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Influence of argon content in Ar/O, mixture on O, dissociation degree and atomic oxygen concentration in the
plasma of low pressure glow discharge with hollow cathode is determined experimentally and theoretically. It is
found that atomic oxygen concentration dependence on argon content in the mixture exhibits non-monotonous be-
havior with a minimum at Ar/(Ar+0O;) = 50%. Results of calculation and experiment are in a good agreement.

PACS: 52.80.-s, 52.25.Ya

INTRODUCTION

Oxygen discharges are widely used in plasma tech-
nologies, particularly, for photoresist etching, modifica-
tion of surface features of materials, deposition of thin
oxide films, etc. [1 - 3]. For all those applications it is
important to know the density of active particles, as well
as its dependence on the plasma parameters (i.e. pres-
sure, power, gas mixture composition, etc.). Most often,
technological applications are realized using the dis-
charges in mixtures of oxygen and inert gases, rather
than those in pure oxygen. Inert gas adding to ixygen
can essentially increase the rates of plasma-chemical
processes. Particularly, in [4] it has been shown that
photoresist etching rate by the plasma of discharge in
50% Ar/O, mixture is twice higher than that in case of
use of the discharge in pure oxygen.

Purpose of our work is an investigation of the influ-
ence of argon adding in working gas mixture on oxygen
dissociation degree, as well as the dependence of atomic
oxygen concentration value in the negative glow plasma
of low pressure discharge on argon content in the gas
mixture.

1. THEORETICAL MODEL

For calculations of dependencies of plasma compo-
nent concentrations on the gas mixture content, aver-
aged 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 diameter D = 38 cm and length L =42 cm.

In the kinetics calculations we considered 18 com-
ponents. For oxygen, the following species were con-
sidered: molecular oxygen in both ground state
0,(X’%y), and in excited metastable states O,(a'D),
O,(b'Z,") and O,(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 O3. Argon atoms were considered as
the following species: the ground state Ar(3s?3p°®), met-
astable levels Ar™ (mixture of 1ss and 1s; levels with
fixed ratio of 5:1), radiation-bounded levels Ar" (1s, and
1s4 levels), all levels Ar(4p), as well as Ar* ions. Total-
ly, 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
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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.
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Fig. 1. Electron energy distribution function in Ar/O,
mixture for different argon content. Total pressure is
4 Pa, electric field strength is 20 mV/cm, power intro-
duced into the discharge is 250 W

Mentioned constants were determined from electron
energy distribution function (EEDF) which was ob-
tained by solving Boltzman equation, which was solved
together with the system of kinetic equations. The
EEDF f(e) was normalized as follows:

[Vet(e)=1.
0

At solving this equation, electron energy losses to
ionization of molecular oxygen and argon, oxygen dis-
sociation, 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 with a strength assumed to be
20 mV/cm, as well as at the expense of “secondary”
electrons formed at the gas ionization by electrons ac-
celerated in the near-cathode layer. The dependence of
energy distribution of these “secondary” electrons was
considered to be proportional to 1/(€” + &), where & is
ionization energy, and the formation density was deter-
mined following from power density introduced into the
discharge, and the energy spent to ionization, excitation
of the atoms and the molecules, and dissociation. Cross
section values for electron processes used for calcula-
tions of rate constants, as well as EEDF calculation,
were taken from [6 - 11].
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Fig. 1 exhibits EEDF appearance for different con-
tent of the mixture. One can see that argon adding re-
sults in the increase of portion of electrons having ener-
gy higher than 12 eV, which in turn results in the in-
crease of the rate constant of oxygen dissociation by
electron hits (Fig. 2).
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Fig. 2. Dependencies of constant of molecular oxygen

dissociation by electron hits (solid curve, left axis) and

the rate of dissociation by electron hits (dashed curve,
right axis) on argon content in the discharge mixture.
The discharge parameters are the same, as in Fig. 1
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Fig. 3. Dependence of calculated atomic oxygen concen-
tration in the discharge on argon content in the mixture.
The discharge parameters are the same as in Fig. 1

