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In this research, the one-dimensional fluid code SIGLO-rf was used to study the internal parameters of RF capacitive discharge in
carbon dioxide, focusing mainly on time-averaged and spatio-temporal distributions of discharge parameters. With the help of this
code, in the range of distances between electrodes d = 0.04 — 8 cm, RF frequencies /= 3.89 — 67.8 MHz, and values of carbon dioxide
pressure p = 0.1 — 9.9 Torr, averaged over the RF period axial profiles of the density of electrons, positive and negative ions were
calculated as well as potential and electric field strength. It is shown that the discharge plasma in CO2 contains electrons, positive ions,
as well as negative ions. The negative ions of atomic oxygen are formed by the dissociative attachment of electrons to CO2 molecules.
Studies of the spatio-temporal dynamics of plasma parameters (electron density, potential and electric field strength, as well as
ionization and attachment rates) in RF capacitive discharge in CO2 showed that during half of the RF period, 1 to 3 ionization bursts
are usually observed. They correspond to stochastic heating in the near-electrode sheath and the formation of passive and active double
layers near the sheath boundaries. The passive double layer appears in the cathode phase and maintains the discharge plasma. The
active layer is formed in the anodic phase and ensures a balance of positive and negative charges escaping to the electrode during the
RF period. It was found that when the conditions pd =2 Torr cm and fd = 27.12 MHz cm are met simultaneously, during half of the
RF period, 4 intense ionization peaks are observed: resulting from stochastic heating, passive, active, and additional (auxiliary) double
layers. The auxiliary double layer helps bring electrons to the surface of the temporary anode and occurs near its surface inside the
near-electrode sheath. Using the similarity law, the conditions for the existence of these 4 ionization peaks in a wide range of RF
frequencies, carbon dioxide pressures, and distances between electrodes were verified.
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INTRODUCTION

Radiofrequency capacitively coupled gas discharge has become practically irreplaceable in many plasma
technologies of micro- and nanoelectronics [1-9]. These include processes of plasma etching of semiconductor materials,
deposition of various coatings from the gas phase, and many others. Therefore, the properties of the RF discharge are
widely studied both experimentally [10-19] and theoretically [10, 20-29]. Numerical modeling allows us to study not
only the behavior of the average plasma parameter profiles (potential, electric field, ion and electron densities, etc.) over
the RF period, but also to determine their dynamics under various conditions [30-39], as well as to explain experimentally
observed phenomena and predict new ones.

Radiofrequency capacitive discharge in electronegative gases turned out to be especially rich in new phenomena
[16, 17, 22, 40-53]. Electronegative gases are gases whose molecules capture free electrons, forming singly charged
negative ions. Their presence in a sufficiently high concentration in a gas mixture significantly changes the charged
particle generation and loss processes in the discharge plasma. The rate of ambipolar losses decreases [42, 44, 46], up to
the transition of ambipolar diffusion to free diffusion [47]. Accordingly, this affects the time-averaged plasma potential
and the flow of positive ions from the plasma to the electrodes [40, 41]. Due to the retention of negative ions in the
average potential well in the RF capacitive discharge, their density increases. In this case, it can exceed the electron
concentration by tens to hundreds (and sometimes thousands) times, and the plasma consists of positive and negative ions
in approximately equal concentrations with a small addition of free electrons [41, 42, 44, 46]. At certain moments of the
RF period, double layers of space charge may appear in the discharge [44, 54-58]. The enhanced electric field of the
double layer leads to ionization bursts, which allows maintaining stable discharge operation. We will consider this
problem in more detail below.

In addition, the RF capacitive discharge is widely used in pumping CO, gas lasers [59—62]. Recently, a separate line
of research has actually formed, dedicated to the plasma conversion of carbon dioxide [63—76]. These studies aim to solve
the problem of the greenhouse effect associated with emissions of carbon dioxide into the atmosphere formed during the
combustion of fossil fuels. The researchers are seeking an efficient method of splitting CO, molecules into carbon
monoxide and oxygen, which can be used both in terrestrial conditions and to provide future colonies on Mars with fuel
and oxygen. In this case, high values of the conversion coefficient of CO, molecules can be achieved in the plasma of the
RF capacitive discharge [65—70]. However, the conversion process in such a discharge is quite complicated and not well
understood due to the high level of spatial inhomogeneity of the discharge plasma and the significant and fast change of
plasma parameters distribution during the RF period.
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In this paper, the dynamics of processes in a RF capacitive discharge in carbon dioxide is investigated using the
SIGLO-rf fluid code. Particular attention is paid to the mechanisms of direct ionization of CO, molecules by electron
impact, and the clarification of the reasons for their appearance in certain places of the discharge at certain moments of
the RF electric field period. The appearance of intense ionization in a certain part of the discharge should be accompanied
by increased dissociation of CO» molecules, which is of interest for solving the problem of plasma conversion of carbon
dioxide.

SIGLO-RF CODE DESCRIPTION

1D fluid code SIGLO-rf is the software intended for simulation of RF capacitively coupled discharge. It is based on
the equations and assumptions given in the papers of Prof. J.-P. Boeuf and Prof. L.C. Pitchford [56,58] and was developed
at the University of Toulouse.

