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The main mechanisms for atomic oxygen generation in a discharge with a hollow cathode in Ar/O, mixture were
found. It was shown that for different oxygen concentrations the different reactions are responsible atomic oxygen
formation. At higher oxygen concentration in the mixture negative ions play a significant role in the formation of
atomic oxygen. This property of the discharge is due to the low electric field in the working volume, and

consequently low electron temperature.
PACS: 52.80. Dy, 52.25.Dg, 52.25.Ya

INTRODUCTION

Discharges in oxygen are widely used in plasma
technology, such as etching, deposition of protective
films, surface modification and others [1-3]. In many
industrial gadgets discharges are used not in pure
oxygen but in a mixture of oxygen with an inert gas,
especially argon, which allows to increase the
effectiveness of such devices. One of the most
widespread discharges for generation of active particles
at low pressure is the discharge with a hollow cathode,
which allows obtaining a high yield of such particles at
low power cost. A distinctive feature of this discharge is
a small electric field in the working volume, and as a
consequence, low electron temperature. It was found in
experiments [4] that in such discharges the atomic
oxygen concentration has substantially nonmonotonic
dependence on the composition of the mixture with a
minimum at about equal content of argon and oxygen.
In the current paper, based on the features of the
discharge with the hollow cathode, the main
mechanisms responsible for the formation of atomic
oxygen at different compositions were founded up, and
the influence of other plasma components such as
negative oxygen ions was established.

1. THEORETICAL MODEL

For calculations of dependencies of plasma
component concentrations on the gas mixture content,
averaged model of plasma-chemical processes in hollow
cathode discharge was built. The model was mainly
analogous to one considered in [1]. We assumed that the
component concentrations are uniformly spread over the
whole volume of the chamber represented by cylinder
with radius R = 19 cm and length L =40 cm.

In the Kkinetics calculations we considered 18
components. For oxygen, the following species were
considered: molecular oxygen in both ground state
0,(X’%y), and in excited metastable states O,(a'Ay),
0,(b'%y) and Oy(A’%,", A%A,, c'T,); atomic oxygen
ground state O(®P) and at metastable level O(*D); ozone
0, as well as positive ions O and O,", and negative
ions O, O, and O5". Argon atoms were considered as
the following species: the ground state Ar(3s%3p°),
metastable levels Ar™ (mixture of 1ss5 and 1s; levels with
fixed ratio of 5:1), radiation-bounded levels Ar' (1s, and
1s, levels), all levels Ar(4p), as well as Ar* ions. Totally,
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in the calculations 131 elementary processes were taken
into consideration. Rate constants for all reactions were
taken the same as in [5], excluding reactions of oxygen
dissociation and ionization, argon ionization in ground
and metastable states, as well as reactions of excitation
of electron levels of molecular oxygen and argon.

Mentioned constants were determined from electron
energy distribution function (EEDF) which was
obtained by solving Boltzmann equation, which was
solved together with the system of kinetic equations.
The EEDI;f(g) was normalized as follows:

Jy Vef(e)d==1. @)

At solving this equation, electron energy losses to
ionization of molecular oxygen and argon, oxygen
dissociation, excitation of the first seven electron levels
of molecular oxygen, argon levels 1s and 2p (including
stepwise excitation 1s — 2p), and oxygen oscillation
levels were taken into account. Electron heating was
done by electric field, as well as at the expense of
“secondary” electrons formed at the gas ionization by
electrons accelerated in the near-cathode layer. The
dependence of energy distribution of these “secondary”
electrons was considered to be proportional to
1/(e% + &%), where ¢ is ionization energy. The density of
these “secondary” electrons was determined from
specific power density introduced into the discharge,
which was supposed to be about 11 mW/cm?®. Cross
section values for electron processes used for
calculations of rate constants, as well as EEDF
calculation, were taken from [6-11].

To show an influence of a low electric field on the
discharge the calculations were done for two values.
One was produced for E = 20 mV/cm, which is close to
the field which observed at an experiments, and other
for greater value E =100 mV/cm. Fig.1l shows the
estimates for the EEDF to these field values, depending
on the Ar contribution to the working mixture.

