Journal of Physics D: g‘::; PURPOSE-LED
Applied Physics *»i# PUBLISHING

PAPER « OPEN ACCESS You may also like

2D spatially resolved O atom density profiles in an 'A—‘“"—"—M‘%’Q&?RFefg”lasen??i?;”&!i”vé"é”é?é aﬂﬁigd
. . . voltage waveforms in mixtures o e an

atmospheric pressure plasma jet: from the active O v, b Stouer L Bischof etal

plasma VO|Ume tO the efﬂuent - Two-photon absorption laser induced

fluorescence measurement of atomic

oxygen density in an atmospheric pressure
To cite this article: David Steuer et al 2021 J. Phys. D: Appl. Phys. 54 355204 air plasma jet

J Conway, G S Gogna, C Gaman et al.

O

- Local enhancement of electron heating
and neutral species generation in radio-
frequency micro-atmospheric pressure

View the article online for updates and enhancements. plasma jets: the effects of structured
electrode topologies
Yue Liu, Maté Vass, Gerrit Hilbner et al.

) The Electrochemical Society

i =
Advancing solid state & electrochemical science & technology SC’en ce +

= Technology +
248th YOU!

ECS Meeting

Chicago, IL

October 12-16, 2025 .~ |
’ — SUBMIT
Hilton Chicago .‘( ABSTRACTS by
March 28, 2025
SUBMIT NOW

LOCCUCCOCOCCCCCKC

This content was downloaded from IP address 194.95.157.29 on 23/01/2025 at 08:14



https://doi.org/10.1088/1361-6463/ac09b9
/article/10.1088/1361-6463/abd20e
/article/10.1088/1361-6463/abd20e
/article/10.1088/1361-6463/abd20e
/article/10.1088/1361-6463/abd20e
/article/10.1088/0963-0252/25/4/045023
/article/10.1088/0963-0252/25/4/045023
/article/10.1088/0963-0252/25/4/045023
/article/10.1088/0963-0252/25/4/045023
/article/10.1088/1361-6595/acb9b8
/article/10.1088/1361-6595/acb9b8
/article/10.1088/1361-6595/acb9b8
/article/10.1088/1361-6595/acb9b8
/article/10.1088/1361-6595/acb9b8
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuYhbD9Z9mo5b5bjCNXH9K3noEFy8UbWpMRyK7iRnnAPXcubZN5WDxb_DYINEBRg0gTRHdlrrNfpiA62NQCma3Zjz4_z6NhWrR0Q1INGcB-ztHUJqoBusVtPzIXlgP0YsgA5IranlBFcMxdTJg90R5DZjf35IiEQ6l0sFr-np6PpJoDRpnL9_G3BcEtjj5akZq2SyY6GRkXeQN7selRQBowWCzT_glChLhFoR0ZZcVrCvK9QljtlZvitVFJgtjYJkkPAQqYigoyzkvApZ8AkVUpOUVkkfLlLq9IaXbLggEEZFKGvjfNx0P9NXGyrXbC_SY3EaYExwpIRaxButp_NrYPhbZR_kNmpZrcntnpIdup&sig=Cg0ArKJSzAzVsKcwn4lL&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_submission%26utm_id%3DIOP%2B248%2BAbstract%2BSubmission

OPEN ACCESS

10P Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 54 (2021) 355204 (12pp) https://doi.org/10.1088/1361-6463/ac09b9

2D spatially resolved O atom density
profiles in an atmospheric pressure
plasma jet: from the active plasma
volume to the effluent

David Steuer'* @, lhor Korolov’®, Sascha Chur’©®, Julian Schulze>*®,
Volker Schulz-von der Gathen®©, Judith Golda'® and Marc Béke®

! Plasma Interface Physics, Ruhr-University Bochum, D-44801 Bochum, Germany

2 Department of Electrical Engineering and Information Science, Ruhr-University Bochum, D-44780
Bochum, Germany

3 Experimental Physics IT: Physics of Reactive Plasmas, Ruhr-University Bochum, D-44801 Bochum,
Germany

4 Key Laboratory of Materials Modification by Laser, Ion, and Electron Beams (Ministry of Education),
School of Physics, Dalian University of Technology, Dalian 116024, People’s Republic of China

E-mail: david.steuer @rub.de

Received 15 February 2021, revised 20 May 2021
Accepted for publication 9 June 2021
Published 22 June 2021
CrossMark
Abstract

Two-dimensional spatially resolved absolute atomic oxygen densities are measured within an
atmospheric pressure micro plasma jet and in its effluent. The plasma is operated in helium with
an admixture of 0.5% of oxygen at 13.56 MHz and with a power of 1 W. Absolute atomic
oxygen densities are obtained using two photon absorption laser induced fluorescence
spectroscopy. The results are interpreted based on measurements of the electron dynamics by
phase resolved optical emission spectroscopy in combination with a simple model that balances
the production of atomic oxygen with its losses due to chemical reactions and diffusion. Within
the discharge, the atomic oxygen density builds up with a rise time of 600 us along the gas flow
and reaches a plateau of 8 x 10'> cm™3. In the effluent, the density decays exponentially with a
decay time of 180 us (corresponding to a decay length of 3 mm at a gas flow of 1.0 slm). It is
found that both, the species formation behavior and the maximum distance between the jet
nozzle and substrates for possible oxygen treatments of surfaces can be controlled by adjusting
the gas flow.