SIGLO-rf allows self-consistent calculation of temporal and average axial profiles of the density of charged particles
(electrons, positive and negative ions), as well as potential and electric field strength over the RF period. In addition, it is
possible to determine the density of the discharge current (electrons and ions both in the plasma and on the electrode, full
current, displacement current), the power absorbed by ions and electrons, the electron temperature T, etc. At the same
time, SIGLO-rf numerically integrates the system of balance equations for electrons, positive and negative ions, as well
as Poisson's equation. Calculations are carried out from the initial value of the density of charged particles, which can be
changed before starting the calculations, until a periodic steady state is reached. At the very beginning, the type and
pressure of the gas p, the frequency of the RF electric field £, the distance between the electrodes d, and the gas temperature
T, are defined. lon-induced electron emission is not taken into account, the corresponding coefficient y = 0. That is, the
SIGLO-rf code can be used only for calculations of the low-current a-mode of the RF capacitive discharge. At the same
time, it is considered that 25% of electrons are reflected from the surface of the electrodes.

The input file with the gas parameters must contain the dependences of the average electron energy ¢, their mobility
e, the ionization coefficient oo = vi/(1cE), and the electron attachment coefficient n = va/(ueE), as a function of the
reduced electric field E/p at a gas temperature of 300 K. Next, the SIGLO-rf code determines the dependences of the
electron mobility ., the ionization frequency vi, the attachment frequency v, the energy loss frequency, and the diffusion
coefficient D, (which is determined using the Einstein’s relation) on the average electron energy €. Additionally, it is
assumed that p., D., v; and v, depend on the local average electron energy &(x,?) in the same way as under equilibrium
conditions.

The input file should also contain the dependence of ion mobility on the local reduced electric field E/p. The
diffusion coefficient of ions (both positive D, and negative D,) is determined from Einstein's relation at a weak field and
is considered constant.

The densities of electrons #., positive 7, and negative ions n,, the average electron energy € and the potential V
distribution are determined using the following equations. First, the balance equation for the density (continuity equation)
is used for electrons:

ong, . @
LD, =S, (1)

where
Se = (Vi - Va)ne + VdetachMn — krecomb(e—i)nenp" (2)

It can be seen from equation (2) that the detachment of electrons from negative ions with the frequency Vgetach 18
taken into account, and the coefficient recomb(e-iy describes the loss of electrons during their recombination with positive
ions.

Secondly, flow equations are also used to describe electrons

one
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as well as the energy balance equation
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As already mentioned above, the dependence of the electron diffusion coefficient D, on the average energy ¢ is
found using the Einstein relation,
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= (&)

Ue e 3¢’

where kg is Boltzmann constant, e is elementary charge.
The energy flux @, in equation (4) is defined as

]
O, = —n.euE — Dea(nes). (6)
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The right-hand side of equation (4) contains
S, = —e® E —n,L(e). 7
Here, the energy loss term L(g) = epE? is assumed to be the same as under equilibrium conditions (where S: = 0).
For positive ions, the balance (continuity) equation is solved:

on G}
P, 2 —
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ps ©)
where
Sp =ViNe — krecomb(e—i)nenp - krecomb(i—i)nnnp~ (9)

The coefficient krecomb(-i) takes into account the process of ion-ion recombination, that is, the loss of positive ions due to
their recombination with negative ions. In equation (8), the flow of positive ions

on
P, = +epyEn, — Dy~ (10)
where L, and D, are mobility and diffusion coefficient of positive ions, respectively.

Similarly, the balance (continuity) equation is solved for negative ions:

5} a
Sht—d, =S, an

where
Sp = VgNe — krecomb(i—i)nnnp — VgNy. (12)

Here it is taken into account that negative ions can be lost not only during ion-ion recombination but also when electrons
are detached from them with frequency vg. Recall that negative ions are formed with a frequency of v, as a result of free
electron attachment to the molecules of an electronegative gas.

The flux of negative ions is described by the formula

ong

®,, = —epyEn, — Dy ox’ (13)

where L, is mobility of negative ions, D, is their diffusion coefficient.
Poisson's equation for the electric potential should be added to the above fluid equations

62

e
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At the same time, the potential is related to the electric field £ by the equation
v
E= ~ (15)

Now consider the boundary conditions. For the fluxes or densities of charged particles on the electrodes, they were
as follows. The electron flux is equal to the thermal flow n.vi./4, where vy, is the thermal velocity of electrons. The ion
density on the electrode is zero. Taking into account the small diffusion coefficient of ions, this means that their flow is
equal to the drift flow when the ion velocity is directed towards the electrode. Otherwise, the ion flux is zero. We have
already noted above that the reflection coefficient of electrons from the surface of the electrodes does not depend on their
energy and is equal to 25%.

In addition, we consider the left electrode to be grounded (7(0) = 0), and the voltage from the RF generator with the
waveform V(d)=V,rcos(mt)) is applied to the right electrode.

