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Abstract. A study has been performed to re-investigate the actinometric technique
used to determine the absclute concentration of O atoms in DC O, flowing glow
discharges for pressures ranging from 0.36 to 2 Torr and discharge currents
ranging from 5 to 80 mA in Pyrex tubes of three different diameters (16, 7 and

4 mm). Actinometric measurements using OCP — *3) 844 nm, O(P — *8) 777 nm
and Ar(2py — 1sz) 750 nm transitions are compared to VUV absorption
spectrometry. The choice of the excitation cross sections for the caloulations of
atomic excitation rates as a function of the reduced electric field using a Boltzmann
code and the contribution of the quenching processes of the excited states are
discussed. The dissociation ratio [O)[O.] can be determined from the ratio of

intensities f4/fso by the relation [OJ[02] = C22' faas/ hrso. We have found that GZ5'

remains constant (C25' = 2.6 x 10-%) throughout the range of experimental
conditions investigated. The recombination probability ¥ of the O atoms at the wall
is calculated and correlated to the wall temperature of the Pyrex tubes. The
variation of the recombination probability as a function of the wall temperature is
fitted by the relation y = 0.94 exp(—1780/ Tyar) for 300 < Tyar < 500 K.

1. Introduction

Oxygen discharges have been extensively used as sources
of oxygen atoms for basic studies in atomic and molecular
physics [1,2], etching and surface treatment [3,4]. More
recently oxygen atom sources have been used in oxidation
of high-temperature superconductor thin films in molecular
beam epitaxy devices [5, 6] and in the oxidation of YSZ thin
films obtained by pulverization [7]. The aim of this work
is to investigate the validity of actinometry in the positive
column of small diameter O, DC glow discharges in order
to monitor the flux of atoms in oxygen atom plasma sources
of this kind [8-10].

Optical emission actinometry is a widely utilized
diagnostic for in sitw monitoring of spatial and temporal
variations of atomic and molecular concentrations [11, 12].
It is easier to handle than optical absorption spectroscopy or
laser-induced fluorescence. On the other hand, the validity
of actinometry is somewhat controversial and the criteria for
the utilization of the technigue and its limits of validity must
be verified in each case. The validity of actinometry using
O*(35*S-3p *P) 844 nm and Ar*(4s—4p) 750 nm transitions
was investigated by Walkup et al [13]. They found that
the actinometric determination was well correlated with the
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variation of atom concentration in 0.4 Torr RF O,—CFy
plasmas, but discrepancies occurred in pure Og plasmas.
Booth et al [14] have shown that the ratio of the intensities
of the oxygen line to the argon line, Lo, (844 nm}a.
(750 nm), was poorly correlated to the oxygen atom
concentration in ECR low-pressure (1-6 mTorr) plasmas
containing Os. The fact that the ratio of intensities was well
correlated with [O,] was interpreted by considering that the
most important mechanism of production of the 844 nm
line is dissociative excitation when dissociation rates are
lower than 0.1. Breithbarth et al [15] proved the validity of
actinometry in RF O,—CF, plasmas with an applied electric
field. Granier et al [16} have shown that actinometry
can be used to monitor the atom concentration in O, and
0,-N, Jow-pressure (0.5-2 Tomr) microwave plasmas. A
new method, time-resolved actinometry has recently been
developed in modulated plasmas to study the kinetics of
hydrogen-argon plasmas [17] or fuorinated plasmas [18].
This technique has been applied to Oy and O,—SFg or Fy
ECR plasmas by Booth and Sadeghi [19], who concluded
that the determination of oxygen atom concentrations was
impossible from observation of the 844 nm line because
the production of emitting atoms O(3p°P) (844 nm) is
principally due to dissociative excitation of Oz. The same



conclusion was obtained in pulsed RF low-pressure O,
plasmas by Collart et af [4], who suggested that highly
energetic electrons are responsible for the dissociative
excitation of O;. I appears then that the wvalidity of
actinometry technigue strongly depends on the experimental
conditions.

