-neutral plasma almost reaches the
density of positive ions, and the electron density is al-
most an order of magnitude lower. Since the electrons
enter the near-electrode sheath for a certain part of the
period, their average density decreases closer to the
electrode surface.

X, cm

Fig. 1. Time-averaged axial profiles of the density of
electrons N, positive N, and negative ions N, in
comparison with N, / N, ratio at carbon dioxide pres-
sure of 1 Torr and the RF voltage amplitude of 100 V
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Fig. 2. Time-averaged axial profiles of the density of
electrons N, positive N, and negative ions N, in
comparison with N, / N, ratio at carbon dioxide pres-
sure of 1 Torr and the RF voltage amplitude of 1000 V

Negative ions are in a potential well formed by the
time-averaged electric field, and cannot reach the sur-
face of the electrodes. Negative ions present in the
sheaths were formed there due to attachment to mole-
cules of free electrons, which periodically fill the near-
electrode sheath. These ions are gradually pushed out of
the layers into the plasma volume. The degree of elec-
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tronegativity a = N,/N. under the conditions of Fig. 1
reaches 54 (Fig. 3). When the voltage is reduced to 85 V
(the minimum voltage for maintaining the discharge), it
increases to a = 92. Increasing the RF voltage amplitude
to 1000 V leads to a decrease in the degree of electro-
negativity a to 15 (see Figs. 2 and 3). The reason for this
is the density increase of not only electrons and negative
ions but also positive ions. Positive and negative ions
recombine with each other in the plasma volume, which
reduces the magnitude of the degree of electronegativi-

ty.
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Fig. 3. Time-averaged dependencies of the density of
electrons N, and negative ions N, in the discharge
center and N, / N, ratio at carbon dioxide pressure
of 1 Torr on the RF voltage amplitude

We have considered the time-averaged axial profiles
of the charged particle densities and the degree of plas-
ma electronegativity. Now let us find out how these
axial profiles change during the period of the RF elec-
tric field. At the initial moment of the period (/T = 0),
when a positive amplitude value of voltage is applied to
the right electrode, this electrode is the instantaneous
anode and collects the electrons arriving at it (Fig. 4). At
this moment, the electrons fill the right sheath, and their
axial distribution practically coincide with the distribu-
tion of positive ions. Here, the electron density is signif-
icantly greater than the density of negative ions. There-
fore, in the right sheath, the degree of electronegativity
is small, of the order of 1 near the sheath boundary, and
then rapidly decreases when approaching the surface of
the right electrode.

In the left sheath, near the instantaneous cathode, the
situation is the opposite. The electrons are pushed out of
the left sheath by the electric field, but there are nega-
tive ions there that have not had time to leave the layer.
Therefore, when approaching the surface of the left
electrode (“cathode”), the degree of electronegativity
increases sharply, not due to the increased negative ion
density, but due to the absence of electrons in this
sheath.

Now let us consider the axial profiles for the mo-
ment t/T = 0.35, shown in Fig. 5. This moment of time
corresponds to the maximum value of the RF discharge
current. The electron profile is close to symmetrical
relative to the center of the discharge gap. The electrons
are partially ejected from the right sheath and partially
fill the left sheath. This profile shows local maxima near
the sheath boundaries, which correspond to the for-
mation of passive (near the boundary of expanding right
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sheath) and active (near the boundary of the left layer,
which is in the anodic phase) double layers [28]. Our
calculations show that in the region of these double lay-
ers, the degree of electronegativity has deep minima
with a < 0.1. In the quasi-neutral plasma a =~ 15, and in
the layers, a sharply increases when approaching the
electrode surface due to the temporary absence of elec-
trons there.

0.0 0.5 1.0 1.5 2.0
X, cm
Fig. 4. Axial profiles of the density of electrons N,
positive N, and negative ions N, in comparison with
N, / N ratio at carbon dioxide pressure of 1 Torr and
the RF voltage amplitude of 1000 V for the moment
tT=0
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Fig. 5. Axial profiles of the density of electrons N,
positive N, and negative ions N,, in comparison with
N, / N ratio at carbon dioxide pressure of 1 Torr and
the RF voltage amplitude of 1000 V for the moment
t/T = 0.35 corresponding to the peak value of RF
discharge current

It is not expedient to consider the case for the time
moment t/T = 0.5, since in this case, the axial profiles
are mirror-reflected relative to the center of the dis-
charge gap compared to t/T = 0 moment.

During the first half of the RF period, we see three
maxima on the axial profile of the electron attachment
rate. The first of them is observed in the region of the
appearance of the first (passive) double layer (in Fig. 6
its position is shown as DL;). The second maximum is
more extended and located in the bulk of quasi-neutral
plasma (PL). The third sharp maximum occurs due to
the formation of the active double layer (DL;) when the
electron cloud enters the near-electrode sheath, which is
in the anode phase.