Keywords: atmospheric pressure microplasma jet, COST-Jet, phase resolved optical emission
spectroscopy, two photon absorption laser induced fluorescence, plasma chemistry
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1. Introduction

Non-thermal micro atmospheric pressure plasma jets
(LAPPJs) [1-6] have been attracting a high level of atten-
tion due to their applications such as the treatment (modifica-
tion [7, 8], deposition [9, 10] or etching [11]) of temperature
sensitive surfaces. These plasma devices are characterized by
a non-equilibrium thermal state in which ions and neutrals
remain at room temperature, while electrons reach energies of
several thousand Kelvin, providing a wide range of chemical
reactions. The key advantage of wAPPJs over low pressure
plasmas is the fact that they can be used in open air without
a vacuum system, allowing the cold effluent containing the
reaction products to be applied directly to the surface to be
treated.

Reactive atomic oxygen and nitrogen species (RONS) are
one of the main focuses of recent studies, as they are import-
ant for medical plasma applications such as wound healing
[12, 13] or cancer therapy [14, 15]. The key to these applic-
ations is the generation of reactive species within the active
plasma volume of pAPPJs by using helium with an admix-
ture (up to a few percent) of molecular gases such as oxygen
[16-18], nitrogen [19, 20] or water vapor [21, 22]. To con-
trol and optimize the formation of RONS, besides the know-
ledge of the complex gas composition caused by chemical
reactions, also an understanding of the production processes
is necessary. The dissociation of the molecular gas is dom-
inated by electron impact collisions [23]. Thus, the space
and time-dependent electron dynamics must be identified and
understood.

The electron power absorption dynamics in HtAPPJs can
take place in two different modes [20, 24-27]. Due to the num-
ber of collisions with neutrals at atmospheric pressure, the con-
ductivity is very low. In order to maintain current continuity, a
strong electric field is generated inside the plasma bulk, which
accelerates electrons in the central region between the elec-
trodes. This power absorption mechanism is called 2-mode
and occurs twice per period (during expansion and collapse of
the sheath) at the times of maximum current. At higher powers,
the discharge can transition to the Penning-mode. This mode
can be divided into a direct and an indirect channel. In the dir-
ect channel, electrons generated by Penning ionization inside
the sheaths are accelerated through the sheath into the plasma
bulk, where they can excite or ionize atoms. In addition to elec-
trons, Penning ionization also generates positive ions. These
are accelerated onto the adjacent electrode and can generate
secondary electrons there, which in turn are accelerated into
the bulk (indirect channel).

Recent studies have shown that the generation of atomic
oxygen [17, 18] and nitrogen species [28], as well as that
of metastable atoms, e.g. helium [29], can be controlled by
voltage waveform tailoring [30, 31]. Here, a series of con-
secutive harmonics of a fundamental frequency is used, res-
ulting in an asymmetric driving voltage waveform. Adjusting
this waveform allows the power absorption of electrons to be
controlled both spatially and temporally, thus optimizing the
generation of reactive species.

Classical pAPPJs are operated at a single radio frequency
of 13.56 MHz. A reference source for the generation of react-
ive species is the COST micro plasma jet [5, 32]. It was
developed within the European Cooperation for Science and
Technology (COST) action MP1101 ‘Biomedical Applica-
tions of Atmospheric Pressure Plasmas’ and is used by vari-
ous working groups worldwide to ensure the comparability of
research results. In such a plasma jet, the neutral gas flows
through the active plasma region at a speed that is determined
by its flow rate. When it enters the plasma, it is exposed to
energetic electrons that can dissociate its molecular constitu-
ents and generate radicals. Depending on the gas flow and the
discharge conditions it takes a particular (rise) time and dis-
tance for a given radical density to build up in the active plasma
region. After this time/distance, the radical density does not
change anymore inside the plasma region and is determined by
a balance of sources and losses of this particle species. Precise
knowledge of this rise time/distance is important for plasma
source development, energy efficiency, and optimization. If
the electrodes of a plasma jet are longer than the rise length
of the reactive species, the electrodes could be shortened to
save energy and, thus, make the source more efficient. On the
other hand, electrodes should be at least long enough to allow
the built-up of reactive species and achieve a maximum dens-
ity of them. For the actual usage of LAPPIJs, in addition to the
formation inside the plasma, the decay of the reactive species
in the effluent is crucial. To determine the optimal treatment
distances and times for different surfaces and substrates, the
density profile in the effluent must be known. An important
research task is, therefore, to reveal the decay of reactive spe-
cies densities in the effluent caused by recombination or other
chemical reactions.

The knowledge of space resolved absolute density profiles
of reactive species along the gas flow, especially of atomic
oxygen, is limited to measurements performed in previous ver-
sions of the micro plasma jet with similar electrode config-
uration [33-36]. These devices were assembled with signific-
antly less strict requirements for tightness and selection of the
materials in gas or plasma contact compared to those defined
for the COST micro plasma jet [S, 37]. Furthermore, power
measurements were often limited to the readout at the gen-
erator or before matching units. In addition to measurements,
there are various models that describe the production of atomic
oxygen within the plasma [38, 39] or its destruction in the
effluent [23, 38, 40], which could be verified and improved
by novel measurements based on more defined conditions.

The aim of this paper is to investigate the rise of atomic
oxygen densities in a He/O, plasma along the gas flow in the
COST jet and to provide a deeper understanding of its form-
ation. Two dimensionally resolved absolute oxygen densit-
ies are measured for different gas flows by using two photon
absorption laser induced fluorescence (TALIF) spectroscopy.
The observed density profiles are understood based on meas-
urements of the spatio-temporal electron dynamics by phase
resolved optical emission spectroscopy (PROES) in combin-
ation with basic model calculations. Furthermore, the decay
behavior of atomic oxygen in the effluent is studied as well.
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Figure 1. Sketch of the experimental set-up for the TALIF measurements. (a) COST jet including the used Cartesian coordinate system for
the 2-dimensional density distributions. (b) Vacuum chamber and optical set-up.