In the present work, we bhave determined the
concentration of oxygen atoms in the positive column
of a glow discharge created in Pyrex tubes of three
different diameters (16, 7 and 4 mm). The actinometric
technique using the classical OCP-°S) 844 nm, O(*P-5S)
777 nm and Ar(2p;-1s,) 750 nm transitions is discussed
in detail for these experimental conditions in section 2.
The values of the excitation rate of the O(°P), O(P) and
Ar(2p,) states are calculated as a function of the reduced
electric field E/N using a Bolizmmann code which had
been developed previously [20]. The contribution of the
dissociative excitation of the O molecules which can
contribute to an inaccuracy in the determination of the
oxygen atom concentration is evaluated. The importance
of the quenching processes of the excited states is also
discussed. In section 3, we present a comparison of the
dissociation ratio determined by actinometry and by VUV
absorption and we show that we obtain a good agreement
between these two techniques. The actinometry technique
was used to determine the dissociation ratio in small-
diameter tubes for which the VUV iechnique is difficuit
to utilize. The results of the dissociation ratios obtained
in the tubes of three different diameters are compared in
section 4, These measurements show that a saturation of the
dissociation ratio is obtain in small-diameter tubes when the
discharge current increases. This behaviour is interpreted in
section 5 as the result of the balance between the production
of atoms by dissociative electronic impact and their loss by
recombination at the wall.

2. Determination of the concentration of ground
state oxygen atoms by actinometry

2.1. Principles

In order to determine the concentration of ground state
oxygen atoms, we have used the classical technique which
consists of comparing the emission of the O¢*P-3S) 844 nm
and O(°P-°8) 777 nm transitions to the emission of the
Ar(2p1—1s2) 750 nm transition (figure 1).

We suppose that these X states are mainly populated
by electron impact from the ground state X:

%
e+ X £ X te (1)
The de-excitation of excited states X? is either radiative:
w A "
Xf— X7+ hvy (2)

or non-radiative by quenching with species Q¢ (Q=0,, O
or Ar):

X! 4+Q -5 X +0. 3)
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The emission intensity /x- of a transition Xf — X}
is then written as the ratio between production and loss
processes:

hv,'fA,-jkf"n, T_X] (4)
(ZA;; +ko[QD)
where . is the electronic density, hyy; is the energy of the
emited photon (relation (2)), A;; is the Einstein coefficient
for the observed transition (i — j), TA;; is the sum of
all radiative de-excitation processes of the ith level, and C
represents a constant dependent on the detection system (in
the following, we take the same C value for all emission
lines because the volume observed by the optical system
is the same). The coefficient kX can be expressed by the
following relation:

Ix- =C

1/12 ,cn
k;"f‘=(gf) f sl flerde  (5)

f h

where v(¢) is the electron velocity, o;(¢) is the collision
cross section with threshold energy ¢, for excitation of
level { (relation (1)) and f(¢) is the electron emergy
distribution function (EEDF) normalized by

o0
f fle)e'Pde =1, (6)
0
With the relation (5), relation (4) becomes

o ne[X]
Ixe = Chu Ay fe X v(€)oi(e)f (G)“m'

As we can see, the intensity relies on the electron density
and the eleciron distribution function, It is possible to
compensate the variations in #, by dividing the emission
intensity of an oxygen line by the intensity of the
actinometer line (in our case the 750.4 um line of argon),
thus

Io- WA 18 (BAY +kF1Q) (0] 1O)
L~ WA KR (SAT +EZIQ) [A7] O]
1
= ST o
where

)]

(8}

v _ h"f’}’A;}’ke_’" AT +k3IQ] [Ar]
@ 7 BSAZ k2 TAL +iJ QO]
Hence the ratio of the intensities Iy /l4, is proportional

to the [0]/[0z] concentration ratio if the coefficient C4
remains constant throughout the experimental range.

2.2. The influence of the dissociative electronic
excitation of O(3p *P) and O(3p°P)

Under our experimental conditions the Ar(2p; ) excited state
of argon is populated by direct electronic impact from
ground state:

&+ Ar(1po) “> Ar(2p;) +e. ©)

The stepwise excitation by metastable Ar states can be
neglected because the metastable states are destroyed by
collision with the oxygen molecules [21].

To vield oxygen excited states O¢3p>P) and O(3p°P),
two channels have to be taken into account:
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Figure 1. A schematic diagram of the excited levels involved in the determination
of the concentration of ground state atoms by actinomeiry.
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Figure 2. The electron energy distribution function calculated for E/N = 30
(full line) and 100 Td {broken line) versus the electron energy. The cross
sections for direct excitation of Ar(2p:), c2'; OFP), o2F; and O(°P}, o and
for dissociative excitation of O(P), 637 ; and O(°P), o3 are also reported.

(i) direct electronic impact with ground state atoms: e+ 0, _"3; 0+ 0(3p°P) +e.

