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Abstract

We present measurements of the densities and temperatures (rotational and translational) of the
metastable a' A, (v = 0) state of O in a cylindrically symmetric RF driven plasma operating
in inductive mode at 100 mTorr total pressure and 300 W applied power. Line-of-sight
absorption across the plasma region was determined by diode laser cavity ringdown
spectroscopy on the (0, 0) vibrational band of the 02(b12g+) — Oz(alAg) transition near

1.9 pm. Four rotational quantum states were studied, with a population distribution
corresponding to a rotational temperature of 346 4 38 K. The translational temperature was
determined to be 359 £ 16 K from the width of the strongest absorption line, Q(12), and in
equilibrium with the rotational distribution. The absolute concentration of O,(a' Ay, v=0)
was measured as (9.5 & 1.3) x 10'3 cm ™3, and corresponds to an apparent (3.5 & 0.45)%
contribution to the total number density. Time-resolved CRDS measurements following
plasma extinction were used to deduce a wall loss coefficient, +y, of (2.8 & 0.3) x 1073 on
predominantly Al surfaces. Surmising reasonable concentrations for Ox(b'3, ") and an upper
limit for the vibrational temperature places the total contribution of Oa(a' A,) at between 3.6%
and 5.85%. The variation of the O,(a' A,, v = 0) state concentration with RF power shows a
clear transition from the E to H mode excitation near an applied power of 150 W. Allan
variance analysis yields a minimum measurable concentration of O»(a' Ay, v = 0) of

1.1 x 10'> cm~3 over 100 ringdown events, an order of magnitude more sensitive than
previously reported.

Keywords: metastable oxygen, cavity ringdown spectroscopy, inductively coupled plasma,
O (a' A,), singlet oxygen, surface loss
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1. Introduction

Oxygen containing discharges are ubiquitous in industry pro-
viding the means for cleaning, oxidising, etching and depo-
sition [1—-4], and hence extensive efforts have been made to
model these systems [5—11]. Understandably, modelling pre-
dictions have outpaced experimental capabilities, and nowhere
is this more evident than for pure oxygen plasmas which con-
tain numerous species known to be important but which are
inherently difficult to measure. Perhaps the exemplar of this
is the first excited state of molecular oxygen, so-called sin-
glet oxygen, O(a' A,). The a' A, state lies about 1 eV above
the ground state and is metastable with regard to radiative
decay (radiative lifetime = 72 min [12]) and is relatively stable
against collisional quenching as a consequence of the dou-
bly forbidden nature of the O(a' A,) — O,(X33, ") transition
[13—15]. Generally, models predict Oz(alAg) concentrations
of ~10% of the total gas phase number density and impli-
cate this species in enhanced dissociation, attachment and ion-
isation processes [5, 7]. Despite its clear importance, it is
difficult to measure quantitatively under technologically rel-
evant conditions with readily available light sources. Indeed,
except the work by Wegner et al [16] who utilised dual wave-
length VUV spectroscopy at ca 128.5 nm, there have been
no absolute measurements of this species in a low pressure
(<1 Torr) plasma reactor. Other studies that have been reported
have generally been from discharge tube arrangements at pres-
sures >1 Torr and in gas mixtures [17-20]. In this letter we
report measurements of Oa(a'A,) using diode laser cavity
ringdown spectroscopy (CRDS), recording absorption profiles
under industrially important conditions in an inductively cou-
pled rf (13.56 MHz) plasma reactor operating with 100 mTorr
of pure O, (99.999% BOC) and as a function of power up to
300 W. These conditions are within the typical parameter space
of oxygen plasma models [6-8, 11].

The experimental arrangement and the plasma chamber
used in this study have been described in detail elsewhere [21]
and so only a brief description is given here. The ICP cham-
ber is of cylindrical geometry (height x width =21 x 35 cm)
and is powered through a quartz dielectric interface (diameter
=25 cm) via a coil-type rf electrode. Measurements are made
approximately half way down the chamber through two oppos-
ing baffle arms (i.d. 9 mm, length 15 cm) at the end of which
sit high reflectivity mirrors (R = 99.99%, Layertec GmbH)
required for CRDS. The laser source is a fibre coupled dis-
tributed feedback diode laser (Eblana, power ~ 3 mW), oper-
ating at wavelengths around 1908 nm at room temperature and
probing individual rotational lines within the O,(b'3, ") +
Oz(alAg) (0, 0) band. The CRDS arrangement is similar to
that presented in [22, 23], and uses an acousto-optic modula-
tor to interrupt the probe laser, thus generating the requisite
ringdown signals.