The paper is structured as follows: in the next section, the
experimental set-up is described, including the plasma source
and the TALIF as well as the PROES set-up. The third section
is divided into two subsections and presents the results of this
work. First, the formation of atomic oxygen within the COST
jet is investigated. In the second subsection, the effluent is
studied. All results are compared to results of a simple model
to describe the measured density profiles based on excitation
rates determined experimentally via PROES measurements
and including production, loss and diffusion terms. A conclu-
sion is given in section 4.

2. Experimental set-up

2.1. Plasma source

Atomic oxygen measurements were performed in a ©APPJ,
namely the COST jet. The capacitively coupled plasma
is driven by a sinusoidal voltage waveform with a radio
frequency (RF) of 13.56 MHz. The discharge volume is
30mm x 1 mm x 1 mm and is enclosed between two identical
stainless steel electrodes and two quartz plates that allow
access for optical diagnostics. A sketch of the discharge chan-
nel is shown in figure 1(a). Further information about this
plasma source including the power supply can be found else-
where [5, 32]. Typically, the COST jet is operated with gas
flows in the slm range. In this work we use 0.2—1.2 sIm helium
(purity 5.0) as feed gas flow which corresponds to a flow velo-
city of 3-20m s~'. In addition, a fixed admixture of oxy-
gen (purity 4.8) of 0.5% is used, since previous studies have
shown that the atomic oxygen density becomes maximum for
this admixture [33, 36]. The dissipated plasma power can be
determined by measuring the voltage, the current and their rel-
ative phase at the electrodes, through integrated probes, which
are calibrated beforehand. The measurement of the dissipated
power is described in more detail by Beijer et al [41]. The

following results are obtained at a dissipated power of 1 W
(Vs =275 V). The power was chosen because on the one
hand as much oxygen as possible should be dissociated [23],
but on the other hand the discharge should not switch to a con-
stricted mode [5, 42], which would destroy the plasma source
due to the high gas temperatures. At a power of 1 W, the gas
temperature is approximately 350 K [5] and the plasma source
can, therefore, also be used for biomedical treatments in the far
effluent of the jet. Furthermore, powers of up to 1 W are com-
monly used, guaranteeing that the results are comparable to
the literature [5, 19, 32, 43].

2.2. Diagnostics

A sketch of the experimental set-up is shown in figure 1 (b).
The COST jet is mounted on a computer controlled XYZ
stage (0.1 mm step resolution, custom made) facing upwards
inside a vacuum chamber (51 cm diameter, 45 cm height).
In order to compare spatial positions, we use a cartesian
coordinate system with the origin located at the end of the
grounded electrode at the jet nozzle shown in figure 1(a).
To measure atomic oxygen densities within the plasma (z <
Omm) as well as in the effluent (z > O0mm) we use the
TALIF technique [44, 45]. The laser system consists of a fre-
quency doubled ns-pulsed Nd: YAG laser (Continuum Powerl-
ite 8000, A =532nm) pumping a tunable dye laser (Con-
tinuum ND6000). The Nd: YAG laser is triggered by a digital
pulse generator (Stanford Research Systems DG535) at a repe-
tition rate of 10 Hz. The oscillator of the dye laser is operated
with a mixture of 63 mg pyridine 1 and 63 mg DSM in 1:1
methanol, while the amplifier is operated with 28 mg DCM
and 23 mg pyridine 1 in 1:1 methanol. Its output radiation has
a wavelength between 650 and 715 nm and can be tuned with
a step resolution of 1 pm. To excite oxygen into the O (3p
3P1,2,0)—state a wavelength of 224.31 nm is required. To obtain
wavelengths in the UV range, the third harmonic of the dye
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laser frequency is generated by frequency mixing with a com-
bination of a KD P (potassium dideuterium phosphate) and
a BBO (beta barium borate) crystal. The UV laser beam has
a diameter of about 3 mm and pulse energies of approxim-
ately 0.1 mJ. The laser pulse length is 67 ns. A beam split-
ter guides 8%—10% of the total power to a fast photo diode
that monitors the beam energy. The remaining part is focused
through a quartz lens (f = 300 mm) to the center of the vacuum
chamber where the COST jet is placed. The local resolution is
given by the full width at half maximum of the laser beam.
It is determined to be 220 £ 20 pum. To avoid reflections of the
laser a beam dump is installed inside the vacuum chamber. The
fluorescence signal resulting from the de-excitation of atomic
oxygen into the O (3 s *S)-state state is observed perpendic-
ular to the laser beam at a wavelength of A =844.87 nm. A
gated and cooled photo-multiplier (PMT, BURLE C31034A)
measures the signal through a lens (BK7) and an interference
filter (1.3 nm FWHM). As indicated in figure 1, the angle
between the discharge channel and the laser beam respect-
ively the fluorescence signal is 45 degrees. This configuration
prevents coupling of the laser radiation into the PMT. How-
ever, reflections occur at the end of the quartz windows due
to this angle, thus the first 2 mm of the effluent cannot be
observed with this set-up. To avoid saturation effects, it must
be ensured that the measured fluorescence signal depends lin-
early on the square of the laser intensity [45]. For this purpose,
a computer-controlled dielectric attenuator is used, that con-
sists of a dielectrically coated thin quartz plate and a stepper
motor that controls the angle of the quartz plate relative to the
laser beam. It is placed in front of the beam splitter so that the
laser intensity can be varied without varying the operation con-
ditions of the laser system and by this changing the properties
of the laser pulse.

