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Abstract
The electron power absorption dynamics in radio frequency driven micro atmospheric pressure
capacitive plasma jets are studied based on experimental phase resolved optical emission
spectroscopy and the computational particle in cell simulations with Monte Carlo treatment of
collisions. The jet is operated at 13.56 MHz in He with different admixture concentrations of N,
and at several driving voltage amplitudes. We find the spatio-temporal dynamics of the light
emission of the plasma at various wavelengths to be markedly different. This is understood by
revealing the population dynamics of the upper levels of selected emission lines /bands based on
comparisons between experimental and simulation results. The populations of these excited
states are sensitive to different parts of the electron energy distribution function and to
contributions from other excited states. Mode transitions of the electron power absorption
dynamics from the €2- to the Penning-mode are found to be induced by changing the N,
admixture concentration and the driving voltage amplitude. Our numerical simulations reveal
details of this mode transition and provide novel insights into the operation details of the
Penning-mode. The characteristic excitation/emission maximum at the time of maximum sheath
voltage at each electrode is found to be based on two mechanisms: (i) a direct channel, i.e.
excitation/emission caused by electrons generated by Penning ionization inside the sheaths and
(i1) an indirect channel, i.e. secondary electrons emitted from the electrode due to the impact of
positive ions generated by Penning ionization at the electrodes.
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1. Introduction

Radio-frequency (RF) driven microscopic atmospheric pres-
sure plasma jets (u-APPJs) are widely used as efficient
sources of reactive species at low heavy particle temperatures
for a broad variety of applications such as wound healing,
sterilization, materials treatment/modification, and semi-
conductor manufacturing [1-8]. Typically, such jets are
operated in helium with some admixtures of nitrogen and/or
oxygen to produce reactive oxygen and nitrogen species. The
generation of such reactive species is highly relevant for
biomedical applications and for the removal of volatile
organic compounds from exhaust gas streams [1, 2, 9, 10].
Reactive radicals are mainly generated by electron impact
excitation/dissociation of the neutral gas. Therefore, the
formation of the electron energy distribution function (EEDF)
must be understood and controlled in order to optimize their
generation. This, in turn, can be achieved by understanding
and customizing the electron power absorption dynamics in
these plasma sources. However, this is a challenging problem,
since the EEDF is strongly space and time dependent within
the RF period. Also, experimental and computational access
to the EEDF is limited due to the small dimensions and short
timescales of the experiment, as well as the computational
effort required to simulate ©-APPJs due to the very high
collisionality of these systems. Moreover, previous investi-
gations [11, 12] have shown that, despite the high pressure
and short mean free paths, kinetic effects play an important
role. Therefore, kinetic approaches such as particle in cell
simulations with Monte Carlo treatment of collisions
(PIC/MCC) are required [13-17].

Previous investigations of the electron power absorption
dynamics in p-APPJs were mostly based on fluid models
[18-21]. Experimentally, phase resolved optical emission
spectroscopy (PROES, [22-25]) has often been used to study
the dynamics of energetic electrons with high spatial and
temporal resolution within the RF period. Often PROES
measurements for different gas mixtures at atmospheric
pressures are performed based on the wavelength integrated
optical emission from the plasma (without using any optical
filter) [23, 26-28]. In other cases, mainly when argon or
oxygen is utilized, selected emission lines (e.g, Ar: 750 nm,
O: 844 nm) are used [29-31]. The fact that different emission
lines and the wavelength integrated (within the spectral
response of a camera image sensor) radiation of the plasma
are sensitive to different parts of the EEDF, is commonly
disregarded in PROES measurements. Typically, this sensi-
tivity is not known and/or is not taken into account in the
analysis of such measurements. This strongly limits the
comparability of different studies and the interpretation of the
results. Wavelength integrated PROES measurements corre-
spond to a complex, often unknown superposition of con-
tributions of various emission lines with different sensitivities

to specific energy regions of the EEDF. In order to clarify the
sensitivity of a given emission line to different parts of the
EEDF the population dynamics of the corresponding excited
state must be clarified including electronic excitation from a
variety of lower states, cascade contributions, excitation
transfer, etc [32-37]. To understand, e.g. the generation of the
plasma via ionization, an emission line must be chosen that is
mostly sensitive to highly energetic electrons that are also
responsible for the ionization. Only then the mode of dis-
charge operation as the physical origin of the ionization in the
plasma can be identified. The formation of reactive radicals
via dissociation might be better understood by choosing an
emission line that is sensitive to a lower electron energy
domain.