Calculations are made for carbon dioxide. Preliminary, the dependences of the electron mobility L, the average
electron energy &, the ionization coefficient (the first Townsend coefficient o/p) and the attachment coefficient n/p on the
reduced electric field E/p. At the same time, cross sections of electron collisions with carbon dioxide molecules were
used, given in the LXCat database (www.lxcat.net) [78], where the cross sections from the Itikawa set [79] were chosen
for COs». In addition, the values of electron mobility in CO, given in [80] were used.

For CO, the mobility of positive CO," ions in its own gas was taken from [81, 82], for the mobility of negative ions,
the results of [81, 83] were used. The coefficient of recombination of positive and negative ions of 2:1077 cm3/sec was
taken from [84]. Coefficient of ion-electron dissociative recombination

CO," + & (300K) — CO + O

for cold electrons (300 K) is given in the paper [85]. Consider that this coefficient decreases with increasing electron
temperature [86]. Then, for electron temperatures of several €V, this coefficient should be equal to 3.8-10~% cm?/sec. To
take into account the process of detachment of electrons from negative ions
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O +CO;,—>0+CO,+e

we used the dependence of the detachment coefficient on the reduced electric field given in [87].

SIMULATION RESULTS
Now let's consider the results of calculating the parameters of the RF capacitive discharge in CO,, obtained using
the SIGLO-rf code.
Carbon dioxide is one of the so-called "electronegative" gases. Collision of an electron with an energy higher than
3.3 eV [79] with a carbon dioxide molecule can lead to dissociative attachment

CO;+e > CO+0,

as a result of which a negative atomic ion of oxygen is formed. The attachment process worsens the conditions for
maintaining the discharge. Free electrons can acquire high energy from the electric field and ionize gas molecules (that is,
create new charged particles instead of those lost in the plasma volume, on the electrodes and walls of the discharge chamber),
and must also carry the discharge current. An atom or gas molecule to which an electron has attached becomes a negative
ion, the mass of which is thousands of times greater than the mass of the electron. Such an ion is not able to acquire high
energy in the discharge to ionize gas molecules. Also, due to its inertness, it can carry only a small part of the discharge
current. Therefore, the electrons lost due to attachment must be compensated in ionization processes.

Therefore, positive ions CO,", electrons, and negative ions O~ should be present in the quasi-neutral plasma of the
RF discharge in carbon dioxide (see Fig.1). At the same time, to fulfill the condition of quasi-neutrality, the positive ion
density must be equal to the sum of the densities of electrons and negative ions, i.e. n, = n. + n,. So, from Figure 1 we
have, firstly, that in the center of the discharge n, =4.52:10' cm3, n, = 4.3-10'° cm™, n, = 2.2-10° cm, so the quasi-
neutrality is indeed fulfilled. Secondly, the negative ion density is about 20 times greater than the electron density. In fact,
in the central part of the discharge, we have an ion-ion plasma with a small admixture of free electrons. However, in the
near-electrode layers, the electron density is significantly higher than the negative ion density. It should be noted that
electrons fill the near-electrode layers gradually, and are present there only during some part of the RF period [14,20,21].
At the same time, the closer to the electrodes, the shorter the time the electrons stay there. Therefore, the time-averaged
electron density 7. in Figure 1 is much smaller than the positive ion density. But below we will see that when the near-
electrode sheath adjacent to the temporary anode is filled, the electron density will be practically the same in the layer as
the positive ion density.

Now consider negative ions. The high density of negative ions in the discharge is explained by the fact that the time-
averaged potential of quasi-neutral plasma of the RF discharge in CO, is always positive (see Fig. 2). This leads to the
retention of negative ions in the plasma volume, these ions cannot get to the electrodes. Negative ion density is regulated
by the balance between their appearance as a result of attachment and losses due to detachment and ion-ion recombination.
These listed loss processes are not fast, due to which the concentration of negative ions in the plasma can be quite large.
Accordingly, the accumulation of negative ions in the plasma, firstly, reduces the ambipolar losses of positive ions
[46,47], and secondly, it reduces the average plasma potential. The value of this potential (207 V) is lower than the average
plasma potential in argon (230 V [88]).
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Figure 1. Time-averaged axial profiles of the density of Figure 2. Time-averaged axial profiles of potential and electric
electrons, negative and positive ions. RF discharge in CO2 at  field strength. RF capacitive discharge in CO2. p =1 Torr,
gas pressure p =1 Torr, frequency f=13.56 MHz, distance f=13.56 MHz, d=2cm, Uy=500V

between electrodes d=2cm, RF voltage amplitude

Uyr=500V.

The RF discharge in CO; has a greater thickness of the near-electrode sheath (approximately 4.5 mm) than in argon
under the same conditions (3 mm [88]). Therefore, the RF field strength near the electrode surface in CO; is significantly
lower, it approaches 850 V/cm (compared to 1400 V/cm for argon).
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The time-averaged electron energy (see Fig. 3) in the quasi-neutral plasma of RF discharge in CO, (approximately
3.5 eV) is significantly lower than for argon (reaches 6 ¢V [88]). The ionization rate, shown in Fig. 3, has two double
maxima, which indicates the presence of an additional charged particle bearing process in the RF discharge in CO»
compared to argon [88]. Below we will consider it in detail.

