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oxygen densities and local mean electron energies in radio-frequency
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A diagnostic method for the simultaneous determination of atomic oxygen densities and mean
electron energies is demonstrated for an atmospheric pressure radio-frequency plasma jet. The
proposed method is based on phase resolved optical emission measurements of the direct and
dissociative electron-impact excitation dynamics of three distinct emission lines, namely, Ar
750.4nm, O 777.4nm, and O 844.6 nm. The energy dependence of these lines serves as basis for
analysis by taking into account two line ratios. In this frame, the method is highly adaptable with
regard to pressure and gas composition. Results are benchmarked against independent numerical
simulations and two-photon absorption laser-induced fluorescence experiments. © 2014 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4903931]

Atomic oxygen plays a key role in many plasma tech-
nologies as diverse as semi-conductor manufacturing,
environmental applications, and plasma medicine.' Direct
measurements of atomic oxygen densities are challenging,
requiring, for example, non-linear laser spectroscopy” or
synchrotron vacuum ultraviolet absorption spectroscopy.’
More practical non-intrusive monitoring techniques are
highly desirable. Therefore, the concept of qualitative actino-
metry was originally introduced on the basis of observing
atomic oxygen emission intensities for monitoring a silicon
etch process.*

The “classical” actinometry approach then enabled to
quantify reactive species densities by deliberately adding a
suitable tracer noble gas and observing the ratio of both the
tracer gas emission and the optical emission of the reactive
species. The reactive species density can be determined
under the assumption that the involved excited states are of
similar excitation energy and solely populated through direct
electron-impact excitation from the corresponding atomic
ground state.” The time averaged emission intensity (I)rf
from one of the states is given by <I>,f = hvay <keng>rf ng.
Here, hv denotes the photon energy, k, is the excitation rate
coefficient, n, is the electron density, n is the ground state
density, and a;;. is the optical branching ratio. The a;; equates
the ratio of the Einstein coefficient for spontaneous emission
Aj; and the optical decay rate of the excited state A;, which
includes effective collisional quenching.®”’

The classical approach can be extended to account for
the production of excited atomic oxygen atoms through the
dissociative excitation channel. This requires specific knowl-
edge of the electron energy distribution function (EEDF)
because both the direct and dissociative excitation processes
generally have cross-sections of different shapes and thresh-
olds.*” However, it is not trivial to determine the high
energy tail of the EEDF, so that the effective excitation rate
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coefficients are often either treated as constant or based on
simplified assumptions of the electron energy distribution.

For oxygen containing discharges, the validity of the
actinometry approach has been shown for various plasma
sources through observing the upper oxygen O(3p°P)
(4 =844.6nm) atomic state and the upper argon Ar(2p;)
(/. =750.4nm) tracer state.®'>"'* The atomic oxygen density
can then be expressed by

. Io hvay Ky g Gig ar " 0.de " )
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The first term of Eq. (1) corresponds formally to the classical
actinometry approach and the second term accounts for dis-
sociative excitation. The effective excitation rate coefficient
k* for direct electron-impact excitation is indexed with d,
while the dissociative electron-impact excitation is indexed
with de. The k* adequately describes the time and space inte-
grated optical emission intensity, which supports the use of
actinometry; however, they generally depend on the electron
energy distribution function.

It has already been demonstrated in high pressure micro
plasma jets'> as well as low pressure capacitively coupled
plasma discharges'®!” that this can be overcome by actively
coupling measurements with specifically designed numerical
simulations.

In this work, a more versatile approach is proposed that
does not require an explicit fluid dynamic nor a particle
kinetic treatment of the specific plasma. This is achieved
by extending the common actinometry approach to also
include the atomic oxygen emission from the excited state
O@3p’°P) (A=777.4nm) and by modifying it to account for
the pressure independent excitation ratios instead of the
emission intensity ratios. The observation of two excitation
ratios instead of one creates a two equation system with two
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unknowns and thus opens the possibility to directly measure
both the atomic oxygen density and the local mean electron
energy simultaneously. The appropriate EEDF is obtained
using a simple electron kinetic simulations via the two-term
approximation Boltzmann equation solver BOLSIG+.'®
The resulting EEDF space, as a function of mean electron
energy, is then used to determine the effective excitation rate
coefficients.

To account for the different possible electron-impact
excitation channels, here, an effective excitation rate
E* =", [, E¢, is introduced, which results from the sum
over all products of the electron-impact excitation rates E;,
and the density fraction f, of the corresponding collision
partner. In case of oxygen, the content of atomic oxygen ro
is defined as the ratio of the atomic and the molecular
oxygen densities. The effective excitation ratios as function
of the atomic oxygen content 7, and mean electron energy e
can then be expressed as

Egy  fo, Toksaaa(€) + ksaaae(€)

s _Jfo.. , 3)
Eiy  far kas0.a(€)
% :f& - ro k777,d(€) + k777~d€(€) (4)
Eiy  far kas0.a(€)

Here, fo, and fa, are the oxygen and argon tracer gas frac-
tion, respectively. The advantage of using these ratios is that
they are directly accessible from the solution of the two-term
Boltzmann equation. These ratios are generally time and
space dependent, which complicates the analysis. To over-
come this, only the maximum excitation for each considered
state is taken into account, since additional excitation proc-
esses, such as cascade processes, have the lowest contribu-
tion in that case.