In the second half of the RF period, the situation
changes to the opposite, the passive and active double
layers in the first half of the period are transformed,
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respectively, into the active and passive double layers in
the second half of the RF period (see Fig. 6).
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Fig. 6. Spatio-temporal dependence of the electron
attachment rate at carbon dioxide pressure of 1 Torr
and the RF voltage amplitude of 1000 V

We mentioned above that the axial profile of the
negative ion density changes slightly during the RF pe-
riod at a carbon dioxide pressure of 1 Torr. This is seen
in Fig. 7, where the corresponding profiles are given for
the moments of time t/T = 0 and t/T = 0.5. Small differ-
ences in these profiles are visible only near the electrode
surface, while they coincide in the quasi-neutral plasma.
Due to lower mobility at elevated pressure, the negative
ions generated due to electron attachment in a sheath do
not have time to leave the sheath in half the RF period,
even at high values of the RF voltage amplitude.
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Fig. 7. Axial profiles of the density of negative ions N,
at carbon dioxide pressure of 1 Torr and the RF voltage
amplitude of 1000 V for the moments t/T =0
andt/T=05

Now let us consider the case of low carbon dioxide
pressure p =0.07 Torr. In this case, the near-electrode
sheaths are thick and overlap in the center of the dis-
charge gap. The electron cloud runs successively from
one electrode to another, which we see in Figs. 8 and 9
for the moments t/T =0 and t/T =0.245. The electron
density profile tends to the profile of positive ions,
maintaining quasi-neutrality in this region.

Since the gas pressure is low, this leads, firstly, to
the fact that the density profile of positive ions becomes
almost uniform throughout the gap between the elec-
trodes. Near the electrodes, N, =2.4-10°cm™, and in
the central part of the discharge N, = 4-10° cm™, i.e. the
density of positive ions changes less than 2 times over
the discharge gap. At the 1 Torr pressure, this difference
was greater than 40 times.
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Fig. 8. Axial profiles of the density of electrons N,
positive N, and negative ions N,, in comparison with
N, / N ratio at carbon dioxide pressure of 0.07 Torr
and the RF voltage amplitude of 500 V for the moment
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Fig. 9. Axial profiles of the density of electrons N,
positive N, and negative ions N, in comparison with
N,/ N ratio at carbon dioxide pressure of 0.07 Torr

and the RF voltage amplitude of 500 V for the moment
t/T = 0.245 corresponding to the maximum value of RF
discharge current

Secondly, the decrease in gas pressure significantly
increased the mobility of negative ions and also substan-
tially narrowed the region where they can appear. We
see this in Figs. 8 and 9, where the width of the negative
ion density peak turned out to be noticeably narrower
than for electrons. The electrons most actively stick to
gas molecules in the region where there are many elec-
trons themselves and where the rate of the attachment
process will be high. Using the BOLSIG+ code [29]
with a set of cross sections from [30], we showed that
the attachment rate in carbon dioxide is maximum at the
reduced electric field value of E/N ~ 300 Td. At the gas
temperature of 300 K, this corresponds to the value of
E/p = 100 V/(cm-Torr). For the carbon dioxide pressure
of 0.07 Torr, the electric field strength should be about
7 V/cm. From Fig. 10 we see that this electric field
strength is very low and the region with such a weak
field is located near the sign reversal point of the elec-
tric field. Therefore, the process of electron attachment
to gas molecules occurs mostly in a narrow region,
which we see in Figs. 8 and 9. Since the density of
negative ions is small compared to the density of elec-
trons, the degree of electronegativity is low during the
entire RF period.
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Fig. 10. Axial profiles of electric field strength at
carbon dioxide pressure of 0.07 Torr and RF voltage
amplitude of 500 V for different moments of time t/T

Note also that the electron attachment region active-
ly moves between the electrodes during the RF period.
The corresponding spatio-temporal distribution of the
electron attachment rate is shown in Fig. 11. This figure
shows that bursts of the electron attachment rate are
observed at the moments of expansion of the near-
electrode sheath. When one of the electrodes becomes a
temporary cathode, it pushes out the electrons that fill
the sheath during the anodic phase. In this case, the
electrons acquire additional energy, which is spended
both on the ionization of gas molecules and on the pro-
cesses of dissociative attachment. In the next half-
period, the opposite electrode (which was previously a
temporary anode and attracted electrons to itself) be-
comes a temporary cathode; now the electrons are
pushed out of the sheath near this electrode. In Fig. 11, a
peak in the electron attachment rate appears, corre-
sponding to this process.