Regarding the average electron energy, we note that its value of 3.5 eV indicates that the main contribution to the
CO, conversion process under the conditions considered in Figures 1-3 (p =1 Torr, Uy= 1500 V) is not the direct
dissociation of molecules by electron impact, but “climbing the ladder” of vibrational levels of molecules followed by
their decomposition into CO and O [65,66, 89,90]. Electrons excite vibrational levels of CO, molecules, which then
exchange the vibrational energy, and some part of CO, molecules can get enough vibrational energy to reach the
dissociation threshold.

Now consider the dynamics of the plasma parameters, namely the change of their axial profiles over time. Fig. 4
shows the axial profiles of potential for several moments of the RF period.
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Figure 3. Time-averaged axial profiles of average electron Figure 4. Axial profiles of potential for different parts of the RF
energy and ionization rate. RF capacitive discharge in CO2. period. RF capacitive discharge in CO2. p=1Torr,
p=1Torr, f=13.56 MHz, d =2 cm, U= 500 V f=1356 MHz,d =2 cm, Uy=500 V

At first glance, these profiles are similar to the corresponding profiles for argon [88]. However, in the quasi-neutral
plasma, the slope of the profiles in CO; is greater, which indicates a higher RF electric field strength. In addition, near
the boundary of the collapsing near-electrode layer, the potential increases faster than in the plasma, and a so-called
"double layer" is formed [41, 44, 54-58]. This is best seen on the axial profile of the electric field strength, one of which
is shown in Fig. 5. In fact, the so-called "passive" (DL:) and "active" (DL,) double layers (by the definition in [41]) can
be seen on this axial profile. Note that an additional third double layer (DLs3) began to appear in Figure 3, the presence of
which is not mentioned in the papers of other authors. The role of these double layers, the conditions and causes of their
occurrence will be considered below.
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Figure 5. Axial profile of the electric field strength for the moment of the RF period #/7'= 0.4. RF capacitive discharge in COa.
“DL” stands for double layer. p =1 Torr, f=13.56 MHz, d =2 cm, U,y= 500 V

Figure 5 shows that in the central region of the plasma the field is approximately equal to 33 V/cm, and in the
"active" double layer it reaches 63 V/cm. Due to the exponential dependence of the ionization frequency on the electric
field strength, the ionization rate in the double layer (with approximately twice the electric field strength) should be two
dozen times higher than in the plasma volume.



177
Numerical Simulation of the Dynamics of RF Capacitive Discharge in Carbon Dioxide EEJP. 3 (2024)

Let's find out why these double layers are needed in RF capacitive discharge in CO,. To do this, first consider the
dynamics of the electron density shown in Fig. 6. The densities of positive and negative ions practically do not change
during the RF period, so here we give them only for the initial moment #/7 = 0. At this moment, the electrons are
completely pushed out of the left near-electrode sheath by a strong electric field, fill the right sheath, and partially hit the
right electrode, which is a temporary anode. At the same time, on the corresponding profile in Fig.6 near the boundary of

the right sheath (approximately at x = 1.6 cm), we can see a spike in the electron density, in which 7, is even higher than
in the central region of the discharge.
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Figure 6. Axial density profiles of positive ions, negative ions and electrons for different parts of the RF period. RF capacitive
discharge in CO2. p =1 Torr, f=13.56 MHz, d =2 cm, U= 500 V

The electron density peak appeared due to the formation of an "active" double layer near the boundary of the right
sheath during the previous half of the RF period. This double layer should, firstly, approximate the density of electrons
and positive ions in the sheath to ensure quasi-neutrality, and secondly, bring to the right electrode the number of electrons
necessary to maintain the balance of the positive and negative charges throughout the RF period. This balance must be
fulfilled to ensure the stability of the discharge. But only positive ions and electrons in equal quantities can enter the
electrode, while the flow of negative ions to the electrode is zero (see Fig. 7).
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Figure 7. Time dependence of the current density of positive J, and negative ions J», as well as electrons J. on the left electrode.
p=1Torr, f=13.56 MHz, d =2 cm, U= 500 V

In the RF discharge in argon [88], where the concentrations of positive ions and electrons in a quasi-neutral plasma
were equal, there were no problems with ensuring the balance of charge flows to the electrodes. However, in the CO»
case, the electron density is approximately 20 times lower than that of positive ions. Therefore, for the required number
of electrons to enter the electrode, it must be generated as a result of increased ionization. Electrons born in the plasma
may not reach the electrode and stick to the gas molecules. Thus, the additional electron generation should appear just in
the sheath, if possible, near the electrode. This is the reason for the formation of an "active" double layer with an increased
RF electric field near the boundary of the near-electrode sheath.