(13)

AP : .« e -

e+ O(2p* ’P) x OGp*P) +e (10) BXCi'tIaji:fO;xcned states are depopulated by radiative de
O(2p* 2 5 A

e-+0@2p*°P) — O(3p°P) +e (1D 0Gp3P) -5 0(3s%8) + hv(844.6 nm)  (14)
(ii) dissociative excitation by electronic coflisions from o

the ground state molecuoles: 0@3p°P) ~L5 0(35°S) + hv(777.4 nm) (15)
3p AT

e+ 0, %, 0+ 0@p Py +e (12) Ar(2p1) — Ar(lpo) + Av(750.4 nm) (16)
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and by quenching with oxygen molecules:

kSJ"
O@p*P) +0: 2 0+ 0, a7
Ky
O(3p°P)+0; = 0+ 0, (18)
k'g'l
Ar(2p;) + 03 — Ar+40s. (19)

From the relations (9)—(19), the intensities of the
oxygen and argon lines can be written as follows:

nehveas ALL (k27101 + k3P [021)

Igaq = (20)
AL + k3 105)
b = nehvrm ASF (ESP[O] + K5P 10D on
ZA;f + k3 [0q]
nehvrso ALl k2P [AT]
Is = . (22)

A + kg0
The ratio of the intensity of one oxygen line, 844 nm

for example, to the argon ling is

Ius _ hvasdl TAT + k" [02 3P10] + k2F[0;]

Lso f’l'l)';s[]AEf P BAY 4k 10)] k2P [Ar]

(23)

and it can be written in the simple form described in relation
(8):
g4 1 0]

L ] (24
D250 Cszf.’ [04] )

only when the yield of oxygen excited states Q(3p*P) or
O(@3p°>P) by dissociative excitation (relation (12) or (13))
is negligible:

kie ke . 1O]
= & —==. 2
Pz or ke < .] (25)

Then, the concentration ratio [OF[O;] is proportional to
the ratio of the intensities when the following coefficients
remain constant:

hUTSOAé;D' EA?JP -[—k?g‘o[Og] -@ [Ar]

Cz.pl — (26)
T hvewal SAI 4 K [0,] kP [02]
am kUvsoA,-zf ' AT + I [0a] k2P [A) on

T hmAY SAT + k(0] 2P (02

So, in order to discuss the validity of the actinometric
method, we have calculated the coefficients C%;‘ and Cgf;‘
and the ratios & /k27 and k30 /k3F. We have then
calculated the eleciron energy distribution function under
our experimental conditions. With this EEDF, we have
determined the different rate coefficients (27, k37, 137, k57
and k2™, using relation (5) and different sets of collisional
cross sections for each excited state in order to evaluate the
importance of the choice of a cross section. The influence
of the quenching processes (relations (17}-(19)) is also
discussed in the following.

Actinometry in O, DC glow discharges

2.3. Calculation of the excited states rate coefficients

The plasma of the positive column is a homogeneous
medium in which the electric field, the gas temperature
and the concentration of the main active species have
already been measured with a good accuracy [22]. For
oxygen pressures ranging from (.1 to 5 Torr and discharge
currents ranging from 5 to 80 mA, reduced electric fields
from 30 to 100 Td and electronic density of the order of
10'°-10" cm~* have been measured in Pyrex discharge
tubes of 16 mm inner diameter. Relative concentrations
of oxygen atoms [O(3p *P))/[02(X)] and singlet molecules
[0a(a! A)/[02(X)] of the order of 10% have been measured
by VUV absorption spectroscopy. A Kinetic madel has
been developed which solves simultaneously the Boltzmann
cquation and the rate balance equations for the dominant
heavy particles and describes the experimental results
reasonably well [20, 23], As a result of the large quenching
of vibrationally excited O, molecules by oxygen atoms, we
have assumed in this model that the vibrational temperature
is equal to the gas temperature. This assumption has
been verified under our experimental conditions by coherent
anti-Stokes Raman spectroscopy (CARS) measurements
[24]. The presence of vibrationally excited O, molecules
has, then, an almost negligible effect on the dissociative
excitation,

The BEEDF has been calculated by solving the
Boltzmann equation by the numerical approach developed
in [20]. The processes taken into account in the Boltzmann
code are listed in table 1.

In figure 2 are reported the EEDFs calculated for
reduced electric fields E/N = 30 and 100 Td, for relative
atomic concentration {0)/[0,] = 10% and singlet molecule
relative concentration [Qa(a! A))/[O;] = 10%, versus the
electron energy. In figure 2 are also reported the cross
sections for direct (Laher {25}) and dissociative (Schulman
[26]) excitation of O(3p *P) and O(3p *P) oxygen states and
for excitation of the Ar(2p;) state (Puech [27]).