RF driven p-APPJs can be operated in two different
electron power absorption modes, viz. the (2- and the Penning-
mode [23, 28, 38]. In the 2-mode, maximum ionization
occurs inside the plasma bulk at the time periods of sheath
expansion and collapse at each electrode, when the current is
maximum. Typically, local maxima of the ionization are
observed on the bulk side of the expanding and collapsing
sheath edges at both electrodes. In this mode, ionization is
caused by energetic electrons accelerated by a high drift
electric field inside the bulk at the times of maximum current
within the RF period. The origin of this is the high colli-
sionality of the discharge at atmospheric pressure, which
leads to a low conductivity in the bulk and to a high electric
field to drive the current through the bulk. Often, this mode is
called a-mode [39—41]. However, this terminology is mis-
leading, since it originates from low pressure capacitively
coupled plasmas (CCPs), where sheath expansion heating
[42] dominates and leads to the generation of energetic beam
electrons during sheath expansion [43, 44], which propagate
into the plasma bulk. Depending on the discharge conditions
electric field reversals can cause ionization during sheath
collapse in low pressure CCPs [45, 46]. While the spatio-
temporal emission/excitation patterns observed in u-APPJs
operated in the {2-mode look similar to those observed in low
pressure CCPs operated in the a-mode, the underlying
physical processes are significantly different in both types
of discharges and, thus, different terminologies should be used
to describe these two different electron power absorption
modes.

A similar caveat exists with regard to the Penning mode in
u-APPJs [29, 47] and the ~-mode of low pressure CCPs
[48, 49]. While ionization maxima are observed at the
instantaneous sheath edge at the times of maximum sheath
voltage within one RF period in both modes, their physical
origins are markedly different and the same terminology
should not be used to avoid misunderstandings. In the y-mode
of low pressure CCPs, the ionization maximum is caused
by secondary electrons generated at the electrodes (typically by
ion impact), which are accelerated towards the plasma bulk by
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Figure 1. Schematic of the experimental set-up for phase resolved optical emission spectroscopy to investigate the electron dynamics in the

COST-jet [39].

the sheath electric field and are multiplied by collisions inside
the sheaths. In contrast to this, the Penning-mode of p-APPJs
operated in He/N, is based on Penning ionization, i.e.
He* + N, — He + Nj + €. If Penning ionization occurs
within the sheaths, the resulting electron will be accelerated
towards the plasma bulk by the sheath electric field and will be
multiplied collisionally. However, the multiplication of these
electrons is limited, since they are generated close to the
maximum sheath edge (i.e. they do not propagate through the
entire sheath). This happens due to the fact that the helium
metastable density exhibits maxima at some distance from
each electrode inside the sheaths [18]. The ions resulting from
the Penning reactions will be accelerated towards the elec-
trode, where they can cause emission of secondary electrons.
These electrons will be accelerated towards the bulk by the
sheath electric field and can be multiplied collisionally inside
the sheath. Both pathways contribute to the characteristic
excitation/emission maximum at the time of maximum
sheath voltage within the RF period at both electrodes.

Generally, the details of the electron power absorption
dynamics in RF driven p-APPJs and mode transitions
induced by changes of external control parameters such as the
gas mixture and the driving voltage amplitude are not fully
understood. Therefore, detailed insights are required for a
knowledge based optimization of reactive species generation
in these plasma sources.