Note that the presence of a maximum electron density in the region of the active double layer near the boundary of
the near-electrode sheath plays an important role. When the corresponding sheath borders the temporary anode, i.e. is in
the anodic phase, the electric field attracts electrons to this electrode. But from Figures 5 and 8, we see that closer to the
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temporary anode, the electric field changes its sign and pushes electrons away from it. Therefore, the electrons density
between the double layer and the point of the electric field sign-change increases due to their accumulation in this area.
Some of the electrons pass through the potential barrier, and some are reflected back. The electron density increase leads
to an increase in the diffusion current towards the temporary anode, as well as a decrease in the height of the potential
barrier. Thanks to this, the necessary number of electrons can reach the temporary anode, which allows for maintaining
the charge balance during the RF period.

E,V/cm

0.0 0.5 1.0 1.5 2.0

Figure 8. Axial profiles of the electric field strength for different moments of the RF period #/7. p =1 Torr, f=13.56 MHz,
d=2cm, Uys=500V

While the active double layer ensures the balance of the number of charges on the temporary anode, a "passive"
double layer is also observed near the border of the opposite near-clectrode sheath that is in the cathodic phase. It
maintains the electron density in the plasma at a level sufficient for stable burning of the discharge, when ionization
compensates for all electron losses. The electric field in the plasma volume is weaker than in the passive double layer and
mainly transfers the discharge current through the plasma.

Now let's consider the reasons for the formation of the third double layer (in Figures 5 and 8 it is marked as DL3).
The thickness of the near-electrode sheath is a complex function of the frequency and amplitude of the RF voltage, the
gas pressure, the electric field strength in the plasma volume, and the distance between the electrodes [2], and this is valid
for electropositive gases. In electronegative gases, this dependence is even more complicated. We said above that the
active double layer is formed near the boundary of the near-electrode sheath, which is in the anodic phase. Electrons born
in it move towards the temporary anode. However, it is necessary to consider the process of their loss due to attachment
to gas molecules. Suppose these losses are high enough so that fewer electrons pass through the near-electrode layer to
the electrode than is necessary to balance the charge on its surface. In that case, another double layer is formed closer to
the surface of the temporary anode, which is auxiliary and keeps the ionization rate higher than the attachment rate.

Let's return to the density profiles in Fig. 6. We considered only the profile for the initial moment #/7' = 0. Recall
that at this moment a positive amplitude value of the RF voltage (+500 V) is applied to the right electrode.

Next, the voltage on the right electrode decreases, and the potential difference between the electrode and the plasma
increases (which we have already seen in Fig. 4). As a result, the thickness of the right sheath increases, and its border
begins to move away from the electrode. Accordingly, the electrons that previously filled the right layer began to be
pushed out of it. Electron density profiles move away from the right electrode.

In the case of low gas pressure, when electrons rarely collide with gas molecules, the reflection of electrons from
the boundary of the expanding near-electrode layer plays a significant role in maintaining the discharge, and it is called
"stochastic heating" [1, 4, 27]. Fluid modeling cannot describe the process of stochastic heating due to its non-local nature,
but we consider here only the case of higher pressure. Electrons that filled the near-electrode layer during the anodic
phase are pushed into the plasma by the electric field of the layer during the transition to the cathodic phase. However,
the frequent collisions of electrons with gas molecules make it possible to describe this process using a fluid code. The
term “wave-riding” electron heating is sometimes used in the literature just for the process of electron heating in the
cathode phase of the near-electrode sheath [57]. But usually, this heating is also called stochastic. We will continue to use
this name as well, but with the above in mind.

Due to stochastic heating of electrons a spike in the ionization rate appears in Fig. 9 in the right sheath and near its
boundary (in the figure it is marked as StH - "Stochastic Heating"). After a time of approximately #7 = 0.2, a passive
double layer (marked in Figure 9 as DL, — “Double Layer”) appears near the border of the expanding near-electrode
sheath, and after #/7 = 0.25, near the border of the left sheath, an active double layer (DL;) is formed. Thanks to the
increased ionization rate in it, electrons gradually fill the left near-electrode layer, maintain quasi-neutrality in the filled
part, and then partially escape to the left electrode to ensure the balance of the charge of the opposite sign. At /7= 0.4,
the formation of the third double layer (DLs) is observed. The corresponding behavior of the electric field strength is
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visible in Fig. 8. Later, at /T > 0.5, stochastic heating and a double layer are formed in the reverse order, which we can
see in Fig. 9. Note that approximately in the place where there was an active double layer with the maximum electric field
strength, then a region with a minimum field appears since a high level of ionization is maintained due to stochastic
heating (deeper in the sheath) and in the passive double layer, which is further from the electrode, deeper in the plasma
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Figure 9. Space-time dependence of the ionization rate. Peaks corresponding to stochastic heating (StH) and the formation of double
layers (DL) are marked. p = 1 Torr, f= 13.56 MHz, d =2 cm, U= 500 V

Now let's find out how the RF voltage amplitude under fixed other conditions affects the ionization processes in the
discharge during the RF period. The corresponding space-time dependencies are shown in

-
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Figure 10. Space-time dependence of the ionization rate. p = 1 Torr, f= 13.56 MHz, d=2 cm, U,y= a) 85 V, b) 600 V, c) 800 V, d) 1000 V

At the lowest RF voltage (85 V at a pressure of 1 Torr), we see only two peaks corresponding to the passive (DL1)
and active (DL,) double layers. Stochastic heating of electrons does not yet play a significant role in the discharge under
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these conditions. The ionization peak, corresponding to the third double layer, is also missing. At a voltage of 500 V (see
Figure 9), peaks of the ionization rate appear due to stochastic heating and the formation of the third double layer (DL3).
Their intensity increases rapidly with the increase of the RF voltage amplitude, and at the maximum voltage of 1000 V
considered by us, the intensities of all 4 peaks (StH, DL, DL,, DL3) become almost the same. That is, during the half of
the RF period, the discharge is supported by 4 bursts of ionization in different parts of the gap between the electrodes,
which, with some overlap in time, take place alternately St — DL, — DL, — DLs.