In figure 3 are reported the results of the calculation
of the reaction coefficients (according to relation (5)), for
direct and dissociative excitation of O(3p>P) and O(3p °P)
states and direct excitation of Ar(2p,) state.

Throughout the range of E/N studied, the coefficients
for direct electronic excitation of O(3p®P) and O(3p°P)
states are two orders of magnitude larger than those for
dissociative excitation. It can be observed in figure 3 that
the values of the excitation rate are very sensitive to the
shape of the cross sections near the threshold energy.

In order to estimate the uncertainties due to our choice
of cross section, we have calculated each rate coefficient
with two different cross sections from the literature. The
comparisons between the cross sections from Laher et al
[25] and Julienne et af [34] for excitation of O(3p3P) or
O(3p°P) and of the cross sections from Puech et al [27]
and Ballou er al [35] for excitation of Ar{(2p,) are reported
in figure 4,

Calculations of the argon to oxygen excitation rate
coefficients ratios k2"'/k3F and k2P' /%37 lead to results
presented in figure 5 for reduced electric field E/N ranging
from 30 to 100 Td. In figures 4 and 3, the following two
facts are evident.
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Table 1. Inelastic and superelastic collision processes considerad in the
Boltzmann equation, and comresponding references to the cross section data.

Electron processes Reference
Molecular oxygen

(R1) e+0a(X, V) = 8 +0,(X, W) [28)
(R2) e+ (X, v=0)=e+0a'A) 28]
(R3) e+OuX, v=0)=e+0Db'T) [28]
(R4) e+ QX v=0) = e+ 0,(4.5 aV) [28]
(R5) e+ 00X, v=0) — e+ 0z(6.0 eV) [28]
(R8) e+ QX v=0) = e +0y(8.4 V) [28]
(R7) e+ (X v=0)— e+0,(9.97 eV) 28]
(R8) e+, v=0—>e+e+0} 28]
{R9) e+OX,v=0)— e+ 02(14 7 eV) [28]
{R10) e+ @A) = e+ O(d'D) [29]
{R11) e+02(a‘A)—a»e+e+O+

(R12) e+O(P'EY s e+e+OF 2

(R13) e+ (X, v=0) - O@p P +0CP) +e

(R14) e+ O, v=0)= 0@pP+0¢P)+e
Atomic oxygen

{R15) e+ O0CP) = e+ 0('D) [20]
{R186) e+OCP) =e+0(8) §30]
(R17) g+ OCP) = e+ 0(®S) [31]
(R18) e+0(D)=e+e+0(S) [30]
(R19) e+ Q0P » e+a+O* 32]
(R20) e+O('D) > e+ e+ 0O 133]
(R21) e+0('S) > e+e+ 0O [33]
(R22) e+OCP)— O@p*Pi+e Text
(R23) e+ OFP) - O(@pSP)+e Text
Argon

(R24) e+ Ar(1pp) — e + Ar(2py) Text
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Figure 3. Reaction rates for direct and dissociative
electronic excitation of O(3p3P) and O(3p3P) and direct
electronic excitation of Ar(2p,) states.

(i) At low E/N (3040 Td), the larpe difference
between calculated ratios &27/k3P or k2 /kﬂP can be
explained in terms of different rising fronts in the cross
sections near threshold energies. At high £/N (90-100 Td)

1860

we also obtain a large difference due to different shapes of
the various cross sections. At medium E/N (50-80 Td),
the two causes of difference compensate each other and
the resulting difference is minimized. We will see in the
following that the best fit between VUV and actinometric
[O}[0.] concentration ratio measurements is obtained with
the Ar(2p,} Puech cross section and O(3pP) and O(3p°P)
Laher cross sections.

(ii) An uncertainty in the determination of reduced
electric flield E/N, which is principally due to the
determination of gas temperature, introduces an error into
the determination of ratios k2 / k57 or £27' /k3". An error
of £10% in the reduced electric field E/N leads to an error
of £20% in the ratios for E/N > 70 Td and of £35% for
E/N < 60 Td. For values of E/N < 40 Td the calcnlation
is imnprecise because it only uses the rising front of the cross
section near the threshold.