To determine absolute oxygen densities a calibration is
required. The most common method is a noble gas calibra-
tion using xenon. For this method the optics of the TALIF set-
up does not have to be changed, because both the two-photon
resonance and the fluorescence wavelength of xenon are close
to that of oxygen. The TALIF set-up and the calibration pro-
cedure are described in more detail elsewhere [18, 44]. Due to
uncertainties of the constants used in the calibration procedure,
the accuracy of the absolute densities presented here is better
than 50%—-60%. However, the experimental system is stable,
allowing relative trends to be reproduced with a deviation of
less than 20%.

To investigate the dynamics of energetic electrons, PROES
measurements are performed as the basis of the model
described below. These could be performed without modi-
fications using the same experimental setup. To observe the
helium emission line at 706.5 nm a fast ICCD camera (Andor
iStar DH334T-18U-73) is equipped with a 40 mm telecentric
lens (Edmund optics 4X CompactTL) and an interference fil-
ter (700 nm central wavelength, 15 nm FWHM). The camera is
synchronized with the driving radio frequency voltage wave-
form by using a high voltage probe, that measures this voltage
waveform, and a digital delay generator (Standford Research
Systems DG645) that uses the measured waveform as a trigger
input. Subsequently, it is used to set an adjustable delay with

respect to a specific time within the RF period determined by
the trigger signal. The temporal resolution is determined by the
gate width of 3 ns. The electron impact excitation rate from the
helium ground state into the He-I 1s3s 38, level is calculated
based on a collisional-radiative model which is described in
more detail elsewhere [20, 28].

3. Results

3.1 Atomic oxygen formation along the gas flow

In the following, the formation of atomic oxygen along the
direction of the gas flow and between the electrodes is invest-
igated in the COST jet. Since the flow velocity determines the
transit time through the discharge, the gas flow will be varied
in the following. Gas flows from 0.2 to 1.2 slm helium are set
in 0.2 slm steps. For the purpose of clarity, only the results of
three gas flows are presented below. Figures 2(a)—(c) shows
the measured 2D spatially resolved and time averaged atomic
oxygen density for 0.2, 0.6 and 1.0 slm helium flow. The step
size of the XYZ stage is set to 0.2 mm in the x-direction and
to 1.0 mm in the z-direction. Here z describes the axis along
the gas flow and x the distance between the electrodes (see
figure 1(a)). The oxygen admixture is fixed at 0.5% and the
power is set to 1 W. For each data point, the fluorescence sig-
nals of 64 laser shots are averaged. Overall, the distribution of
atomic oxygen is symmetrically distributed between the elec-
trodes (located at x =0 mm and x =1 mm, see figures 2(a)—
(c)). The highest oxygen concentration is located in the center
between the two electrodes and decreases towards the sides
(perpendicular to the gas flow). In the direction of the gas
flow, the oxygen density builds up and approaches a plateau at
8 x 10" cm™3 (see also figure 4). While the maximum value
is independent of the gas flow within the errors of the experi-
mental system, its increase from the gas inlet at z = —30 mm
to the position, where the plateau value is reached, differs
significantly depending on the gas flow. At small helium
flows of 0.2 slm a plateau is already reached within the first
10 mm. For larger flows such as 1.0slm, the oxygen dens-
ity increases until the end of the active plasma zone loc-
ated at z=20, so that no equilibrium state is reached at this
point.

Since the production of atomic oxygen is mainly governed
by the electron impact reactions in the used system [23], we
measure the space and time resolved electron-impact excit-
ation rate /,,. from the ground state of helium into He-3 s3
S1(22.7eV) shown in figure 3 to trace energetic electrons as
a basis for understanding the mechanisms of atomic oxygen
formation. The measurements are taken under the same dis-
charge conditions as those used for the previously presented
TALIF measurements at z = —15 mm. At this position, a sig-
nificant atomic oxygen density has already built up and the
influence of the ambient air backflow through the gas out-
let is negligible. During one RF-period four excitation max-
ima are observed. These can be traced back to different elec-
tron heating mechanisms, which each act once per half-period.
Maxima (1) and (2) occur at the time of high current, when
the sheath expands at the grounded electrode and collapses at
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Figure 2. (a)—(f) 2D spatial distribution of the atomic oxygen density inside the COST jet measured by TALIF (a—c) and obtained from the
model (d—f). The dashed line indicates the position of the PROES measurements described below. (g—i) Spatially resolved atomic oxygen
production rate determined from equation (7). The flow direction is indicated by the arrow on the right. Discharge conditions: He 4 0.5% O,

admixture at a power of 1 W.

the powered electrode. At this time within the RF period, the
observed excitation pattern is similar to the electron dynamics
observed in low pressure electronegative CCPs [30, 46], where
electrons are accelerated by the combination of a strong drift
electric field in the plasma bulk and ambipolar electric fields
on the bulk side of the sheath edges. The profile of the electric
field in the direction perpendicular to the electrodes ensures
current continuity in the presence of an inhomogeneous pro-
file of the electron density and, thus, the conductivity. The
high drift field is caused by a depleted conductivity due to
the high collisionality at atmospheric pressure and the elec-
tronegativity that depletes the electron density. The ambipolar
field is a consequence of local gradients of the electron dens-
ity profile. In electronegative CCPs local maxima of the elec-
tron density can occur in the electropositive edge region of

the plasma. Maximum (3) is caused by electrons generated
inside the sheath via Penning ionization as a consequence
of helium metastables. In this way electrons are generated
inside the sheath and accelerated into the plasma bulk by the
sheath electric field, where they can cause excitation and ion-
ization. Ions produced during Penning ionization are accel-
erated to the adjacent electrode where they can produce sec-
ondary electrons. These electrons are then accelerated into the
plasma bulk and can also cause excitation and ionization. It is
noticeable that the excitation in front of the powered electrode
(x=1mm) is slightly stronger (about 10%) than in front of the
grounded electrode (x =0mm). This can be attributed to an
extra grounded shielding near the grounded electrode, which
affects the electric field by making the plasma source slightly
asymmetric.
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Figure 3. Spatio-temporal plots of the electron impact excitation
rate from the ground state into the He-I 1s3s >S; level at

z=—15 mm. All values are normalized to the maximum. The
coordinate x describes the distance between the grounded electrode
(x=0mm) and the powered electrode (x = 1 mm). Discharge
conditions: 0.6 slm He + 0.5% O, admixture at a power of 1 W.