Let's consider this procedure in more detail for the RF voltage amplitude of 1000 V. Figure 11 shows the axial
profiles of the ionization and attachment rates for several moments of the RF period. At the initial moment, when the
right electrode is a temporary anode and electron flow enters it, we see the presence of a peak near the electrode itself,
which corresponds to the third double layer DLs. It is in this region that the ionization process occurs faster than the
attachment. In other parts of the discharge, where the electrons are present (plasma volume and part of the right near-
electrode layer), electron losses prevail. Next, the sign of the potential on the right electrode changes, it becomes a
temporary cathode. The ionization rate for some time becomes small compared to the attachment rate (#/7' = 0.16). Next,
RF potential on the right electrode increases, the thickness of the right sheath increases, and at /7 = 0.29, the StH peak of
stochastic electron heating is visible, and the passive DL; and active DL, double layers begin to form. Over time, the
intensities of these three peaks increase, and at #7 = 0.35, when the RF current amplitude reaches a maximum, the
ionization rate in the entire interval significantly exceeds the electron loss rate due to attachment. At /7> 0.4, the peak
of stochastic heating practically disappears, but the peak of the ionization rate appears near the left electrode (temporary
anode) due to the formation of the third double layer DL3;, which becomes dominant by the end of the half-period #/7 = 0.5.
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Figure 11. Axial profile of ionization (blue lines) and attachment (red lines) rates for different moments of the RF period #/7.
p=1Torr, f=13.56 MHz, d =2 cm, U;y= 1000 V

Next, we will consider ionization processes in a wide range of carbon dioxide pressures. The corresponding space-
time dependences of the ionization rate are shown in Fig. 12 for the RF voltage amplitude of 1000 V. At a low pressure
of 0.1 Torr, one broad peak of the ionization rate is observed during half of the RF period. To find out its nature, we will
additionally analyze the axial profiles of reduced electric field strength E/p, shown in Fig. 13. From this figure, we can
see that the ionization peak appeared as a result of the simultaneous action of stochastic heating and additional heating of
electrons by the RF electric field in the plasma volume. Double layers are not observed under these conditions. When the
gas pressure increases to 0.2 Torr, the ionization rate during half of the RF period has two maxima: first, stochastic heating
occurs, and after #/7 > 0.25, a wide double layer is formed, occupying most of the left near-electrode sheath. It is the same
third, auxiliary double layer, which we talked about above.

At a gas pressure of 0.5 Torr, the peak of the active double layer is added to the ionization peaks of stochastic
heating, and the third double layer, which is located near the boundary of the near-electrode sheath, while the passive
double layer is still missing. It begins to appear at a gas pressure of 0.75 Torr and above. The peaks of the ionization rate
for a carbon dioxide pressure of 1 Torr are shown in Fig. 10, and we found that at this pressure, all three double layers
and stochastic heating are observed during half of the RF period. With a further increase in pressure to 1.5 Torr, the peak
of stochastic heating weakens significantly, and the peak of the third double layer also becomes significantly weaker. In
the case of a high gas pressure of 9.9 Torr, the peak of the active double layer dominates, the peak of the passive double

layer is approximately twice as large, and we also see a constant level of ionization in the RF electric field in the plasma
bulk.
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Figure 12. Space-time dependence of the ionization rate for different values of the gas pressure. f=13.56 MHz, d =2 cm,
Uir=1000 V: a) 0.1 Torr; b) 0.2 Torr; ¢) 0.5 Torr; d) 0.75 Torr; e) 1.5 Torr; £) 9.9 Torr
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As it follows from the above results, there is a narrow range of conditions under which 4 intensive ionization sources,
stochastic heating, and 3 double layers (passive, active, and auxiliary) can participate in the discharge. This phenomenon

is most clearly observed p = 1 £ 0.05 Torr, /= 13.56 MHz and d = 2 cm at high RF voltages U= 500-1000 V. For these
conditions, pd =2 Torr cm and fd =27.12 MHz cm

In [91], it was shown that RF gas breakdown and, in general, processes in RF capacitive discharge are controlled by
the similarity law