2.4. Quenching of the excited states

In order to express the ratios lga/l750 and JFirr/i7s0
versus [O)/[0;] (according to relations (23) and (24)) with
coefficients C37 and C37 expressed in relations (26) and
(27), we have also evaluated the quenching of excited
atomic states by oxygen molecules (relations (17)3(19)).
For the O(3p’P) excited state, Dagdigian et al [36]
obtained by laser-induced fluorescence emission of the 3P
state upon two-photon excitation a radiative decay rate
DA} = 298 x 107 51 which agrees well with other
determinations (for example by Bamford [37] and Bittner
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Figure 4. A comparison of the cross sections for direct electronic excitation of Ar(2p,) (a), O(3p5P) () and OEp3P) {¢)
versus energy given by Ballou [34], Puech [26), Julienne [33] and Laher [24].

[38]). This is also the value of the transition probability
at 844 nm since the 0(3p3P) state has only one electric-
dipole-allowed decay pathway. These authors deduced a
quenching rate of the O(3p°P) state by O, molecules,
k:g’ = 7.8 x 107'% mol~! em® s, and surmise that the
bulk of *P quenching collisions occur by excitation transfer
to the O molecule partner rather than collision-induced
transitions to lower lying oxygen atom states.

By taking the quenching rates k3 and kY of
Dagdigian, and comparing the actinometric and the VUV
measurements (section 3), we have found that the best fit is
obtained throughout the range of pressure and current when

k3 [03) = 2.6 x 107p (Torr ")

: (28)
kP 1021 =3.5 % 107 p (Torr s7)

namely with a quenching rate constant that increases
lingarly with the gas temperatare. The quenching rate
constant k2" of the argon excited state Ar(2p;) by O,
molecules has been measured by Belikov et al [39] for
gas temperatures ranging from 95 to 210 K. They obtain a
quenching rate constant sz" Ve 097063 3 10710 o 571,
Insofar as we can extrapolate this temperature law under our

experimental conditions, we obtain for 300 < T < 600 K

8.1x 105p (Torr s7') > £77'[02] = 2.6 x 10°p (Torr 571).
(29)

Because these kzgp 1[02] values are lower than the
uncertainty in the radiative decay rate LA} = 4.4 x

107 5~!, we have neglected the quenching of the argon
excited state Ar(2p;) by 02 molecules in our calculations.
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Figure 5. Values of KC™ /K57 (a) and K27 /&3P (b)
calculated using the cross sections of Puach and Laher
{P/L), Ballou and Laher (B/L), Puech and Julienne (P/J)
and Ballou and Julienne (B/J).

The values of Cg,’:' and Cjzf,‘ coefficients calculated
(relations (26) and (27)) with these quenching values under
our experimental conditions are reported in table 2,

3. Comparison with VUV absorption
measurements

The experiments were performed by measuring the
emissions of O(3p*P) and O(3p°P} excited oxygen atoms
and Ar(2p;) argon lines in the positive column of a DC
discharge, The experimental device reported in figure 6
allows simultaneous measurements by VUV absorption
spectrometry and by actinometry. The light emitted
by the discharge is focused at the entrance slit of an

1862

optical multichannel analyser (OMA). The VUV absorption
technique has been described in detail elsewhere [22, 23].

The DC discharge is excited in a 16 mm inner diameter
Pyrex tube containing an Oy—Ar mixture ([Ar)/[Oq]) =
102, The pressures range from 0.3 to 2 Torr and the
discharge currents from 5 to 80 mA. The reduced clectric
field E/N is determined by measuring the sustained electric
field £ using two Langmuir probes and the gas temperatuge
is deduced from the rotational emission distribution of the
760 nm atmospheric band O,(b'E-X3T) by the method
described in detail in [40].

In figure 7 are reported the values of the dissociation
ratio [0]/[O;] measured by VUV absorption spectroscopy
and actinornetry versus the discharge current for 0.36
and 0.56 Torr. We obtain a good agreement with VUV
measurements for the two sets of determinations using
O(3p *P) (£30%) or O(3p SP) (£20%) throughout the range
of pressure investigated.

As shown in figure 8, the values deduced from
actinometfric measurements are larger than those obtained
from VUV absorption. This discrepancy is important at low
current and low pressure because under these conditions the
reduced electric field is high, vielding energetic electrons
able to induce dissociative excitation and the concentration
[O)[04] is below 1%, We have thus to take into account the
production of atomic excited states O(3p °P) by dissociative
excitation (relation (13)). For this excited state the intensity
ratio is
By _ Al  SAT P01+ K0y (30)

hso hu-,.soAij' EAfj” + k5QP 03] e Ar)

Using this relation, we can express the concentration
ratio [O)/[Qz] versus the intensities ratio by

[O] __cipl (_IT_T'.') ﬁ (31)

02l ¥ \ s dk.?“’

where the C;’;' coefficient is defined by relation (27).
Calculations of the ratio k57 /k>F are performed using the
calculated EEDF and the cross sections from Schulman
[26] for dissociative excitation and Laher [25] for direct
excitation of the O(3p5P) excited state (figure 9). Taking
into account this correction, it can be shown in figure § that
the discrepancy is then lower than 30%.