2. Results and discussion

Cavity ringdown spectra of four Q branch lines (J” = 4, 6,
10 and 12) are shown in figure 1. The data are the averages
of multiple individual CRD spectra for each line (between

three and six depending on the signal-to-noise ratio) collected
at a pressure of 100 mTorr. In each case 7 was converted to
an absorption coefficient, o (numerically equal to the absorp-
tion cross-section multiplied by the concentration), using the
equation (1/7) — (1/7¢) = ac, where T and 7 are the ringdown
times with and without absorber. Data are fitted with a Gaus-
sian function (pressure broadening is negligible) to reveal the
line-of-sight integrated-absorption coefficient (cy,) and aver-
age translational temperature, T, (determined from the full-
width half-maximum (FWHM) of the Gaussian function). For
0(12), the transition with the highest signal to noise ratio, the
width of the averaged spectrum corresponds to a value of T,
of (359 + 16) K. To confirm this, each of the four individual
0(12) spectra were also fitted with Gaussian functions and the
FWHM of each found. The average temperature from this was
(370 £ 23) K, in good agreement with that from the averaged
spectrum.

Absorption cross sections for the selected transitions
were calculated using the FEinstein A-factor for the band
calculated by Gupta et al [19] of 126 x 1073 s,
which is in good agreement with the experimental value of
(1.2 £ 0.25) x 1073 s7! [24]. The A-factor was first used to
derive an effective vibronic transition moment using the stan-
dard equation (see, for example, equation (7) in Larsson [25]).
Notably, this calculation quantifies the strength of the electric
quadrupole transition in terms of an electric dipole moment
equivalent value. This vibronic transition moment was then
converted to a line strength for each rotational transition by
multiplying by the rotational line intensity factor, Sy (also
known as the Honl-London factor). Honl-London factors are
tabulated by Kovacs [26] and for this quadrupole allowed tran-
sition were originally derived by Chiu [27]. For a Q-branchline
the Honl-London factor is given by:

327+ DHUJ"+2)J" = 1)

Sy = T DI +3) . (1)

This value is a factor of 3/2 larger than that tabulated in
Kovacs [26], and ensures that the sum rule for Sy, set out
by Whiting et al [28] is respected (the sum of the values in
Kovacs [26] for this transition is 4/3 (2J” 4 1), see Whiting
et al [29]). The values derived from this formula agree with
those determined using PGOPHER [30, 31] provided that a
scaling factor of 5/3 is applied to the values from PGOPHER
as recommended for a quadrupolar transition [32]. The line
strengths were then converted to rotational state specific inte-
grated cross sections, o, 7 using the standard equations [33].
We note that this method, using a dipole moment equivalent
value, gives the same result as a more rigorous consideration
of transition quadrupole moments. In the more rigorous treat-
ment care must be taken to ensure the correct definition of the
quadrupole moment operator is used so as to be compatible
with the Syy» sum rule already mentioned. We will present
this more rigorous approach in a future publication.

For a transition originating from an initial state J”,
Qint = Nay " Oine v, Where N,y o is the line-of-sight average
number density in the J” rotational state. The calculated inte-
grated cross sections, i, s, therefore enable line-of-sight
averaged rotational state populations to be calculated from the
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Figure 1. CRD spectra of Q(12), Q(10), Q(6) and Q(4) lines of the 02(b12g+) — Oz(alAg) (0, 0) vibrational band recorded at 100 mTorr

total pressure. The red line is the Gaussian fit to the data.

experimental data. For the Q(12) transition at 5234.33 cm™!,
Oiny =23 x 1073 cm? em ™.

In this chamber the mirrors are located at the ends of baffle
arms which extend from the (reactive) plasma volume, and in
order to deduce the average number density of a given rota-
tional state in the plasma volume, N,», the line-of-sight aver-
age number density, N,y », must be multiplied by the ratio
(L/1) = T7/(35 + 2h), where [ and L are the actual absorp-
tion length (or the effective length over which the absorber
exists) and the physical length of the cavity, respectively, and /
is a (relatively small) pressure dependent 1/e scale length that
represents the penetration of O(a'A,) into the baffle arms.

