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This proceeding presents results of investigations of an influence of dissociative excitation and cascading
processes on precision of oxygen dissociation degree measurement in negative glow plasma of low pressure
discharge by means of actinometry based on emission of O (844.6 nm) and Ar (750.4 nm) with the use of different
model and calculated shapes of electron energy distribution function.
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INTRODUCTION

Recently oxygen plasma is widely used in different
technological processes [1, 2]. For such plasma it is
important to know atomic oxygen concentration [O],
since namely this species plays dominant role in many
practical applications. The most widely used method of
[O] measurement is actinometry [3] which is simpler in
the use and does not require expensive equipment in
comparison with other plasma optical diagnostics
methods, such as LIF or TALIF. The essence of
actinometry is adding of small amount of pre-
determined gas-actinometer (rare gases are the most
often used ones) to working gas (oxygen in our case),
and determining ratio of their concentrations using ratio
of emission intensities of certain spectrum lines of
actinometer gas and the component of interest for us. In
case of [O] measurement, the most popular is the use of
argon emission line with wavelength A = 750.4 nm (2p;
— 1s, transition) and oxygen line with A= 844.6 nm
(3p®P — 3s°S transition). Rate of populating the levels
by electron hits is
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where Ey, is threshold energy of the process, o(¢) is the
process cross section, f(g) is electron energy distribution
function (EEDF) with normalizing condition
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Thus we see that the precision of [O] measurements by
actinometry method is defined by proper selections of
both excitation cross sections of the processes, and the
EEDF shape. Populating Ar level (2p,) can be done both
by the only direct electron hits with cross section ™"
(Ar, 2p;), and by combined action of electron hits and
cascading processes from upper levels with apparent
cross section o, (Ar, 2p,). In case of populating the
level O(3p°P) the situation is somewhat more complex.
Excitation of this state can be performed both by direct
electron hit excitation of oxygen atoms (cross section
a.™" (0, 3p°P)), and due to dissociative excitation with
cross section og.™ (O, 3p°P). Similarly to excitation of
Ar atoms, taking into account cascading processes

258

results in the increase of excitation cross section values
for O(3p°P) state up to o (O, 3p°P) and g™ (O,
3p°P), respectively.

In case of positive column of direct current
discharges and plasma of low pressure high-frequency
capacitive discharges, the EEDF “tail”, as compared to
Maxwellian distribution, is depleted by fast electrons
(such EEDF in many cases can be expressed as f(g) ~
exp(-ke/T,), where k ~ 1.2-1.4). In this case main role
in populating the levels is performed by direct excitation
by electrons with energy of about the excitation
threshold. Cascading processes of the populating from
upper levels play minor role since their excitation
threshold values are in a range where electron quantity
is essentially less. The same considerations essentially
regard contribution of the cascading at dissociative
excitation of O(3p°P) level.

The situation becomes considerably more complex in
case of negative glow plasma (and in some cases plasma
of low pressure inductively coupled discharges). EEDF
in the plasmas of such discharges differs by the
presence of high-energy EEDF “tail” with mean
electron energy being several times higher than mean
energy of major portion of the electrons. In this case
processes of dissociative excitation and cascading can
play considerably more significant role in populating O
and Ar levels under study.

In Fig. 1 one can clearly see such difference in the
excitation processes of O and Ar levels at different
EEDF shapes. Model bi-Maxwellian EEDF with
different values of high-energy electron temperature T2
were built following from the results of experimental
measurements of plasma parameters of the hollow
cathode discharge, and calculated EEDF was obtained
using 0-D model of such discharge [4].

From this figure one can clearly see that, for correct
determining of [O] in the plasmas of discharges with
enhanced (relatively to Maxwellian distribution) content
of high-energy electrons in EEDF, one should take into
consideration all excitation processes for O and Ar
levels used in the actinometry.

Purpose of our work was an investigation of the
influence of populating O(3p°P) and Ar(2pl) levels by
dissociative excitation and cascading processes on the
precision of O, dissociation degree measurement in

ISSN 1562-6016. BAHT. 2014. Ne6(94)

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2014, Ne6. Series: Plasma Physics (20), p. 258-261.



negative glow plasma with different used model and
calculated EEDF.
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Fig. 1. Model bi-Maxwellian EEDF f(¢): --- T2 =
29eV; - - T2=2.1¢eV; calculated EEDF with T2 =
14 eV [4]; eee calculated EEDF of positive column
(PC) plasma in low pressure discharge [5] Direct
excitation cross sections of Ar(2p1) and O(3p°P) states

1. METHODS AND TECHNIQUES

Ratio of emission intensities laqpy and logey Of
spectrum lines Ar(2pl) and O@p’P) enables
determining relative concentration of atomic oxygen

[5]:
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and K., Kg are rates of populating by direct electron hits
and dissociative populating, respectively; Av; is energy
of actinometry line emission quantum; A;; is Einstein
coefficient for respective transition; Kq is rate of
collisional quenching of excited states.