Cross section data for direct electron-impact excitation
into the Ar(2p,) state are taken from Ref. 19, as well as for
the direct and dissociative electron-impact excitation into the
O(@3p°P) and O(3p’P) states from Refs. 20 and 21.

From the measured absolute intensity /(, x), the excita-
tion is obtained from the following relationship:**

Ei(t,x) = kS (dn(”) + 1n,»(t,x)) : o)

g dt Teff
ith Ii<t7 X) (6)
wi fox 2
e Aghv;’

where Ei(t, x) is the time and space dependent excitation
function, ng is the ground state density, n; is the excited state
density, 1. is the effective lifetime of excited state i, Ay is
the corresponding Einstein coefficient, and Av; is the energy
of the emitted light.

The atomic oxygen density is not modulated within an
radio-frequency (RF) cycle; however, the electron energy is
strongly modulated so that the obtained energy values are to
be regarded carefully because they represent a local value.
Numerical simulations of the considered system, using a
fluid model,> show that the energy during maximum excita-
tion can be significantly higher than the average bulk energy.
Hence, using Energy Resolved Actinometry (ERA), the
obtained electron energy near the plasma surface boundary
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sheath is distinctively different from the bulk electron energy
and represents a value that can be more relevant for techno-
logical applications in which the plasma-sheath and plasma-
surface dynamics play a significant role.

The investigated plasma is created using a well studied
microscale atmospheric pressure plasma jet (tAPPJ) device
with an effective electrode length of 30 mm, and a cross
section of 1 x 1 mm?2* The rf power source (Coaxial Power
Systems RFG100-13) couples into the #APPJ via a matching
network (Coaxial Power Systems MMN 150) at 13.56 MHz.
For the phase resolved optical emission spectroscopy
measurements, an Intesified Charge-Coupled Device (ICCD)
camera (Andor iStar D334T-series) with appropriate narrow
bandpass filters (LOT-QuantumDesign: 750.46 * 0.50 nm;
777.45 = 1.75nm; and 844.79 = 0.95nm) for the three
investigated optical emission lines is applied.'>*>

Figure 1 exemplarily shows the experimentally obtained
direct electron-impact excitation leading to the emission of
the argon A=750.4nm optical emission line. The value of
maximum excitation, marked by a white x, is used equiva-
lently for all three observed lines to obtain the excitation
ratios described in Eqgs. (3) and (4). Thereby, the determina-
tion of atomic oxygen densities and mean electron energies
is localized in the spatial and temporal domains.

According to independent experimental observations
and simulations>® for an equivalent uAPPJ device, the disso-
ciation fraction of oxygen is in the range of 2%—4% and the
local mean electron energies are about 4.2 eV at the position
of maximum excitation. Typically, the pAPPJ is operated
with a helium flow of 1 slm (standard liter per minute), an
oxygen content of 0.5%, and an argon tracer gas admixture
of 0.1%. Figure 2 shows the two simulated effective excita-
tion ratios for values of the dissociation fraction between 0%
and 5% over a range of mean electron energies of 3eV-6eV
for the typical tAPPJ gas composition.

Figure 2(a) shows the effective excitation ratio of the
oxygen state O(3p°P) (. =844.6nm) and the argon state
Ar(2p;) (A="750.4 nm), and Figure 2(b) shows the excitation
ratio of the oxygen state O(3p5P) (A=777.4nm) and the

Excitation into A = 750.4 nm
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FIG. 1. Excitation leading to the argon optical line emission at 2 =750.4 nm
on a normalized scale. The white x marks the position of maximum excita-
tion, which is used for further analysis.
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argon state Ar(2p;). For any two given excitation ratios, spe-
cific values for the mean electron energy e and dissociation
fraction of oxygen ro can be assigned unambiguously, as
shown in Figure 2(c).

Because of the different dependencies of the investi-
gated excitation ratios on electron energies and dissociation
fractions, ERA is a sensitive and simple technique, applica-
ble to any pressure regime and highly adaptable regarding
the gas composition. However, due to the nature of the
actinometry approach, for which emission lines with similar
energy thresholds and excitation efficiencies are chosen, the
sensitivity for mean electron energy measurements is lower
than for the atomic oxygen measurements.