In the absence of discharge conditions, such as in the baf-
fle arms, the Og(alAg) loss is dominated by surface deacti-
vation. Thus, in order to quantify this wall loss the lifetime
of O,(a! A,) in the chamber was measured by modulating the
plasma on and off at 0.5 Hz. The laser was set at the line cen-
tre for the Q(12) transition and the ringdown time recorded for
2 h. The data were recorded in 3 ms windows corresponding
to ca 40 ringdown events. The temporal decay in o (and hence
O (a! A,) concentration) was fitted with an exponential decay
as shown in figure 2 and yields lifetimes (1/e) for Oz(alAg)
of (152 4+ 17) ms at 100 mTorr and (128 4 7) ms at 75 mTorr.
Chantry [34] showed that, under conditions where species loss
is dominated by diffusion and deactivation or reaction at the
walls, the fundamental diffusion mode loss is well represented
by a lifetime, 7p, such that:

A2 202 —
TD—&—F o( 7),

D vy )

where D is the diffusion coefficient, [, is the chamber’s vol-
ume to surface area ratio (4.8 cm), v is the mean thermal

speed of oxygen molecules and A is the geometric diffu-
sion length (4.9 cm) [22]. Using the Chantry formalism allows
calculation of the surface loss probability, v, for Og(alAg)
at the two pressures studied. The diffusion coefficient is
3.05 x 10* cm? s!' Pa (assumed to be the same as for
02(X3Eg‘ )) [35], and the mean thermal speed of O, calculated
as4.81 x 10> m s~ (T ~ 350 K). The measured lifetimes cor-
respond to v = (2.8 + 0.3) x 1073 and (3.3 £ 0.2) x 1073
at 100 and 75 mTorr, respectively. These values are in good
agreement with previous observations by Derzsi et al [36] who
deduced a  value of 6 x 1073 in a chamber constructed from
aluminium which had been exposed to a pure oxygen plasma at
~100 mTorr. Under such conditions aluminium surfaces exist
with an oxidised layer, leading to the low wall loss coefficient
we observe. This is in contrast to metals such as Ag, Pt and Ni
where the lack of such an oxidised layer leads to a wall loss
coefficient an order of magnitude higher [37].

Penetration into the steel baffle arms can be estimated by
use of the Chantry formalism and Fick’s second law. For the
cylindrical steel arms Ay*™™ = 0.62 cm and [y*™ = 0.74 cm
and v =7 x 1073 (a value measured for iron [37] but regularly
used for steel) yielding a lifetime in the arms of 9 x 103 s (and
aloss rate k = 1/7p = 112 s ). Fick’s second law, including
a loss term, may be written as:

dN(x) D dN(x)
it p dx?

— kN(x) = 0. 3)

At equilibrium the number density, N(x), is invariant with
time, hence equation (3) may be set to zero. Under these
conditions equation (3) has the following solution:

N(x)=N(x=0)exp (— lgx> , 4@



Plasma Sources Sci. Technol. 30 (2021) 09LT02

P Letters

6.0x10°

4.0x10°

2.0x10° -

oy (€M)

0.0

2.0x10° t————7—

t(s)

Figure 2. Graph showing the change in maximum absorption coefficient for the Q(12) line after the plasma is extinguished. The lifetime

(1/e) for the first order decay of Oz(alAg, y=10)is (152 £ 17) ms.
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Figure 3. Boltzmann plot to determine 7o and N,— for O (a! A,) at 100 mTorr.

where N(x = 0) is the density in the plasma chamber and N(x)
is the density in the baffle arm a distance, x, from the chamber.
This function has a 1/e scale length, h = (D/kp)"*> which is
~5 cm at 100 mTorr and corresponds to an absorption length
adjustment of (77/45).

The number density in each rotational level, N;», can then
be used to find the number density in the lowest vibrational
level, N,—y, if the rotational partition function, g, is known.

A key element in this calculation is the rotational tempera-
ture, Ty, Which can be determined from a Boltzmann plot
according to:

Ny " Dexp ()
Nv:O B grot .

&)

Figure 3 shows such a plot for the rotationally resolved
number densities determined from the data in figure I.
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Figure 4. The measured O,(a! A,, v = 0) number density as a function of power at 100 mTorr pressure, clearly illustrating the E/H
switch-over region. Densities are corrected for estimated 0, (b! 2g+, v = 0) populations, see text.