We can conclude, from this study of a DC glow
discharge in Oy (1% Ar) in a 16 mm diameter Pyrex tube,
that actinometry can lead to absolute [O}/[O2] concentration
ratios with a good accuracy for current ranging from 5 to
80 mA and pressure from (.36 to 2 Torr. Perturbation due
to dissociative excitation can be minimized by choosing
the O(3p*P) state instead of O(3p3P). In fact, as we
can see in figure 9, the ratio k. /k, for O(3p*P) is one
order of magnitude smaller than that for O(3p °P). Because
the quenching rate is also better determined for O(3p*P)
than for O(3p*P), and the coefficient C;ﬁ‘ (2.10 x 1073 +
7%} is constant throughout the range of our experimental
conditions, it is preferable to choose the QO(3p’P) —
0O(3s°S) transition (844 nm) to determine the absolute
concentration ratio [OQ}/[0:] by actinometry.
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Table 2. Variation of C22' and CZ5' versus the pressure.

Pressure (Torr)

Coefficients 0.36 0.56 1 2 Mean value
C;E‘ 209x107% 198 x10"3 209x1077 225x10°F 210 = 1073 (£7%)
Ch! 224%x10™% 186x10% 175x 1078 1.63x10% 1.87 x 1073 (+20%)

optical
' fibar Lamp
v. Source
MgF,
V.U.V. P“’be p"’be window
II
Monochromator I |
¢ SR
= Pump Op + Ar 05
§°’ Microwave
& Generator
100 W
L Locicin L  Recorder 2,45 Ghz
Amplifier

Figure 6. The experimental set-up for actinometry and VUV absorption spectrometry.

Table 3. A comparison between measured and
‘caleulated’ reduced electric field in 2 7 mm diameter
tube for a pressure of 1 Torr.

s (mA) Calculated E/N (Td) Measured E/N (Td)
10 95.0
20 87.0 93.0
30 84.6 87.3
40 88.1 96.8
50 88.3 96.1
80 88.5 102.3
70 84.6
80 83.2 103.7
100 83.4

4. Actinometry in 7 and 4 mm diameter tubes

In order to design sources of atomic species (O, H and N},
we have used small-diameter tubes. Because we are in this
case principally interested in the yield of oxygen atoms,
and VUV absorption measurements are difficult to perform
in these tubes, we have used the actinometric method to
determine [O}/[Q;] concentration ratios in 7 and 4 mm
inner diameter discharge tubes, for a pressure of 1 Torr
and currents ranging from 10 to 100 mA. For these small-
diameter tubes, the reduced electric field E/N has been
deduced from the intensities of the 844 and 777 nm lines.
From relattons (20) and (21) describing these

intensities, we can write the intensities ratio as

Tu _ husudl SAY +k57102]63°
b~ kv AR SAJF + 1021 K5F

(32)

On taking into account the quenching for 1 Torr of the two
excited states as discussed previously, we obtain

kSP

Igaq
=113 3

(33)
I

and so, from the measurement of the intensities of 844
and 777 nm emission lines, we can determine the ratio
K3 /3P and deduce the reduced electric field £/N leading
to this ratio. From the values of E/N obtained, we
have calculated the k27!, K7 and kT rate coefficients
and then the ratios k27'/k3F and k2P'/kSP involved in
the 35" and C25' coefficients (relations (26) and (27)).
Concentrations [O]/[Oz] are obtained using relation (24) for
the O(3p*P) — 0O(3s°8) transition and a similar relation
for the O(3p°P) — O(3s°8) transition (844 and 777 nm
respectively). In order to validate this method, we have
tested it on the 7 mm diameter tube in which the reduced
electric field E/N has been measured.

In table 3 the values of the reduced electric field
measured in the 7 mm tube are compared to that deduced
from relation (33) for discharge currents ranging from 10
to 100 mA. The error in the measured E/N values is of
the order of 20%.
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Figure 7. A comparison of the dissociation ratio [0]/]0;] determined by actinometry {(Act3P using the 844 nm line, Act5P
using the 777 nm line) and VUV measurements for 0.36 and 0.56 (a); 1 (b) and 2 Torr {c).