S
S

Fig. 11. Spatio-temporal dependence of the electron
attachment rate at carbon dioxide pressure of 0.07 Torr
and the RF voltage amplitude of 500 V

Now let us reveal the behavior of the charged parti-
cle densities and the degree of electronegativity in the
center of the discharge gap in a wide range of carbon
dioxide pressures (Fig. 12). At gas pressures starting
from 0.07 and up to 0.15 Torr, the concentration of neg-
ative ions is low, so the degree of electronegativity a is
significantly lower than 1. The plasma actually consists
of electrons and positive ions. At the pressure of
0.17 Torr, the densities of negative ions and electrons
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are equalized, and the level of a = 1 is reached. With the
further increase in carbon dioxide pressure, the densities
of negative and positive ions are approximately equal to
each other, and the electron density is less than 10% of
their value. Thus, in a wide range of pressures, the de-
gree of electronegativity remains approximately in the
range of a=15...30 at an RF voltage amplitude of
500 V.
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Fig. 12. Pressure dependences of time-averaged
densities of electrons N, positive N, and negative ions
N, in the discharge center in comparison with N, / N
ratio at RF voltage amplitude of 500 V

CONCLUSIONS

In the present work, the time-average and space-time
dependences of the profiles of electrons, positive and
negative ions in a wide range of carbon dioxide pres-
sures and applied RF voltages are obtained using the
SIGLO-rf fluid code. Thanks to them, the behavior of
the degree of electroneutrality a = N, / N, is clarified for
different parts of the RF capacitive discharge. At a suf-
ficiently high gas pressure (1 Torr and higher), the axial
profile of the density of negative ions remains virtually
unchanged during the RF period of the electric field.
Positive and negative ions dominate in the volume of
the quasi-neutral plasma, and the degree of electronega-
tivity a monotonically decreases with increasing RF
voltage, but remains in the range of several tens. The
time dependences of the density profiles of charged par-
ticles showed that electrons are expelled from a near-
electrode sheath every half-period of the RF field and
fill the sheath near the opposite electrode. Then in the
sheath from which the electrons leave, the degree of
electronegativity increases sharply. At carbon dioxide
pressures below 0.17 Torr, the negative ion density be-
comes insignificant, and the plasma consists of electrons
and positive ions. Because of the high mobility at low
pressures, the cloud of negative ions oscillates between
the electrodes together with the electrons with a large
amplitude.
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YUCEJBHE MOJAEJIOBAHHSA NOBEJAIHKN HETATUBHHUX IOHIB Y BUCOKOYACTOTHOMY
EMHICHOMY PO3PAALY BYTJIEKUCJIOMY TI'A3I

B. Jlicosecwvkuii, C. [yoin, A. Hlaxnaszapan, I1. [Inamonos, B. €zopenkos

Juuamika oCbOBHX TMPOQITIB HEraTHBHHUX i0HIB Ta cTymeHs enekrponeratuBHocTi a = N,/ N, pisHux ugactun
BY-eMHicHOrO po3psiiy y BYIJIEKHCIOMY rasi JOCIHiKEHa 3a JOMOMOTO0 TifpoauHamivynoro koxy SIGLO-rf.
OtprMmaHi TakoX cepeliHi 32 YacoM 0ChOBi MPOdini KOHIEHTpaliil eneKTpoHiB N, mosutuBHNUX N, i HeratuBHUX N,
IOHIB Y IIMPOKOMY Jlialia3oHi TUCKY Ta3y Ta npukianenoi BU-nanpyru. [TokasaHo, o npu JOCUTh BUCOKOMY THCKY
ra3y (1 Topp i Bumie) KBa3iHEHTpaIbHA IIa3Ma CKIIAIAEThCS IEPEBAXKHO 3 TIO3UTHBHUX 1 HETaTUBHUX 10HIB. CTYIiHb
€JIEKTPOHETATHBHOCTI & MPUOIM3HO JIOPIBHIOE KUTBKOM JIECATKaM 1 3HIDKYEThCS 31 3pocTanusiM BY-nanpyru. Uepes
ocrwisinii y BU-exekTpraHOMY 1OJIi €JIEKTPOHHM KOXHI IMIBHEPIOAY BUIITOBXYIOTHCS 3 OJHOTO NPHEIEKTPOIHOTO
mapy B NPOTWJICKHHUH Imap Oisii TAMYAacOBOTO €JIeKTpoaa-aHoa. Le mpu3BoaUTh 0 3HAYHOTO 3POCTAHHS CTYTEHS
€JICKTPOHETAaTHBHOCTI y IIapi, SKUH 3alUIINIA eJEKTPOHHU. [IpM HU3BKMX THCKAaX BYIVIEKHCIIOTO rasy (HIDKYE
0,17 Topp) mma3ma IepeBa)kKHO CKIAAETHCS 3 CIEKTPOHIB 1 MO3UTUBHUX 10HIB 3 Ay)K€ HHU3BKOIO KOHIICHTPAIi€I0
HEraTUBHHX IOHIB, & CTYIiHb €JIEKTPOHETaTHBHOCTI ICTOTHO MEHIIE OJIMHUIII.
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