The electron-impact excitation rate measurements were
performed for all applied gas flows. Since the changes between
the measurements are small, only one example is shown in
figure 3 for reasons of clarity. All in all, certain differences
in the intensity of the excitation, especially in region 3, can
be identified between the three gas flows, which can be attrib-
uted to a change in the gas composition. The PROES measure-
ments are all performed at the same position (z = —15 mm). As
shown above, the atomic oxygen density builds up differently
depending on the helium flow. This means that as long as no
state of equilibrium has been reached with a specific gas flow,
the gas composition at this position is different. Based on the
TALIF measurements presented here, the atomic oxygen dens-
ity differs by about 20% between the 0.2 and 1.0 slm gas flows
at the position z=—15 mm. Further changes of the chem-
ical composition depending on the gas flow can be induced
by processes such as the production of ozone which consumes
both atomic and molecular oxygen. A consequence of this is
a decrease in the excitation rate of the Penning-mode with
increasing gas flows. This is consistent with measurements of
Bischoff et al [20] where a transition from the Penning-mode
to the 2-mode was observed at higher nitrogen admixtures.
This behavior could be attributed to an increase in collisions of
electrons with the molecular gas and, thus, to a stronger elec-
tric field in the plasma bulk. In our case, the oxygen admixture
remains constant at 0.5%. However, the dissociation degree
of molecular oxygen decreases with the gas flow, resulting in
an increase of the molecular oxygen fraction at the position
z=—15 mm.

For the discharge conditions used here (helium + 0.5% O,)
atomic oxygen is produced mainly by electron impact disso-
ciation [23]:

e +0,—-0+0+e" (1)

—-0+0('D)+e". ()

Oxygen metastables are mainly destructed by helium:

O('D) +He — O + He. (3)

The cross sections of these reactions shown above have the
maximum between 19 and 50 eV [47, 48]. Thus, the source
of atomic oxygen S(x, ¢) can be roughly assumed to be pro-
portional to the electron impact excitation of helium atoms
from the ground state into He-I 1s3s 38, (excitation threshold
energy: 22.7eV) shown in figures 3(a)-(c) and discussed
above. In order to describe the atomic oxygen density n(x, f)
by a simple model, not only the production rate S(x, ¢) but also
the loss rate L(x, ) and the diffusion of atomic oxygen to the
walls and electrodes must be considered. The losses are dom-
inated by 3-body recombination, which leads to the production
of ozone [23]:

O+ 0; +He — O3 + He. 4)

The atomic oxygen density can now be predicted by solving
the following equation based on Ficks’s second law:

on(x,1)

%n(x,1)
ot =b Ox?

+S(x,1) — L(x,1). 5)

The losses L(x,t) result from the reaction rate k;, = 3.0x
107%6(300/T3°) m®s~" [49, 50] of equation (4) and the dens-
ity of helium ny, and molecular oxygen np,, which are
assumed to be constant:

L(x,t) = kpn(x,t)no,nye. (6)

The diffusion of atomic oxygen can be described by the dif-
fusion coefficient Do = 1.29 x 10~* m? s—! [23]. To convert
the measured electronic impact excitation, /., into a produc-
tion rate S(x, f), a proportionality constant « is necessary. Since
an RF-period is significantly shorter than the reaction times of
the processes mentioned above, it is reasonable to consider the
time average of the excitation.

S(x) = Flexc (%)) @)

The parameter « is adjusted in a way that the calculated
value of the atomic oxygen density corresponds to the meas-
ured maximum atomic oxygen density at z =0 mm. Its value
increases linearly with the gas flow from 0.2 to 1.0slm by
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Figure 4. 1D spatial distribution of the atomic oxygen density
inside the COST jet measured by TALIF and obtained from the
numerical solution of (equation (5)) at x = 0.5 mm. Discharge
conditions: He 4 0.5% O, admixture at a power of 1 W.

a total of 20%. This increase can be explained by different
gas compositions at the position (z=—15 mm) at different
flows and the resulting different electron energy distribution
functions (EEDFs). The calculated production rates, S, are
presented in figures 2(g)-(i). As known from the PROES
measurements, the excitation takes place mainly at the sheath
edges. This results in a characteristic oxygen production pro-
file with two peaks. The stronger excitation in front of the
powered electrode (about 10%) is also reflected in the produc-
tion rate. The absolute values of the production rate are in the
order of 102 m~—3 s~! (comparable to previous simulations of
Waskoenig ef al [23]) and increase with the gas flow by a total
of 10%.

To solve equation (5) boundary conditions are necessary.
At the positions x=0 mm and x =1 mm an atomic oxygen
surface loss coefficient S is used, which is defined by the ratio
of the outgoing flow, I',,,, to the incident flow, I';,:

FOMZ

. ——C
B 1_‘in

®)

In this paper we use 5 =0.07 which was determined experi-
mentally for stainless steel electrodes [S1]. The losses on the
quartz plates can be neglected due to a low value for 3 (10~*
to 10~3) [52—54]. Furthermore, it is assumed that the atomic
oxygen density at the position z= —30 mm (gas inlet) equals
to zero. Equation (5) can be solved numerically by an expli-
cit Euler forward approximation. The solution is illustrated in
figures 2(d)—(f). To use the model with the coordinate system
shown in figure 1(a), the time ¢ can be converted to a position
z assuming a constant gas velocity:

_ (I)He

Z ) t— 30 mm, ©)]
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Figure 5. Exponential rise lengths L, of atomic oxygen depending
on the helium gas flow obtained by using equation (10) as fitting
function at x =0 mm. Discharge conditions: He 4+ 0.5% O,
admixture at a power of 1 W.

where @y is the gas flow and A = 1 mm? is the entrance sur-
face area of the jet channel. Both, the two-dimensional dis-
tribution of the atomic oxygen density as well as its absolute
values obtained from this model are in close agreement with
the TALIF measurements (figures 2(a)—(c)).