For the reactions with electrons for which cross-
section are unknown we used dependences of rate
constants on electron temperature. As a temperature we
chose 2/3 of the calculated average electron energy.
Fig. 2 shows dependence of the temperature on the
mixture composition for two values of the electric field.
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Fig. 1. EEDF for various compositions of the discharge
mixture, the numbers indicate the percentage of Ar;
a—E=20mV/cm; b—E =100 V/cm
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Fig. 2. The dependence of the electron temperature of
the Ar content in the discharge mixture:
1 -E=20mV/cm; 2 —E =100 mV/cm

2. RESULTS AND DISCUSSIONS

Fig. 3 shows the dependence of the calculated
concentration of atomic oxygen on the composition of
the discharge mixture for the two values of the electric
field. And Fig. 4 shows the same data obtained by an
experiment for discharge with hollow cathode for which
the value of the electric field was close to 20 V/cm. One
should note the similarity of the shape of experimental
and calculated curves for similar values of the electric
field — the minimum in the atomic oxygen concentration
at about 50 % presence of Ar in the mixture, and
increasing in the atomic concentration while portion of
oxygen in initial mixture both increases and decreases.

216

ax10” [O], (cm™)

3x10" 4

2x10" 4

1x10" A

0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Ar, (%)
Fig. 3. Calculated dependence of the atomic oxygen
concentration on the composition of the mixture:
1 -E=20mV/cm; 2 —E =100 mV/cm
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Fig. 4. Experimental dependence of the atomic oxygen
concentration on the mixture composition

The most effective oxygen dissociation mechanism
is the reaction of direct dissociation by electron impacts:

e+0,>e+0+0. (@)

But due to the fact that the threshold energy of
oxygen dissociation (6 eV) is less than the ionization
energy of argon (15.8 eV), there is a "stabilization"
mechanism for the electron impact dissociation rate in
the plasma. This "stabilization™ is expressed in the fact
that when more oxygen is present in the discharge, the
portion of electrons with energy greater than 6 eV
becomes smaller, because of effective energy losses in
the dissociation and ionization collisions of electrons
with oxygen molecules. Consequently, the rate constant
of reaction (2) which is defined as

ke = [2f o (7, ©

will be inversely proportional to the oxygen
concentration (where g and m are charge and mass of an
electron, and oy(¢g) is a cross section of dissociation).
And, therefore, the speed of the reaction (2), which is
equal to kg [O,] ne, will remain nearly constant.

Fig. 5 shows the dependence of the rate constant and
the reaction rate itself on the composition of the
discharge mixture. And indeed, as expected, when the

oxygen concentration changes from 100 to 10 %
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Fig. 5. The rate constant for oxygen dissociation (solid
curves, right axis) and the rate of direct dissociation
reaction (dashed lines, left axis); electric field
E =100 mV/cm

the rate constant increases ten times, but the reaction
rate itself remains substantially constant or, in some
other cases decreases no more than 2...3 times.

Therefore, we need additional mechanisms of atomic
oxygen formation, different for different mixture
compositions. In the case of small oxygen
concentrations and, consequently relative high electron
temperature, such mechanisms may be the dissociation
of metastable levels of oxygen
Oy(a'A), Ox(B'E, D, OAA’S,", A’S,, ¢'S)). The  cross
sections for the excitation of these states are the order of
magnitude smaller than for the reaction of dissociation.
Also electron energy loss in such collisions (0.98, 1.64
and 4.5eV, respectively) are smaller than for
dissociation and ionization, so these processes do not
have a significant influence on the EEDF. Thus, with
decreasing of [O,] concentration the rate constants of
these reactions grow slower than 1/[0,], and the
concentrations of metastable oxygen molecules have
maximum, the positions of which depend on the electric
field in the discharge (Fig. 6). As a result dissociations
of metastable molecules are responsible for an increase
in the degree of dissociation of oxygen while reducing
its portion in the discharge.

As mentioned above, a discharge with a hollow
cathode is characterized by low electric field in the main
discharge volume and therefore low average electron
energy. At high oxygen concentrations, the electron
temperature may have a value less than 1eV (see
Fig. 2). These conditions are favorable for the formation
and preservation of negative oxygen ions, as the
electron affinity of oxygen molecule is 0.87 eV.

Fig. 7 shows the rate of atomic oxygen formation for
the mane reactions. Since loss of atomic oxygen is
proportional to its concentration, the result of
summation of these curves represents, up to a factor, the
desired concentration. It can be seen that the
contribution of the dissociation of oxygen molecules in
the ground state is weakly dependent on the oxygen
content in the mixture. Because recombination rate of
the positive and negative ions is proportional to their
concentrations, which in turn are proportional to the
concentration of neutral molecules, as a result, the rate

ISSN 1562-6016. BAHT. 2017. Nel(107)

of this reaction has the quadratic dependence. The
contribution to the overall atomic oxygen formation
from the recombination reaction decreases with
increasing of electric field. On the contrary, the value of
the metastable atom concentration increases with the
electric field, but the maximum production rate of the
respective reactions becomes broader and shifts toward
higher concentrations of oxygen.