Taking the molecular constants for Og(alAg) from the
work of Drouin er al [38] the gradient of this plot yields
Trot = (346 = 38) K. This is in good agreement with the trans-
lational temperature determined from the FWHM of the indi-
vidual spectral lines. The intercept in figure 3, along with this
temperature, gives N,—o = (9.5 & 1.3) x 10'3 cm™3. Thus, at
a total pressure of 100 mTorr, the apparent proportion of the
sample that is Oz(alAg, v=0)is (3.5 4 0.45)%. We note that,
formally, the absorption measurements yield the difference in
population between the lower and upper states of the probed
transitions. Usually the upper state population can be neglected
as it is much smaller, but that is not necessarily the case here.
The b'Y, T state of molecular oxygen is also metastable and
has been predicted to have significant concentrations under
certain circumstances [11, 39]. However, equilibrium consid-
erations based on the relative electron impact production and
loss rates of the a! A, and b'Y, " states, which includes con-
tributions from the O(*P) chemistry [22, 40], indicate that the
b'Y, T state has a maximum concentration ca 15% of that of
the a' A, state for the wall loss rates recorded here. We note
that additional fast loss processes for the b'Z, T state, namely
loss at the wall with v potentially as high as 0.1 [11] and
energy transfer reactions with O(*P) [40] make it likely that the
actual density of O»(b'S,T) is significantly below our upper
bound estimate of 15%. These considerations yield a corrected
a' A contribution of (4.1 & 0.5)%. Taking account of a prob-
able upper limit to the vibrational temperature of ~1300 K
(low v) and non-thermal distribution (high v) [41], which
has been reported recently for slightly different conditions
(500 W, 80 mTorr) increases the total O, (a’ A,) contribution by
25% to (5.15 £ 0.7)%. Thus, with reasonable confidence we
estimate that the total contribution of Oz(alAg) lies between

the bounds of 3.6%—-5.85%, corresponding to a concentration
of between 1 x 10'* cm™3 and 1.63 x 10 cm 3.

Further Q(12) spectra were gathered at plasma powers
between 50 and 300 W to study how the Ox(a'A,) density
varies across the E/H (capacitive/inductive) switchover region.
This is important because, as well as providing information
about the fundamental processes occurring in the plasma,
knowledge of the varying densities of these reactive species
allows for optimal process efficiency in industrial applications.
Across the power range we observe a linear increase in the
translational temperature from ca 310 K (50 W) to 360 K
(300 W). By assuming that T is equilibrated with T, we infer
a total number density, N,—o, in the ground vibrational level as
shown in figure 4.

Figure 4 illustrates that the E/H switchover occurs between
130 and 150 W. The trend in number density as a function of
power can be qualitatively explained by considering the impor-
tant production and loss processes for O,(a' A,) in the E-mode
and H-mode of plasma. In both modes production of Ox(a' A,)
is dominated by electron impact excitation from O,(X*, ")
while the most important loss process in the E-mode is deacti-
vation at the chamber walls (loss processes involving reaction
with electrons are slow under these conditions due to the low
electron densities). As power is increased in the E-mode the
increasing electron density leads to increased O(a'A,) pro-
duction while the rate of destruction at the walls is approxi-
mately constant, this explains the rapid increase in Ox(a'A)
density in this mode of operation as power increases.

In the H-mode the opposite trend is observed. The much
higher electron densities in this mode mean that electron
impact excitation (predominantly to O,(b' Eg+)), electron
impact dissociation and electron impact de-excitation become
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the most important loss processes for Ox(a' A,). The involve-
ment of electrons in both production and destruction of
01(a'A,) in the H-mode means that changing electron den-
sity has little influence on the equilibrium Oz(alAg) den-
sity. Increasing electron temperature (7) can influence the
balance of loss and production processes (the higher thresh-
olds for the loss processes means that their rates increase
more rapidly with increasing 7.) but given that the increase
in T. within the H-mode is expected to be modest, this
does not fully explain the reduction in O(a'A,) density
we observe. Rather a potentially important contribution to
the observed decrease in Oa(a'A,) density with power in
the H-mode is gas heating which can be significant in the
centre of the chamber (an effect that is masked by the
line-of-sight averaged nature of CRDS measurements). This
heating corresponds (by the ideal gas law) to a reduced den-
sity of 0,(X? >, ), the precursor to Oz(alAg). The reduction
in precursor density is further compounded by the increas-
ing dissociation fraction as power increases leading to slower
0>(a' A,) production and a corresponding reduction in equi-
librium number density. Meichsner and Wegner [40] report
similar changes in the O,(a' A,) number density with power at
38 and 75 mTorr. Quantitative understanding and modelling of
the O, (a' A,) density will however benefit from measurements
of the absolute density of atomic oxygen over the operating
range of the reactor in order to quantify O(*P) quenching rates
in the plasma (a potentially important loss process for excited
molecular states [41]), and the levels of vibrational popula-
tion among the predominant O, electronic states (V-T energy
transfer with O(*P) is a crucial process in determining the pop-
ulation of vibrational levels of oxygen molecules in an ICP
[42D.