The very good agreement between model and measure-
ment is especially visible in the one-dimensional represent-
ation shown in figure 4, in which the atomic oxygen density
at the centre between the electrodes (x = 0.5 mm) is plotted as
a function of position in the direction along the gas flow. The
measured exponential formation behavior is reproduced by the
model.

The formation length L, of atomic oxygen characterizes the
rising behavior and can be determined by an exponential fit
(equation (10)) to the measurement. The parameter a describes
the maximum achievable atomic oxygen density:

flz)=—a [exp (—Z+L3O> - 1} .

The formation length rises with increasing gas flow, as the
average gas velocity increases and, therefore, the gas transit
time through the gas channel decreases. Therefore, it is reas-
onable to convert the exponential formation length L, into a
rise time 7 by including the gas flow and the cross-sectional
area A:

(10)

LA

T(Lr) @H

1)
The results are illustrated in figure 5. The exponential rise
length L, increases linearly with the helium gas flow (0.2—
1.2 slm) and is between 2.8 and 12.9 mm. The error bars rep-
resent the uncertainties of the respective exponential fits. A
slope of 10 mmslm~! follows from a linear fit. This can be
converted into a rise time of 600 us. The constant rise time
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shows that the production of atomic oxygen is dominated by
electron impact processes and that the EEDF does not change
due to the increased gas flow. It follows that the formation
behavior of atomic oxygen can be adjusted directly via the
gas flow. In a previous paper, Knake et al [35] determined this
slope to be 1 mm slm~! with an oxygen admixture of 0.6% and
a generator power of 16 W. This results in a rise time of 60 us.
The differences can be explained by two effects. First, for the
previous version of the plasma jet, only the applied power (set
at the generator) could be measured, but not the actual dissip-
ated power. From the publication it appears that the discharge
at 16 W is about to switch to a constricted mode. In contrast,
the COST jet in this paper is operated at 1 W and does not
switch to a constricted mode until approximately 3 W [55].
Thus, it can be assumed that the dissipated power in our work
is significantly lower than that used in the work of Knake et al
[35]. As also shown in that work [35], a higher power leads to
a smaller formation length. Second, the previous version of the
jet and its gas tubing (plastics) were not as gas and humidity
tight as the actual set-up that follows the procedures defined
for the COST-jet [5]. This may have lead to impurities and,
thus, to a different gas composition.

The results obtained here are important for optimizing the
COST jet for various applications. By knowing the maximum
atomic oxygen density at the end of the discharge channel,
treatment times can be specified. The design of the COST jet
is suitable for the gas flows used in this work. If gas flows of
more than 1.0 slm are required, for example, for a higher out-
put of reactive species, an extended version of the jet could
offer advantages in the future.

3.2. Atomic oxygen densities in the effluent

For applications it is particularly important to know the react-
ive species density profile in the effluent to determine an
adequate distance of substrates from the jet nozzle for treat-
ment by reactive species generated by the jet. Outside the act-
ive plasma zone, any processes induced by energetic electrons
are absent, resulting in a decay of the reactive species density
through chemical reactions as a function of distance from the
nozzle. The decay length L, determines the treatment time and
the optimal distance in which samples can be placed. There-
fore, the spatial distribution of atomic oxygen in the effluent is
studied in this section. Since the gas flow affects the effluent,
it is varied again in the following.

In figures 6(a)—(c) two dimensional TALIF measurements
of the atomic oxygen density in the effluent at different helium
flows are shown. For a gas flow of 0.2slm (figure 6(a)),
the measurement was performed only up to a position of
z=15.5 mm, since the signal was already in the detection limit
and therefore, no data is available for higher distances. Due to
the experimental limitations mentioned above, the first 2 mm
of the effluent cannot be captured. The step resolution in x-
and z-direction is 0.2 and 0.3 mm, respectively. The average
of the fluorescence signals of 64 laser shots is taken. A noble
gas calibration was also carried out for the effluent. How-
ever, the calibration factor depends on the gas composition,
as the quenching coefficients for the excited oxygen state are

species dependent. While at the jet nozzle (z=0mm) it can
be assumed that the gas composition corresponds to the set
gas mixture, the influence of the ambient air becomes greater
with an increasing z-position. Especially off the central axis
(x=10.5 mm) of the effluent, ambient air intrudes into the gas
flow and significantly changes the gas composition. For this
reason, the measurements are shown in a normalized way.

As already known from measurements inside the jet, the
maximum oxygen density is located in the center between
the two electrodes and decreases towards these boundary sur-
faces. In the direction of the gas flow, the oxygen density
decreases exponentially due to the absence of electron impact
collision sources, the formation of ozone and the interaction
with other species in the expanding gas. The higher the gas
flow is set, the further away from the outlet atomic oxygen
is detectable. While with 0.2 slm the signal already decreased
to 10% within 4 mm from the nozzle, atomic oxygen dens-
ities at 1.0slm can be detected after more than 10 mm. The
average absolute atomic oxygen density behind the jet out-
let at z=3 mm is 5 x 10'3 cm™3. This value is in agreement
with previous measurements at the same position by Willems
et al [36] who determined this density to be 4 x 10'> cm™3
for comparable parameters (V,,,s =275V, 1.4 slm He 4 0.6%
Oy; here: Vs, =275V, 1.0slm + 0.5% O,) using TALIF and
molecular beam mass spectrometry. The small differences in
the oxygen admixture can be neglected, since the maximum
oxygen density is reached at admixtures between 0.5% and
0.6% [33, 36].