Ups =¥ (pd, fd.5),

where R is the radius of the discharge tube. Further analysis of the similarity law was carried out in papers [92-94].
Let’s find out whether the presence of 4 intense ionization peaks will be observed at other distances between the
electrodes, RF field frequencies, and gas pressure values. We will conduct the analysis for fixed values of the similarity
parameters pd = 2 Torr cm and fd = 27.12 MHz cm. That is, after changing the frequency of the RF electric field, we must
adjust the values of the distance between the electrodes and the gas pressure accordingly. For example, at a frequency of
3.89 MHz, the distance should be equal to 8 cm (to maintain fd = 27.12 MHz cm). Then the gas pressure should be 0.25
Torr (for pd = 2 Torr cm). We will do the same for other combinations of £, d and p. The calculation results presented in
Fig. 14 show that at fixed values of the similarity parameters pd =2 Torr cm and fd =27.12 MHz cm, at least in the
frequency range = 3.89 — 67.8 MHz, 4 intense ionization peaks are observed. That is, our calculations using the SIGLO—
rf code and the similarity law allow us to predict the behavior of ionization processes in a radio-frequency capacitive
discharge.
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Figure 14. Space-time dependence of the ionization rate. U,y= 1000 V:
a) f=3.89 MHz, d=8 cm, p=0.25 Torr; b) f=6.78 MHz, d=4 cm, p=0.5 Torr; ¢) f=27.12MHz, d=1cm, p=2 Torr
d) f=67.8 MHz, d=0.04 cm, p = 5 Torr

CONCLUSIONS
In this paper, the time-averaged and spatio-temporal profiles of the parameters of the RF capacitive discharge in
carbon dioxide were investigated using the one-dimensional fluid code SIGLO-rf, which numerically calculates the
balance equation (continuity equation) of electrons and each of the ion species (positive and negative), the electron energy
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balance equation, and Poisson's equation for the electric potential. The processes of ionization bearing of electrons and
positive ions, attachment of electrons to gas molecules, their detachment from negative ions, as well as processes of
recombination of positive ions with electrons and negative ions are taken into account. Processes of ion-induced electron
emission from the electrode surface are ignored, which limits the applicability of the code only to the low-current mode
of RF capacitive discharge.

With the help of this SIGLO-rf code, the averaged over the RF period axial profiles of the densities of electrons,
positive and negative ions, as well as the potential and electric field strength, were calculated in carbon dioxide. Most of
the results were obtained for the distance between the electrodes d = 2 cm and RF frequency f= 13.56 MHz, but additional
calculations were also carried out at d = 0.04-8 cm and /= 3.89-67.8 MHz. In the RF discharge in CO,, the quasi-neutral
plasma consists of electrons and positive ions, and as a result of the process of dissociative attachment of electrons to gas
molecules, negative ions of atomic oxygen appear. Their density in a quasi-neutral plasma is about ten times higher than
the electron density. These negative ions are retained in the plasma volume and reduce the average potential of the plasma
(compared to plasma in argon).

The spatio-temporal dynamics of electron density, potential and electric field strength, as well as ionization and
attachment rates in RF capacitive discharge were also studied. It is shown that in the RF discharge in CO,, to ensure the
balance of positive and negative charges that escape to the electrodes during the RF period, as well as to maintain quasi-
neutrality in the regions filled with plasma, near the boundary of the sheaths, passive and active double layers are formed.
In these double layers, thanks to the increased electric field, gas molecules are intensively ionized by electrons. At the
same time, during the first half of the RF period, three bursts of ionization are observed in the RF discharge in CO,, which
correspond to stochastic heating in one layer and the formation of double layers. This process is repeated in the reverse
direction in the second half of the RF period.