An analysis of existing up to now literature on
the cross section values was accomplished, and
selection of actual and recommended excitation cross
sections of Ar(2p;) and O(3p°P) levels was done which
are presented in Fig. 2 [6-10].

Apparent cross section of dissociative excitation
of O(3p°P) level by electron hit was taken from [7].
Direct cross section of dissociative excitation of
O@3p’P) level by electron hit was estimated by
subtracting the cross sections of upper state from
apparent cross section value at 100 eV energy using the
method described and applied for O(3p°P) level in
mentioned work.
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Fig. 2. Excitation cross sections: -o- o, (Ar 2p;), -O-
. (0, 3p°P),- A- 64 (O, 3p°P). Open points — direct
cross section, close points — apparent one

Direct and apparent cross sections of excitation
by electron hits for Ar(2p;) level were taken from [8].
Contribution of cascading to Ar(2p;) level population is
minimum one, as compared to the other Ar(2p,) levels,
that is why it is most often used in OES methods.

Direct cross section of O(3p°P) excitation by
electron hit of oxygen atom was taken from [9].
Apparent cross section of excitation of this level was
obtained by summing its direct excitation cross sections
and direct electron hit excitation cross sections of upper
levels using approach described in [7].

The quenching rates K,*' and K, were taken
from [5].

Model EEDF used in the calculations were
created on a basis of experimental EEDF in energy
range 0...12 eV [4]. As it has been shown there, EEDF
of hollow cathode discharge plasma has bi-Maxwellian
behavior, at that temperature of “hot” (¢ > 2eV)
electrons T2 significantly exceeds that of “cold”
electrons T1. At 4 Pa T2 temperature increases towards
the chamber center from ~ 2.3 eV up to ~ 3.0 eV, and,
on the contrary, at 12 Pa decreases towards the center
from = 2.1 eV down to ~ 1.7 eV. Since it is difficult to
obtain the data on T2 at energy > 12 eV by probe
technique, model EEDF were obtained by
approximation of high-energy “tails” of experimental
EEDF for T2 temperature up to 50 eV energy.

Calculated EEDF for both pressure values had
similar profiles, and temperature of electrons with
energies higher than excitation thresholds of used argon
and atomic oxygen levels T2 ~ 14 eV.

2. RESULTS AND DISCUSSIONS

From Fig.3 one can see, that ratios of rates K /K,
and Kg¥ /K grow up monotonously with T2
temperature increase at the use of both direct and
apparent cross section. It should be also noted that, due
to the difference in absolute values of cross sections, the
growth of K2 Y/K.* ratio does not exceed ~ (1.5...2),
whereas Kg> /K. increases by about 10 times. At
that, use of apparent cross section decreases these ratios
by about 1.5...2 times in the whole range of T2
variations. (Smaller values of these ratios in case of use
of apparent cross sections is due to fact that c.**" (O,
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3p°P) is ~ (2...3) times larger than o™ (O, 3p°P)
practically in the whole range of energy &, whereas the
difference between o, (Ar, 2p;) and . (Ar 2py), as
well as 54" (0, 3p°P) and 64 (0, 3p°P), is practically
absent).
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Fig. 3. Dependencies of ratios K.**/K.*(-o-) and
Kee IKe® (-0-) on temperature T2 at the use of direct
(open points) and apparent (close points) cross sections

In calculations of dissociation degree [O]/[O,] the
dependencies  of  intensity  ratio logpy/ | arz2p1)
experimentally measured in [4] were used (Fig. 4). One
can see that at working gas pressure P = 4 Pa ratio of
spectrum line intensities loispy/larepy) 1S higher than that
at 12 Pa pressure and slightly (about 1.3 times)
decreases with radius R increase, whereas at 12 Pa
pressure this ratio is practically independent on R.

Calculation of dissociation degree by formulas (1,2)
has shown, that at the use of model EEDF taking into
account process of dissociative excitation of O(3p°P)
state results in variation of dissociation degree by no
more than 5 %, and in case of calculated EEDF — no
more than ~ 20 %. The results of [O]/[O,] calculations
presented below are obtained without taking mentioned
process into account.