For comparison the results of the model are presented in
figures 6(d)—(f). The model can reproduce the general beha-
vior in the effluent, although there are some differences. On
the one hand, the model estimates the range of atomic oxygen
to be too high and the density decreases much more slowly
compared to the measured ones. On the other hand, the two-
dimensional shape of the effluent also differs. While the meas-
urement shows a rather triangular like shape, the model shows
a more Gaussian like shape. These differences can be traced
back to a number of simplifications of the model. First, the
model assumes that the source term S(x,¢) (equation (7)) is
switched off after z =0 mm, because no atomic oxygen can be
produced in this area by electron impact, neglecting that the
effective production rate of atomic oxygen already includes
losses. These losses may also play a role in the effluent, but
are not accounted by the model. Secondly, the model assumes
a laminar gas flow with a constant gas velocity between the
electrodes. Inside the jet, this assumption was valid, however,
the helium gas flow is slowed down as soon as it encounters
the ambient air.

A one-dimensional (at x =0.5 mm) logarithmic represent-
ation of the results is shown in figure 7. Here, the exponential
decrease of the measured atomic oxygen density in the efflu-
ent is visible as well as the deviation between experiment and
model. For this reason the simple model is extended to include
Stokes friction. The equation of motion can be written as:

(1) aaz—(t) =0.

" or? ot

12)



J. Phys. D: Appl. Phys. 54 (2021) 355204

D Steuer et al

Normalized oxygen density [a.u.]

Experiment

Model
Z [mm]

flow direction

flow direction

’ ’ —N ’ N
i
00 02 04 06 08 1000 02 04 06 08 1000 02 04 06 08 10
X [mm] x [mm] X [mm]

Figure 6. (a)—(f) 2D spatial distribution of the atomic oxygen density in the effluent of the COST jet measured by TALIF ((a)—(c))
and obtained from the numerical solution of equation (5) ((d)—(f)). The flow direction is indicated by the arrow on the right. Discharge

conditions: He + 0.5% O, admixture at a power of 1 W.

Here o = 67rn describes the Stokes friction coefficient with
the dynamic viscosity 7 and the radius of a spherical particle r.
By assuming a constant gas velocity V at the point z=0 mm,
which results from the set gas flow, the equation can be

solved:
)]

The parameter = = m/a was determined by Preissing et al [19]
under comparable conditions to be 3.5 x 10~ 5. The equation
of motion neglects gravitational and buoyancy effects. In fact,
the orientation of the jet (e.g. upwards vs. downwards) should
affect the oxygen density in the effluent via the buoyancy of
helium. If the jet points upwards, the velocity of the helium
atoms will be increased, while it will be decreased, if the jet
points downwards. This will affect the oxygen density dis-
tribution, since oxygen atoms follow the helium flow. This
was observed by Preissing et al for NO particles in a helium
flow and based on a horizontal orientation of the jet [19]. To
study this effect, the orientation of the jet would have to be

2(t) = V2 {1 —exp < - (13)

changed systematically. This is, unfortunately, not possible in
our experiment and beyond the scope of this work.

As a result, the gas velocity in the effluent is no longer
constant, but decreases as a function of distance from the jet
nozzle. The extended model is closer to the experiment than
the simple model. Especially the behavior at low gas flows
(0.2slm) can be reproduced. Nevertheless, the deviation at
higher gas flows is still significant. One explanation for this
is the intrusion of ambient air into the helium flow, which was
studied by Preissing et al [19]. Here, the initial gas composi-
tion changes due to the penetration of ambient air in the efflu-
ent. This change can have an impact on the TALIF measure-
ments, because the TALIF calibration is based on a fixed gas
composition since the radiation-less de-excitation (quenching)
must be estimated. This challenge was overcome by Klose et al
[56] using a ps-laser that could directly measure the effective
lifetime of the excited oxygen state. However, in our work,
ns-laser pulses were used which are not able to resolve the
decay of the fluorescence signal. Thus, the effective lifetime
had to be calculated on the basis of the gas mixture. If a frac-
tion of molecular nitrogen is added, excited oxygen atoms are
quenched more strongly [44], resulting in lower fluorescence
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Figure 7. 1D spatial distribution of the atomic oxygen density in the
effluent of the COST jet measured by TALIF and obtained from the
numerical solution of equation (5) and an extended model that
includes Stokes friction at x = 0.5 mm. Discharge conditions:

He +0.5% O, admixture at a power of 1 W. For each gas flow the
atomic oxygen density is normalized by its value at z=4 mm.

signals. Accordingly, the real oxygen density is higher than
the measured density, especially at greater distances, and thus
closer to the model. This effect also explains the triangular
shape of the oxygen distribution, as the air penetrates from the
outside to the inside. If the effluent entered a defined helium
atmosphere instead of ambient air, it would be expected that
both the decay length and the two-dimensional shape could be
reproduced by the model [19]. Furthermore, the model only
considers one loss reaction (He + O + O, — He 4 O3). In real-
ity, further reactions can take place, for example in combina-
tion with ozone (O + O3 — 20;) and reduce the atomic oxy-
gen density.