This proposed ERA technique is now demonstrated to
quantify local atomic oxygen densities and mean electron
energies by observing the ratios at maximum excitation of
the argon 750.4 nm, and the oxygen 777.4 nm and 844.6 nm
optical emission lines. The obtained results are benchmarked
against two-photon absorption laser-induced florescence
(TALIF) measurements,®*® diagnostic based modeling
(DBM),15’25’27 as well as an extensive fluid model including
116 plasma chemical reactions.*

Due to calibration of the optical system, the determined
absolute values for the dissociation fraction are subject to an
uncertainty of about 6% for elevated power input when the
signal-to-noise ratio is high and about 10%—-20% when the
signal-to-noise ratios drop for lower power inputs. This is
reflected in the error bars as shown in Figures 3-5.

From the measured excitation ratios, values for the mean
electron energies and atomic oxygen densities under power
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FIG. 3. Atomic oxygen density and dissociation fraction as a function of
normalized power (1 slm He, 0.5% O,, and 0.1% Ar). DBM values are taken
from Ref. 15; TALIF and fluid model values are taken from Ref. 23.
Reproduced by permission from Waskoenig et al., Plasma Sources Sci.
Technol. 19, 045 018 (2010). Copyright 2010 IOP Publishing.
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FIG. 2. Simulated effective excitation
ratios for (a) Ejy/Eisy. () E5q7/ESso,
and (c) overlay of both excitation
ratios over a range of dissociation frac-
tions (0%—-5%) and mean electron
energies (3eV-6eV). Gas composi-
tion: 99.4% He, 0.5% O,, and 0.1%
Ar; T,,,=300K. Please note that the

4 5
Electron energy (eV)

simulated ratios are significantly influ-
enced by the gas composition.

and oxygen admixture variation can be extracted. The
obtained absolute atomic oxygen densities and corresponding
dissociation fractions in dependence of the power are shown
in Figure 3 using ERA in direct comparison with TALIF,
fluid simulations, and DBM. The output of the power supply
can be significantly different from the actual plasma power
due to losses in the electrical circuit. Therefore, we introduce
a normalized power to facilitate the comparison between dif-
ferent experimental setups and numerical simulations. The
normalized power is defined as the ratio between the power
values P and P, at which the discharge switches into a spa-
tially constricted high current mode.

Generally, the atomic oxygen densities obtained via
TALIF are regarded as the most accurate values. Fluid model
simulations overestimate the atomic oxygen density by about
a factor of 2.7, while DBM values lie about a factor of 4
above the TALIF measurements. In this respect, our pre-
sented ERA diagnostic method is in very good agreement
with TALIF measurements and comprises a major improve-
ment over the previous methods.

Regarding an oxygen content variation, TALIF measure-
ments show a maximum of atomic oxygen densities for oxy-
gen admixtures of 0.5%—0.6%.%° The atomic oxygen density
in dependence on the oxygen admixture at constant power
(10W=0.8 P.) is shown in Figure 4 in direct comparison
with relative [O] density results obtained via nanosecond-
TALIF in the plasma core.?

The atomic oxygen density increases from about
2.5%x 10*'m— at 0.2% oxygen admixture until it reaches a
maximum between 0.5% and 0.7% of oxygen admixture.
Then, it decreases monotonically towards higher oxygen
admixtures due to a decreasing discharge efficiency, since
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FIG. 4. Atomic oxygen density as a function of O, admixture (1 slm He,
0.1% Ar, P=10W). TALIF values are taken from Ref. 26.
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FIG. 5. Local mean electron energy as a function of power (squares, 1 slm
He, 0.5% 0O,, 0.1% Ar) and O, admixture (circles, 1 slm He, 0.1% Ar,
P=10W).

energy dissipation into molecular states is promoted, finally
destabilizing the plasma. The ERA diagnostic technique
accurately resembles nanosecond-TALIF measurements and
shows even better agreement with our own in-house picosec-
ond-TALIF at the same uAPPJ device.”®

The local mean electron energies at maximum excitation
are shown in Figure 5. With increasing power, the local mean
electron energy increases monotonically and is in the range of
3eV-6eV, while an increasing oxygen flow leads to a monot-
onically decreasing local mean electron energy from about
8eV to 3eV. In comparison, the bulk energy level lies in the
range of 2eV-3 eV, as shown by numerical simulations.”

Concluding, the demonstrated ERA diagnostic tech-
nique offers the advantage of being more accurate than
classical actinometry and DBM, without the need for full
scale and complex plasma kinetic or fluid simulations.
Furthermore, expensive laser components as in case of
TALIF are not required. By observing the excitation dynam-
ics of three optical emission lines and taking two line ratios,
both the atomic oxygen density as well as the local mean
electron energy can be determined simultaneously. This can
result in a better in-situ plasma control and monitoring,
where accurate non-intrusive measurements are key, and
where it is impractical or impossible to incorporate a laser
diagnostic system.
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