It is shown that under certain conditions, pd =2 Torr cm and fd =27.12 MHz cm, even 4 ionization peaks can be
observed during half of the RF period: resulting from stochastic heating, as well as the passive, active and auxiliary double
layers. The auxiliary double layer occurs inside the near-electrode sheath near the surface of the temporary anode and
contributes to bringing electrons to its surface. The simultaneous presence of 4 peaks was verified by calculations in a
wide range of distances between electrodes, values of carbon dioxide pressure, and RF frequencies.
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YUCEJBbHE MOJEJIOBAHHS TUHAMIKHW B4 €EMHICHOT'O PO3PSILY Y BYI'JIEKUCJIOMY TI'A3I
B. JlicoBcskuid, C. Ayain, A. lllaxunazapsw, I1. [lanaTonos, B. €Eropenkon
Xaprxiecokuil nayionanvruil yrieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, 61022, Yxpaina
V wmiit po6oTi oxHOBHMipHMH TinpoxuHamidanil kox SIGLO-rf Gyno BHKOpHCTAaHO U DOCITI/DKEHHS BHYTpIMIHIX mapamerpiB BU
€MHICHOTO pO3psily y BYyIJIEKMCiIoMy rasi. IIpoBeZeHO MOAENIOBaHHS CepefHIX 3a 4acoM Ta MPOCTOPOBO-4acOBHX MpOdiiiB
mapamMeTpiB po3psay. s boro YrceNbHO O3B’ A3aHO PIBHAHHA OaJaHCY KOHIEHTPALT I KOYKHOTO 3 BUAIB 3apAPKEHHX YaCTHHOK
Ta pIBHSAHHA OajlaHCy eHepril eNeKTPOHiB, sKi OyiM JONOBHEHI TakoK piBHAHHAM IlyaccoHa Juisi eJIeKTpUYHOro IoTeHmiamy. 3a
noromororo 1poro koay SIGLO-rf B nmiamasoni Biacranedr mix enextpomamu d = 0,04 — 8 cm, wactor BU enekrpudHOro mosst
f=3,89—-67,8 MI't Ta 3Ha4eHs THCKY Byriekucioro rasy p = 0,1 —9,9 Topp po3paxoBano cepenni 3a BU nepiox ockoBi mpodimni
T'YCTHUHU €JIEKTPOHIB, HO3UTUBHUX Ta HEraTHBHMX 10HIB, a TAKOXK IOTEHLIAy Ta HANPY)XEHOCTI elleKTpu4Horo mnois. [lokaszano, mo
pospsaana mia3mMa B CO2 MICTUTH €JIEKTPOHH, NMO3UTHBHI 10HH, a TAaKOXK HETaTHBHI 10HM. BoHM yTBOpMIINCS HpH AHCOIIaTHBHOMY
TIPWIINIAHHI eJIeKTPOoHIB 10 MoKy COz if € HeraTHBHHMH i0HAMHU aTOMAapHOTO KHCHIO. 3a3BH4ail m1azma BU emHicHOTO po3psiny €
(haKTUYHO 10H-10HHOIO, TOMY IO KOHIICHTPALIs BUIBHUX €JICKTPOHIB y JCKijbKa JeCATKIB pa3iB MEHINA 332 KOHIIEHTPALIil0 HEraTUBHUX
ioHiB. HeraTHBHI 10HH HAKOMMUYYIOTHCS y TIa3Mi 3aBISKHA YyTPUMAHHIO B CEPEIHIN 3a YaCOM MOTEHIIIaNbHIN SAMi, IO TPU3BOJHUTE 10
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3MEHILICHHS MOTEeHIiaTy I1a3Mu. J{ocIiIKeHH IPOCTOPOBO-9acOBOI TMHAMIKHM ITapaMeTpiB IU1a3MH (TYCTHHH €JIEKTPOHIB, ITOTEHITIaTy
Ta HaIpPY>KEHOCTI eIeKTPHIHOTO OIS, & TAKOXK MIBUAKOCTEH i0Hi3anii Ta npunumnanis) y BU emuicromy pospsai B CO2 mokazain, oo
npotsiroM oaniei nomoBunn BY mepiogy 3a3Buuait cmocrtepirarotees Bix | go 3 cruteckiB iowi3auii. BoHM BigmoBigaioTh
CTOXAaCTHYHOMY HarpiBy y NMPHEIEKTPOJHOMY IIapi, IO € y KaToAHiM ¢a3i i Mexye 3 THMYaCOBHM HETATHBHUM €JEKTPOIOM, Ta
(hopMyBaHHIO NACHBHOT'O Ta AKTHBHOT'O MO/IBIHUX MIapiB OISl MEX NPHENeKTpoHUX mapiB. [lacuBHUIT MOABIHHMI IIap 3HAXOJUTHCS
Ois1 MeXi MPHUETeKTPOIHOrO Iapy y KaToAHid ¢aszi i miaTpuMye po3psiaHy IUia3My. AKTHBHHE map (GopMmyeTbcs Ol Mexi
MIPUEIEKTPOJHOTO IMIapy B aHOAHIN (a3l # 3abe3nedye OagaHC MOBMTHBHOTO Ta HETaTHBHOTO 3apsliB, IO HAJIXOISTh B €IEKTPO]
npotsiroM ycsoro BU nepiony. 3’sicoBaHo, 10 IIpH 0THOYAaCHOMY BUKOHaHHI yMOB pd = 2 Topp cm Ta fd = 27,12 MI'y cM npoTarom
nonosuHE BY mepiony cnocrepiraroTbes 4 iHTEHCHBHUX 10HI3aLIHUX MMIKH: BHACIIIOK CTOXaCTHYHOTO HArpPiBY, a TAKOXK (POPMYBaHHS
MMACHBHOTO, aKTHBHOTO Ta JOJATKOBOrO (JOMOMDKHOIO) MOABIMHUX ImapiB. J{ogaTKoBWi MOJBIHHWII miap cIpuUse ITiABEICHHIO
€JICKTPOHIB JI0 MIOBEPXHI THMYACOBOT0 aHO/A i BUHHMKAE MOOIN3Y HOTo IIOBEPXHI BCEpeIUHI NPUEIEKTPOAHOTO LIapy. 3a JOIOMOI 00
3aKOHY MOJIOHOCTI MepeBipeHO yMOBW iCHyBaHHS IMX 4 MiKiB ioHi3amil B mmpokoMy miama3zoHi BU wacTor f, 3Ha4eHB THCKY
BYTJICKHCIIOTO ra3y p Ta BiICTAHEW MiXk eJIEKTpoJiaMu d.

KurouoBi ciioBa: sucoxouacmomuuti emuichuil po3psao, 2i0poounamiyne MoOent08anHa, 8V2NeKUCIUL 2a3, WeUOKIicmyb ioHI3ayii;
NOOGIHI wapu, HeeamusHi i0HU