From our point of view, the discrepancy between the
results of numerical simulation and experiment can be
explained by shortcomings in consideration of processes
at walls. First of all, a great variation of a value for
recombination coefficient of oxygen at walls exists in
the literature [12-14]. These values vary from 0.05 to
0.001 (we have used value 0.05). Moreover, all these
values relate to cold walls, but under conditions of a
discharge with a hollow cathode when a wall being
bombarded by ions, this coefficient may be even less.
Since recombination at walls is one of the main
mechanisms of atomic oxygen departure, the decrease in
this constant may result in a corresponding increase in
the atomic concentration in the discharge. Secondly, we
do not have confidence in the accuracy of accounting of
negative ions departure from the discharge volume.
However, these corrections may only affect the specific
value, but not the general form of dependency.
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Fig. 6. The dependence of concentration of metastable
oxygen molecules and negative ions on the mixture
composition: a — electric field E = 20 mV/cm;

b — E =100 mV/cm; 1 — 0y(a*4,); 2 - O,(b'z,") multiplied
by 10; 3 — O,(A%%,", A%A,, ¢'=,) multiplied by 10;

4 — O,” multiplied by 200
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Fig. 7. The rate of formation of atomic oxygen in a
variety of reactions: a — E =20 mV/cm;
b — E =100 mV/cm.
1 —dissociation of the ground state; 2 — recombination
of positive and negative molecular ions;
3 —dissociation of the metastable level of 0,(a'4,);
4 —dissociation of the metastable level of O,(b*;");
5 —dissociation of metastable levels
of O,(A3%,", A4, c15)
CONCLUSIONS

It was shown that at low argon content in the
working mixture of a hollow cathode discharge, the
negative oxygen ions play a significant role in the
atomic oxygen formation.

It was found that this feature of a hollow cathode
discharge is obliged to lower value of the electric field
in the volume and hence a low electron temperature.
The calculated dependences are in the good agreement
with the experimental data.

This work was supported in part by the program of
NASU "Prospective research in plasma physics, nuclear
fusion and plasma technologies" in the 2014-2016 years.
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BJIUSIHUE OTPULHATEJIBHBIX HOHOB HA TPOU3BOACTBO ATOMAPHOI'O KUCJIOPOJA
B PA3PAJIE C TIOJIBIM KATOAOM HA CMECH O,/Ar
10. Jlaspykesuu, A. Paoues, B. Lluonko
BeIsiBIICHBI OCHOBHBIC MEXaHH3MBI T€HEpaIii aTOMApHOTO KHCIOpOoZa B paspsiae ¢ MoibiM KaromoM B cmecu O /AT.
Bruto mokazaHo, YTO MpH Pa3IMYHBIX KOHIIEHTPALMAX KHCIOpPOJa B paspsje 3a 0Opa3soBaHHE aTOMapHOTO KHCIOpOAa
OTBEYAIOT pPa3IMyYHBIe peakimu. [Ipy BBICOKOH KOHIIEHTPALMHM KHCIOpOAa B cMecH B (POPMHUPOBAHWH aTOMAapHOTO
KHCIIOpOZIa WTPAlOT 3HAYUTEIbHYIO POJIb HEraTMBHBIC HOHBL. JTO CBOMCTBO paspsiia OOyCIIOBICHO HHU3KHM 3HAYECHHEM
ANEKTPUYECKOTO TIOJIS B paboueM 00bEMe, a Clle/IoBaTeIbHO, HI3KOH IEKTPOHHOM TeMITepaTypou.
BIIJINB HETATUBHUX IOHIB HA BUPOBHUIITBO ATOMAPHOI'O KHCHIO B PO3PS I
3 MOPOXKHUCTUM KATOJAOM HA CYMIIUI O,/Ar
10. Jlaspykesuu, A. Paoues, B. L{uonko
BusiBneHo OCHOBHI MexXaHI3MM TeHepamii aTOMapHOTO KHCHIO B O3PSIl 3 MOPOXKHHCTHUM KaToJoM B CyMIIIi
O,/Ar. Bymo moka3aHo, M0 MPH Pi3HUX KOHICHTPAISIX KWCHIO B O3PSOl 338 YTBOPECHHS aTOMapHOTO KHCHIO
BiANOBiNaroTh pi3HiI peakmii. IIpn BUCOKIH KOHIEHTpalii KUCHIO B CyMimi y (opMyBaHHI aTOMapHOTO KHCHIO
BiJITparoTh 3HAYHY POJIb HEraTHBHI 10HW. L[ BIACTUBICTH PO3psAy 3yMOBIIEHA HU3BKHM 3HAYCHHSM EJIEKTPUYIHOTO
nosst B pobouomy 00'eMi, a OTKe, HU3bKOIO €JIEKTPOHHOIO TEMIIEPATypOIo.
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