The reduced electric fields E/N deduced from relation
(33) compare well with the measured values with
discrepancies lower than 20%. The ratios k;¥'/43F and
k2P /RSP are then deduced from the values of E/N
corresponding to each discharge current. The [Q]/[0:]
concentration ratios are deduced from relation (24) using
the coefficients C:f,] and C;f,:! calculated from relations
(26) and (27) and listed in table 4,

In figure 10{a) are represented the [0]/[O;] concentra-
tion ratios resulting from measured E/N and from E/N
deduced from relation (33). If we calculate the mean value
between the two determinations, we obtain an accuracy of
+20%.

This method has then been used to determine the atomic
concentration ratios [O)/[0;] in the 4 mm diameter tube
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from the measurements of the intensities of the 844 and
777 nm lines and the values of CZ5' and C75' given in
table 4. Results are represented in figure 10(b).

5. Recombination of oxygen atoms at the wall

In figure 10(c), we can observe a saturation of the [0]/[O3]
concentration ratio with increasing discharge currents for
values abave 50 and 20 mA for 7 and 4 mm diameter tubes
respectively, We surmise that this saturation is due to the
increase in the losses of oxygen atoms by recombination at
the wall with increasing wall temperature. We have thus
measured the temperature of the external wall of the tubes
of different diameters and related the wall temperature to
the recombination coefficient.
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Table 4. Values of C22' and CZ2' calculated for the tubes of three

diameters.
Diameter (mm)
4 7 16 Mean value
C#' 335x107 344x10-% 1.87x10° 278 x 10~ £55%
C' 278x10"% 283x10-3 210x107% 2.60'x 10-% £20%
PORTIEE TV I ST T S [N VRNV S T A N T Lt T -1 PR PR W L
0.06 - ; | L 103 |
" Act5P{0.36 Torr) [ ]
& e VUV(0.36 Torr) [ 1 O(SpsP)
0.05 7| —e=— fit+dis(0.36 Torr) ; : s
E . .2
. / 4 10'24 :
o r o p
0.04 - : / o(3p’P)
- / : o I /
- 1 >
oﬂ J / r —~ .
= 0.037] i S 10 3 ;
o ] // . . >
0.02 7 1y
] /' 10744
] o] L ;
0.01] o ;
0-‘...;||;|nx-a--xx---x:vn 10‘5|1|a|||;1x---ll!
°© 5 fe s 20 25 30 0 50 100 150 200

Discharge current [mnA]

Figure 8. A comparison of [0)/[O;] measured by VUV
absorption at 0.36 and 0.56 Torr and by actinometry taking
int? account the contribution of dissociative excitation of
OP),

In the discharge, the production of oxygen atoms in the
ground state O(2p* 3P) is principally due to the dissociation
of the molecule O, (37 Eg‘ ) by electronic impact, according
to the reactions

i
e+ 0,(XP57) 5 0CP) + 0P 4 (34)

p
e+ 0:(X*T;) 25 OCP) + O(D) +e.  (35)

Calculations of the k5. and k2. rate coefficients are
performed using EEDFs and cross sections from Phelps
[28] as indicated in relation (5). The total creation rate
coefficient can be written

kpiss = Zk:g;ss + k:‘.)lr').\'.r' (36)
The loss of oxygen atoms in the ground state O(2p**P) is
mainly due to atomic recombination at the wall [23]:

UrhY
2R

02p* D)+ wall =410,  kyar = (37)
where R is the discharge tube radius, ¥ the recombination
probability and vry the thermal velocity of the oxygen

atoms.

EN  [Td]

Figure 9. The ratio kg, /k, of dissociative to direct excitation
calculated for O(3p3P) and O(3p°P) states versus E/N.

The radial profile of the gas temperature has been
measured previously by CARS (coherent anti-Stokes
Raman spectroscopy). It has been shown that the gas
temperature near the wall is approximately the same as
the wall temperature measured by a thermocouple [40].
We have then calculated vy, assuming that the atom
temperature is equal to the gas temperature at the wall.
The balance between atomic oxygen production and loss is

Diss

k

[o2p* Py} = 7—nel02] (38)
wall

If we express the mean value of electronic density n, versus

discharge current:

I

flp = ———
¢ mwR2eup

(39)
where vp is the electron drift velocity calculated as an
electron fransport parameter in the kinetic model of [20],
then we can write the recombination probability as