However, a multiple of this constant and molecular
oxygen concentration is practically independent on oxy-
gen content in the discharge mixture up to 10% value.
Thus, if the dissociation would be the only channel of
atomic oxygen formation, its concentration should be
unchanged for all mixtures, and should abruptly drop at
molecular oxygen content approach to zero value. Ex-
actly such behavior is observed in RF discharges. How-
ever, as one can see from Fig. 3, calculated dependence
of atomic oxygen concentration has non-monotonous
appearance. That is, in hollow cathode discharge the
dissociation is not the single channel of atomic oxygen
formation. As it is shown by both calculations and ex-
periment, large amount of oxygen negative ions should
be present in such discharge, so that a native assumption
can be made regarding an influence of these ions on the
processes of atomic oxygen formation. However, clari-
fication of particular mechanism of influence of the ions
on atomic oxygen concentration requires further inves-
tigations.
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2. EXPERIMENTAL SETUP AND METHODS

The schematic diagram of the experimental setup
with diagnostic system [TRG-OES] (trace rare gases
optical emission spectroscopy) is shown in Fig. 4. Hol-
low cathode discharge plasma was created in cylindrical
working chamber 3 made of stainless steel with 38 cm
diameter and 42 cm length, which served as the dis-
charge cathode. The discharge anode 2 was a disk made
of copper with 30 cm diameter located near one of the
chamber end walls. Another end wall of the chamber
was elaborated from usual glass, and was used for spec-
trum measurements of the discharge plasma emission.
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Fig. 4. Schematic diagram of the experimental setup:
1 — illuminator based on incandescent lamp;

2 —discharge anode; 3 — discharge cathode; 4 — lens;
5 — light guide; 6 — collimator; 7 — light flux chopper;
8 — monochromator MDR-23; 9 — liquid nitrogen cooled
PMT FEU-62

Chamber evacuation was done by means of diffusion
pump down to residual gas pressure of about 5:10° Pa,
and after that working gas mixture was supplied till the
pressure of 4 Pa. To avoid oil vapor coming into work-
ing chamber, the diffusion pump was equipped by a trap
cooled by liquid nitrogen. Argon content in working
mixture was varied from 1 to 70% with maintaining of
the gas filling pressure of 4 Pa. The discharge electgric
power supply was performed by means of DC source
with controlled voltage and discharge current. At varia-
tion of gas mixture parameters, power introduced into
the discharge was maintained at unchanged value of
230 W.

Spectrum measurements in the experiment were per-
formed by means of optical system based on the use of
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monochromator MDR-23 (diffraction grating had spa-
tial frequency of 1200 lines per millimeter). Spatial se-
lection of the plasma emission from small (about 2 cm
diameter) part of the discharge was done by lens 4,
which could be moved in radial direction. Input end of
fiber-optic light guide 5 was located in focal plane of
the lens 4. The light guide length was 10 m. Radiation
from its output end was delivered to input slit of the
monochromator by means of collimator 6. Light flux
was modulated by means of chopper 7 with 120 ms pe-
riod. For detection of the radiation, photomultiplier tube
(PMT) of FEU-62 type (9), cooled by liquid nitrogen
with the use of specially developed cryostat, was used.
Studied spectrum range was limited by the light guide
transmission, and comprised 550...1000 nm. Calibra-
tion of spectrum sensitivity of the system was accom-
plished with the use of incandescent lamp of OP-33-03
type, at that the lamp emission spectrum was measured
with the lens 4 placement in a center of the discharge
chamber window.

PMT signal was digitized by 16-bit ADC and pro-
cessed by means of specially developed software for
obtaining desired signal-to-noise ratio. The processing
was based on dark signal subtraction synchronously
with chopper 7 operation, data averaging (acquisition
time for spectrum interval of 3 nm was about 5 minutes)
and determining intensities of atomic lines using a value
of the square under spectrum dependence of the emis-
sion interpolated accordingly to response function of the
monochromator. For efficiency enhancement of the last
stage of processing, triangle shape of response function
was used, which was created by means of setting wide
enough equal widths (0.4 mm) of input and output slits
of the monochromator.