To further characterize the decay of the atomic oxygen
density in the effluent, the exponential decay length, /;, can
be determined. Equation (14) can be used as a fitting function
for this purpose. Here A is an arbitrary constant and y, is the
background signal in the effluent:

flz) =Aexp (de) + Ye. (14)

The results are illustrated in figure 8. As observed before,
the decay length increases with the gas flow, since oxygen
atoms can travel further distances in the same time due to the
higher gas velocities. Small deviations from a linear behavior,
especially at large gas flows, show that the case of a lam-
inar flow exists only conditionally. As previously discussed,
the effluent is strongly influenced by friction (resulting in a
changing gas velocity) and intrusion of ambient air into the
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—a— Exponential decay length
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Figure 8. Exponential decay lengths, /;, of atomic oxygen as a
function of the helium flow obtained by using equation (10) as
fitting function at x = 0.5 mm. Discharge conditions: He + 0.5% O,
admixture at a power of 1 W.

gas flow of the jet. Therefore, it is only meaningful to define
a decay time on the central axis (x =0 mm), which is 180 us.
From measurements of the decay length by Knake et al using
the previous version of the micro plasma jet, a decay time of
120 ps is obtained. The difference can be traced back to impur-
ities, as already described above. If a small concentration of
nitrogen or humidity is already present in the discharge chan-
nel, it also remains in the effluent and can contribute to the
non-radiative de-excitation of oxygen atoms, which leads to a
shorter decay time. The design and materials used in the COST
jet have significantly reduced the impurities, preventing nitro-
gen and humidity from contributing to the de-excitation until
ambient air enters the effluent, resulting in an increased decay
time in the COST jet.

All in all, the measurements show that the effluent can be
controlled by the gas flow. Based on these results, both, treat-
ment distances and treatment times can be adjusted and optim-
ized for a wide range of applications. In general, the treatment
range can be maximized by increasing the gas flow. However,
if the gas flow is too high, the maximum oxygen density can
no longer be produced within the discharge. A compromise
between a sufficient gas flow and optimum oxygen production
is a gas flow of 1.0 slm, which allows treatment ranges of over
10 mm to be achieved. For higher gas flows, a jet with longer
electrodes could be used.

4. Conclusion

The formation of atomic oxygen along the gas flow in a He/O,
HAPPJ and its decay in the effluent was studied. Spatially
resolved measurements of the atomic oxygen density were
performed using TALIF spectroscopy. For this purpose, the
helium gas flow was varied from 0.2 to 1.2 slm in 0.2 slm steps
with a constant oxygen admixture of 0.5%. The results could
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be reproduced and understood by a combination of a model
and the spatio-temporal electron impact excitation rates from
the ground state into He-I 1s3s 3S, measured by PROES.

The distribution of atomic oxygen within the COST jet was
investigated by two-dimensional measurements. The atomic
oxygen density reaches values of up to 8 x 10" cm~3 inde-
pendently of the gas flow. The maximum density is concen-
trated in the center between the two electrodes and increases
along the gas flow. At low gas flows, the density builds up
very steeply, once the gas enters the active plasma volume,
and reaches a plateau (at a gas flow of 0.2 slm this happens
within 10 mm). In contrast, the density increases less steeply
at higher flows and no equilibrium state can be reached inside
the COST jet.

PROES measurements show that, at the plasma parameters
used here, the COST jet operates in a hybrid electron power
absorption mode in which bulk electrons are accelerated by
high electric fields in the bulk at the times of high current
and secondary electrons generated via Penning ionization are
accelerated towards the bulk by the sheath electric field. Both
groups of electrons can cause excitation and dissociation of the
background gas. This leads to a production rate of atomic oxy-
gen with two peaks near the sheath edges. A model combines
this production of atomic oxygen with losses through chem-
ical reactions and diffusion. This allowed the density measure-
ments, especially the build-up of the atomic oxygen density,
to be reproduced and understood.

The formation of atomic oxygen can be further described by
determining the exponential rise length, which increases with
the gas flow. From the linear behavior a constant rise time of
600 us can be determined.

In addition to the behavior within the plasma, the efflu-
ent was investigated. Here, the atomic oxygen density decays
exponentially as a function of distance from the jet nozzle.
This is due to the fact that production by electron impact dis-
sociation takes place only within the plasma, but atomic oxy-
gen continues to be consumed by chemical reactions such as
the formation of ozone in the effluent. By increasing the gas
flow and the associated gas velocity, the treatment range of
a substrate by atomic oxygen can be significantly extended
(more than 10 mm at 1.0 slm helium). Similar to the expo-
nential rise length within the discharge, the exponential decay
length increases with the gas flow. The decay time is 180 us.
The 2D spatially resolved atomic oxygen distribution shows
a triangle-like shape in the effluent. To further understand the
behavior of the effluent, future measurements with surfaces
to be treated will help to include material-dependent surface
losses and shielding phenomena.

In this work the COST jet was investigated with regard to
applications based on He/O, plasmas. With the help of the
parameters found here, both the formation of atomic oxygen
within the discharge and the treatment range in the effluent
can be adjusted and controlled with the help of the tunable
gas flow. The agreement between measurements and model
calculations shows that a simple model can be used to make
predictions about the behavior of the COST jet. Increasing the
gas flow allows to increase the treatment distance as long as
the residence time of the gas in the active plasma volume is

sufficiently high to generate a high atomic oxygen density. In
the present setup, i.e. for the present length of the jet, a com-
promise between high oxygen production and long treatment
range can be found at a flow of 1.0 slm. For applications with
low gas flows, energy could be saved by using shorter elec-
trodes, whereas for applications with gas flows greater than
1.0 slm, an extended version is useful to maximize oxygen pro-
duction. This may provide a simple and easy to use basis for
up-scaling of applications of the COST jet and similar devices.
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