21akpiss [O2}

- n Revrpup [0]° (40

From the results of [O)[(O,] concentration ratios
previously obtained by actinometry in the 4, 7 and
16 mm diameter tubes, we have calculated the values
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Figure 10. The [O}]0;] dissociation ratio in 7, 4 and 16 mm diameter tubes versus discharge current for a pressure of

1 Torr. (a) For a 7 mm diameter tube: (), values determined using the values of £/N measured by probes; and (O}, values
determined using E/N calculated from optical measurements. (b) For a 4 mm diameter tube, dissociation ratio determined
using E/N calculated from optical measurements: {O), using the 777 nm line; and (0), using the 844 nm line. (¢) A
comparison of the results obtained in 4, 7 and 16 mm diameter tubes.

of y under our experimental conditions of current and
pressure for the three tube diameters. The resulis are
represented in figure 11 versus 300/Ty.u, where Ty is
the wall temperature measured under the same experimental
conditions. The variation of ¥ versus Ty, for the tubes of
the three diameters can be fitted by the relation

y =09 exp (— ;_780) . 41}

wail

1t should be noted that the recombination of the oxygen
atoms at the wall leading into the discharge Pyrex tube is
larger than the values of y ranging between 0.2 x 10™* and
5 % 10™* measured downstream of Lhe discharge [41,42].
This effect was first poinied out by Sabadil, who determined
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a recombination coefficient of y = 4.6 x 10™* within the
discharge and y = 2.2 x 10~* outside the discharge. The
values of y measured in this work are five times larger.
Nevertheless it is interesting to mention that the value y =
2.4 x 107 measured at 300 K is in good agreement with
the value determined by Magne {43] from the measurement
of the atom concentration’s time-dependence during the
afterglow in a similar discharge tube. An explanation of
this effect is proposed by the authors,

6. Conclusions

The validity of actinometric technique as a diagnostic
tool for determination of absolute concentrations of atoms
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Figure 11. The variation of the recombination probability
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by Magne et af [42].

has been investigaled, We have deduced the absolute
concentration of oxygen atoms from the measurement of
O*(*P)/Ar*(2p1) and O*(°P)/Ar*(2p) emission intensity
ratios. For this purpose we have calculated the rate
coefficients for excitation of O* and Ar* versus reduced
electric field using the calculated EEDF under our
experimental conditions and several sets of cross sections.
We have also studied the quenching of the emitted lines.
By comparing the actinometric measurements to the results
of VUV absorption spectrometry, we have demonstrated
that the best choice of cross sections is the cross section of
Puech [27] for Ar*(2p,) and those of Laher [25] for O*(*P)
and O*(°P).

Under these conditions, 1 has been shown that
dissociative excitation can be neglected, except at low
pressures and low currents. Under these experimental
conditions in which [0]/[0,] is lower than 1% and
the reduced electric field E/N is higher than 90 Td,
dissociative excitation is a significant source of excited
oxygen atoms, especially in the O(°P) state. However, it
is possible to use actinometry for small concentrations of
oxygen atoms if the contribution of dissociative excitation
is taken into account in the calculations. When a large
population of energetic elecirons is present in the discharge,
as in an ECR discharge, the contribution of dissociative
excitation becomes too large to be corrected.

Furthermore, it has been shown that the reduced
electric field can be deduced from the measurement of the
intensity ratio. This allows a direct determination of the
absolute concentration of oxygen atoms in discharge tubes
of small diameter, where VUV absorption measurements
are difficult to perform. It is to be noted that the transition
OCP-"S) at 844 nm is a better choice for actinometric
measurements because it can be used for a wide range

Actinometry in 0, DC glow discharges

of reduced electric fields (40-110 Td) and because the
calibration factor Cih' = 2.6 x 103 +20% remains
constant when the pressures, the discharge currents and the
tube diameters are varied.

In addition, we have shown that the concentration of
oxygen atoms first exibits a linear variation with increasing
discharge currents and then tends towards a saturation
value. This saturation has been explained by the increase in
the recombination of oxygen atoms at the wall, due to the
increase in the Pyrex tube wall’s temperature. A variation
in the recombination probability y = 0.94 exp(—1780/T)
has been determined for 300 < T < 500 K. Work is in
progress to determine the surface kinetics of oxygen atoms
at the discharge tube wall.

This study allows one to conclude that the largest
dissociation ratio is obtained in a 7 mm diameter discharge
tube, Such a discharge tube has been used to build a source
of oxygen atoms inserted into molecular beam epitaxy
devices. The characteristics of this source will be published
in the near future,
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