In optical measurements emission of oxygen atoms
at 844.6 nm wavelength, corresponding to 3p3P — 3s3S
transition, and those of argon atoms at 750.4 and
751.4 nm wavelengths, corresponding to 2p1 — 1s2 and
2p5 — 1s4 transitions (Paschen notation) were used.

For determining oxygen dissociation degree acti-
nometry method [12] was used taking into account dis-
sociative populating of oxygen level (O, 3p3P) [13], in
accordance to which

O] _ czpiloss _ Kic
[02] I750 K63P

where

2pl 3P 3P
Ci¥t = hvoso Aj° i TKg [02] k2P [Ar]
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lgas . 150 @re intensities of emission lines of oxygen at
844 nm wavelength and argon at 750 nm wavelength,
respectively, K37, K3P, K2 are rates of dissociative
populating of oxygen level, and populating the levels of

oxygen and argon by electron hits, respectively, -J?”l,

3P
]

levels, ZAﬂzpl, Z 5" are sums of Einstein coeffi-
cients for argon and oxygen levels in case of branching,
k3 [0,], k3P[O,] are rates of quenching excited lev-

are Einstein coefficients for argon and oxygen
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els of oxygen and argon. At that, it should be noted that
the rates of reactions

K:Jz—Tjg~f(g)-a(5)-dg,
meo

were calculated taking into consideration total cross
sections (ce(Ar, 2pl) for argon level 2pl populating by
electron hits, oe(0, 3p°P) for oxygen level 3p°P popu-
lating by electron hits, and cde(O, 3p°P) for dissociative
populating of oxygen level 3p®P), which take into ac-
count cascading in the populating of considered acti-
nometry levels [14]. Corresponding spectroscopic data
for the lines used in calculations were taken from NIST
database [15].

Fig. 5 presents excitation cross sections of the states
[16 - 18] used by us in determination of molecular oxy-
gen dissociation degree, and examples of calculated f(g)
for two values of argon concentration in the mixture.
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Fig. 5. Calculated f(¢): solid line — 0% argon fraction;
dashed line — 80% argon fraction in gas mixture.
Apparent excitation cross sections of Ar(2p1)
and O(3p°P) states

3. RESULTS AND DISCUSSIONS

One can see from Fig. 6,a,b that with Ar concentra-
tion increase in the mixture, argon emission intensity
l750 grows up essentially faster in comparison with emis-
sion of oxygen line lgy, decrease. It in turn results in
abrupt decrease of intensity ratio lgs/l750 with Ar con-
tent increase in the mixture.

In Fig. 7,a dependence of molecular oxygen dissoci-
ation degree [O]/[O,] on argon content in the mixture
obtained with the use of intensity ratio lgu/l;so from
Fig.6 is presented. One can see from the figure that ar-
gon adding to oxygen results in abrupt decrease of the
dissociation degree — [O]/[O,] decreases from =12% at
Ar/(Ar+0;) = 0% down to = 2.5% at Ar/(Ar+0,)
~20...30 %. At subsequent argon content increase, the
dissociation degree increases and reaches ~15% at
Ar/(Ar+0;) = 80%.

From Fig. 7,b one can see that, at first, [O] concen-
tration value monotonously decreases with argon con-
tent increase in working mixture, and reaches a value of
~10" cm® at Ar/(Ar+0,) being higher than about
10...15%, and subsequently increases up to
~3.10" cm™ at 80% argon content in the mixture.
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Fig. 6. Experimental measured dependencies of
emission intensities lgs, — (M) and ls5, — (A) on per-
centage of argon content in plasma generating mixture

(a), and dependence of the ratio lgss /1750 (b)

Experimental obtained [O] dependence on argon
content in the mixture is generally in agreement with
calculated one (see Figs. 7,b and 3). Both of them ex-
hibit non-monotonous dependence of [O] on argon con-
tent in the mixture at Ar/(Ar+0O,) variation from several
to 80%. Certain discrepancy exists al small argon con-
tent — in the calculation we observe local maximum of
[O] at argon content of about 2%, while experimental
obtained dependence possesses even behavior. It is due
to fact that in the experiment argon concentration in-
crements were too large for observation of this maxi-
mum. In subsequent, we plan to accomplish [O] value
measurements in Ar concentration range ~0.5...5% with
smaller increments of the last value.