Results of oxygen dissociation degree calculations
are presented in form of [O]/[O,] dependency on the
system radius in Figs. 5,a,b. In case of model EEDF,
each R value was corresponded by certain T2 value
used in the calculations of rates of the processes and
logp) /larpy) ratio. In case of calculated EEDF, T2 radial
dependence was absent because of the use of 0-D
model, due to that [O]/[O,] dependencies on R are
approximate ones.

From Figs. 5a,b one can see that with the use of
model EEDF, [O]/[O,] dependencies on R for both P
values well correlate with logpy /larepy behavior at the
use in calculation of both direct, and apparent cross
sections. In other words, in our case T2 radial
dependencies weakly influence the [O]/[O,] dependence
onR.

More interesting is an influence of used cross
sections of the processses on [O]/[O,] value.
Comparison of Fig.5,a and Fig.5b shows that
substitution of direct cross section by apparent one
decreases [O]/[O,] value by about 1.5 times. Besides,
difference between [O]/[O,] values, obtained with the
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Fig. 4. Experimentally obtained dependencies of
emission intensity ratio logpy/larp1y ON the system
radius for two oxygen pressure values
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Fig. 5. Dependencies of oxygen dissociation degree
[O]/[O,] on radius R for two O, pressure values with
different EEDF. a — with the use of direct cross-section;
b — with the use of apparent cross section.

(-o0-) — model EEDF with T2 = (2.3...2.9) eV,
corresponding to P = 4 Pa; (-o-) — model EEDF with
T2 =2.1eV, corresponding to P = 12 Pa;

(-m-) — calculated EEDF for P = 4 Pa;

(-e -) — calculated EEDF for P = 12 Pa

use of model and calculated EEDF essentially decreases
at that. As it follows from expression (2) and figure 3,
main role in this effect is performed by essential (in
comparison with the other
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processes) difference in the values of direct and
apparent excitation cross sections of O( 3p°P) state.

For refining the influence of EEDF shape and
used excitation cross sections on the precision of
dissociation degree [O]/[O,] measurement in the plasma
of hollow cathode discharge, in subsequent it is planned
to perform similar researches with the use of another
pair of lines involving Ar(2p,) and O(3p°P) states.
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OCOBEHHOCTHU UBMEPEHUSA KOHINIEHTPAIIUN ATOMAPHOI'O KUCJIOPO/JIA B IIVIABME
OTPULHATEJIBHOI'O CBEYEHMUS PA3PAJIA HU3KOI'O JABJIEHUA B KUCJIOPOJAE METO/IOM
AKTUHOMETPUH

10.B. J/laspyxesuu, C.B. Mayeeuu, B.JO. basxcenos, B.B. I[uonko

IMpencraBneHsl pe3ynbTaThl HMCCIEAOBAHWS BIMSHHUA TIPOIECCOB  TUCCOLMATHBHOTO BO3OYXKIOCHUS U
KacKaJIMpOBaHMs NPH Pa3INYHbIX (opMax MOJENBHBIX M PACUETHBIX (DYHKUUH pacnpeneNeHUH 3JIEKTPOHOB IO
SHEPrUsIM Ha TOYHOCTH OINpPEAETCHHUs CTENECHM IUCCOLMANNHU KHCJIOPOIa B IUIa3ME OTPHLATENHHOTO CBEYEHHS

paspsijia HU3KOTO JaBIICHHS METOJOM aKTHHOMETPHH C HUCIOJb30BaHueM wu3iydeHus nuauidi O (844,6 um) u Ar
(750,4 uwm).

OCOBJINBOCTI BUMIPIOBAHHS KOHIIEHTPAIIII ATOMAPHOI'O KHCHIO B ILJIA3ZMI
HETATABHOI'O CBITIHHA PO3PSJIY HU3bKOI'O TUCKY B KUCHI METOJIOM AKTUHOMETPII

10.B. Jlaspyxesuu, C.B. Mayesuu, B.10. baycenos, B.B. Llionko

[pencraBneHo pe3ynbTaTH JOCIHIKEHb BIUIMBY NPOLECIB IUCOLIATHBHOIO 30Y/KEHHS Ta KacKaayBaHHS HpH
pizHEX (opMax MOJECIBFHUX Ta PO3PAXYHKOBUX (DYHKIH pO3MOALTY eNEeKTPOHIB 3a EHEeprisiMH Ha TOYHICTHh
BU3HAUCHHS JUCOLIalii KUCHIO B IUIa3Mi HETaTUBHOTO CBITiHHS PO3PAAY HU3BKOTO TUCKY METOJOM aKTHHOMETDIi 3
BUKOPHCTAHHSIM BUnpomintoBanus miHiit O (844,6 um) ta Ar (750,4 um).
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