The maximum absorption coefficient measured is ca
6 x 107° cm™! (see figure 1) and measurements with high
signal-to-noise require an optimised CRD system. The perfor-
mance of the system can be quantified by the well-known Allan
variance [42]. In such an analysis, a series of M measurements
of some quantity (say) y(¢), where ¢ is the time of the measure-
ment, is made and the data set split into n segments of length
I'; ;. is the average value of y in the kth segment. The Allan
variance is then:

Py

P e @) — 3 ()]
2 _ k=

o () = o ,

(6)

where Py is the number of groups or bins that the data set is
distributed over. o(I") is recorded for different values of I', the
averaging time, or n, the number of measurements averaged. I"
and n are related by I' = nl'y, where I'j is the minimum time
interval between bins. oZ(I') is then plotted on a log—log plot to
find the value of I" or n needed to minimise the Allan variance.
To find the detection limits for this experiment, the ringdown
times were recorded over several thousand events and af,(l")
calculated. This was done with the laser tuned to the maxima of
the Q(4) and Q(6) lines, and exemplar data for the former case
is shown in figure 5. The number of ringdown events that must
be averaged for minimum variance is ~100 and corresponds
to a minimum detectable absorption coefficient, au, of
1.3 x 107!° cm~'. Using the integrated cross section derived
for the Q(12) line at 346 K, oy y—0 = 1.6 X 107 cm? cm™!
(from i r = 2.3 x 1072 cm? cm™! and equation (5),
realising that ojn y—0/Cin» = Ny /Ny—p), yields a mini-
mum detectable line of sight average number density of
Ox(a'Ag, v=0)of 1.1 x 102 cm™3.
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3. Summary

01(a' Ag, v = 0) has been detected spectroscopically via the
(0, 0) vibrational band of the O,(b'S,") + Ox(a'A,)
transition in a low pressure (0.1 Torr) radio frequency
pure oxygen ICP. An Oy(a'A,, v = 0) concentration of
(9.5 + 1.3) x 10"3cm™3 was measured with a detection limit
of ~10'2 molecules cm 3, an order of magnitude better than
previously reported in the literature [17, 19]. At 300 W power
and 100 mTorr pressure the total proportion of the gas that is
0x(a'A,) is likely to be ca 5%; as a qualitative comparison,
this is significantly lower than, for example, the 12% reported
in the case of O,/He mixtures [43], but similar to VUV absorp-
tion measurements in pure oxygen (4%) [16]. The translational
and rotational temperatures measured for O, (a' A,) are equili-
brated and in good agreement with the translational tempera-
ture previously measured for O(*P) in the same chamber [22].
However, we note that care should be taken interpreting these
line-of-sight temperatures, lest they are overly influenced by
spatial inhomogeneity. This could occur for example, by a
preference for Ox(a'A,) to be disproportionately located in
cooler areas of the discharge (i.e. close to the walls), and where
there are gas number density variations that can lead to the
apparent gas temperature as deduced from the measurements
being lower than in the plasma bulk. The variation in O2(a' A,)
number density with operating power and the lifetime of this
state when the plasma is switched off have also been success-
fully studied. In the former case the Og(alAg) number den-
sity clearly increases as the reactor transitions between E to H
modes of operation but subsequently falls at the highest powers
where the rates of electron-induced destruction of Oz(alAg)
and the effects of gas heating become increasingly significant.
The apparent pressure dependence of the wall loss coefficient,
similar to that observed for O(*P) in this chamber, would seem
to imply that the ion-bombardment process hypothesised to
enhance atomic recombination, by providing more adsorption
sites [44], may well also lead to an augmentation of the deacti-
vation of Oz(alAg). The mechanism of this augmentation is
uncertain and warrants further investigation. It may involve
destruction of the surface oxide layer by ion-bombardment.
This would alter the surface-molecule interaction potential and
could make electronic energy transfer from the molecule to the
metal more facile.
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