Besides, numeric modeling gives [O] values lower
by about an order of magnitude, as compared to experi-
mental data, which can be explained by peculiarities of
the used model and inaccuracies of the values of cross
sections and rates for the processes considered in the
calculations (see section 2).

[O] value growth at argon concentration increase
from ~50 to 80% looks somewhat unclear, both in the
calculation, and in the experiment.

In general, it should be noted that the behavior of
atomic oxygen concentration dependence on argon con-
tent in the mixture Ar/O, essentially depends on both
the type of used discharge, and its parameters. In al-
ready mentioned article [4] the authors state that that
maximum concentration [O] is achieved at 1:1 quantita-
tive ratio in Ar/O, mixture.
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Fig. 7. Dependencies of oxygen dissociation degree
[O]/[O,] with calculated EEDF versus Ar percentage in
working gas mixture (a), and atomic oxygen
concentration dependencies (b)

In [19] the authors also note an increase of atomic
oxygen amount in Ar/O, mixture, and it occurs already
at 20% argon adding to the mixture. In [5] an extremum
in behavior of atomic oxygen amount in Ar/O, mixture
was not observed and a drop of [O] value occurred at Ar
content in the mixture > 90%. Authors of [20] used dif-
ferent plasma generating mixture Ar/N,, and noted
atomic nitrogen concentration maximum at 20...25% of
Ar content in the mixture.
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BJIUSIHUE KOMIIOHEHTHOTI'O COCTABA CMECH Ar/O; HA CTEIIEHb JUCCOIMALIUN
KHUCJIOPOJA B IIVIABME PA3PAJA HU3KOI'O JABJIEHUSA C ITIOJIBIM KATOAOM

B.1O. bascenos, IO.B. Jlaspykeeuu, B.M. ITuyn, A.B. Paoues, B.B. [{uoako

DKCHEpUMEHTAIBHO M TEOPETHYECKH YCTaHOBJICHO BIMSHHUE COAepkaHus aproHa B cmecu Ar/O, Ha creneHb
nqucconuanuu O, U KOHIIEHTPALUIO aTOMapHOTO KHUCIOPOAa B IIa3Me TICIOLIEro paspsaga HU3KOro AaBJICHUS C HO-
JIBIM KaTOJOM. YCTaHOBJICHO, YTO 3aBHCHUMOCTh KOHLIEHTpPAI[MX aTOMapHOI'0 KUCJIOpOJa OT COJACpXKaHUS aproHa B
CMeCH HOCHT HEMOHOTOHHBIN Xapakrep ¢ MUHUMYMOM mipu Ar/(Ar+0,) ~50%. Pe3ynbTaThl pacuera v 3KCIICpHUMEH-
Ta HAXOJATCS B XOPOILIEM COTITIACHH.

BIIJIUB KOMIIOHEHTHOTI'O CKJAY CYMIIII Ar/O, HA CTYNITHB JACOMIAIT KHCHIO
B IVIA3MI PO3PAAY HU3BKOI'O TUCKY 3 HOPOKHUCTUM KATOJOM

B.IO. Bascenos, 10.B. Jlaspykeeuu, B.M. Iliyn, A.B. Paoues, B.B. Llionko

EKclieprMeHTaIbHO Ta TEOPETHYHO BCTAHOBJICHO BILIMB BMICTy aproHy B cymimt Ar/O, Ha cTymiHb qucoriiarii
O, Ta KOHIIEHTpAIIi}0 AaTOMAPHOTO KHUCHIO B IIJIa3Mi KEBPIFOYOTO PO3PSTY HU3BKOTO TUCKY 3 MIOPOKHUCTUM KaTOIOM.
BcraHoBiIeHO, 1110 3aJI€KHICTh KOHIIEHTpPALlii aTOMapHOTO KHUCHIO Bijl BMICTY aproHy B CyMillli Ma€ HEMOHOTOHHHH
xapakTep 3 MiHimymoMm mipu Ar/(Ar+0;) ~50%. Pe3ynprati po3paxyHKy Ta €KCIEPUMEHTY AOCTATHBO TapHO y3ro-
JOKYIOTBCSL.
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