Therefore, in this work we study the electron power
absorption dynamics in RF driven p-APPJs operated at
13.56 MHz in He/N, mixtures systematically by PROES.
The experimental results are compared to those obtained from
PIC/MCC simulations performed under identical conditions.
Based on this comparison between experimental and com-
putational results we improve the understanding of the elec-
tron dynamics in these discharges in three different ways: (i)
we demonstrate that different spatio-temporal characteristics
of the electron dynamics are obtained for different emission
lines/bands and wavelength integrated PROES measure-
ments. These differences are understood by revealing the

population channels of the respective upper excited states for
selected emission lines/bands and based on the simulation
results. (ii)) Mode transitions are observed and understood as a
function of the N, admixture concentrations and the driving
voltage amplitude in the experiment and in the simulation.
(iii) We demonstrate that the Penning mode is based on two
mechanisms: (a) a direct channel, i.e. excitation/ionization by
electrons generated by Penning ionization inside the sheaths
and (b) an indirect channel, i.e. secondary electrons emitted
from the electrode due to the impact of positive ions gener-
ated by Penning ionization at the electrodes. This is revealed
and quantified by switching secondary electron emission
(SEE) from the electrodes on and off in the simulation and
observing effects on the ionization maximum. The simulation
results reveal that both channels contribute to the ionization to
similar extents under the conditions studied in this work. It is
also found that electron reflection from the electrodes plays a
key role in the Penning mode.

The manuscript is structured in the following way: In the
following section, the experimental setup and the simulation
approach are introduced. In section 3, the results are shown
and discussed. This part is divided into three sections
according to the three novel insights into the electron
dynamics in p-APPIJs, i.e. the sensitivity of PROES results to
different emission lines, electron power absorption mode
transitions, and the physical origins of the Penning mode.
Finally, conclusions are drawn in section 4.

2. Experimental set-up and PIC/MCC simulation

2.1. Experiment set-up

A schematic view of the experimental set-up is shown in
figure 1. Experiments are performed using a RF driven p-APPJ
operated in He with different N, admixture concentrations. The
jet consists of two stainless steel electrodes of approximately
identical dimensions covered by two quartz plates confining the
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Table 1. Optical filters used in the experiment.

Central A\ FWHM  Species Emission line, Transition Energy
(nm) (nm) band (nm) threshold (eV)
390 10 Nj 391 NiB) — NIX) 18.7

650 40 N, 630-670 N>(B) — Ny(A) 7.4

700 15 He 706.5 (3s) 3S; — (2p) *Py 22.7

discharge volume to 1 mm X 1 mm X 30 mm. Nevertheless,
there is a small geometric asymmetry caused by the fact that the
grounded surface area is slightly larger than the powered one.
The electrode gap and width are 1 mm. The nozzle of the jet
and the active plasma volume is located at z = 0 mm and
7z < 0 mm, respectively. Such jets are used as a reference
source and are called COST reference micro plasma jets. More
detailed information about the plasma source can be found in
[39]. To calibrate the internal voltage probe of the jet, we fol-
lowed the procedure described in [39] by using a commercial
high voltage probe (Tektronix P6015A) and an oscilloscope
(Tektronix TDS 2012B).

We use 5.0 purity helium and nitrogen gases, the flow
rates are set to 1 slm and 0.5-5 sccm, respectively. In this
way the reactive gas admixture is varied. The source is driven
at f= 1356 MHz by a power generator (Coaxial Power
Systems RFG 150-13) via a matching network. The RF power
is set so that the amplitude of the driving voltage waveform at
the electrodes varies from 270 to 355 V, which corresponds
to the range of conditions, at which a stable discharge can be
generated. For the measurements, PROES (i) without any
wavelength selection and (ii) with different interference filters
is used to observe the emission from specific lines/bands
according to table 1. The contribution of other lines/bands,
that emit at wavelengths within the filter’s transmission range,
was checked using a high resolution Echelle spectrometer
(ESA 4000, spectral range 200-780nm, resolution of
<0.02 nm) and it was found to be less than 5% of the specific
line/band intensity for all conditions mentioned above. The
emission is recorded space and time resolved within the RF
period by an ICCD camera (LaVision Picostar HR equipped
with a Canon MP-E 65 mm f/2.8 macro lens) with a gate
width set to 1 ns, synchronized with the driving voltage
waveform. The recorded image resolution corresponds to
149 pixels within the gap (1 mm) and 512 pixels (3.4 mm) in
the direction of the gas flow. The central position of the image
is located at approximately z = —10 mm inside the active
discharge region. Based on the lens parameters, the electrode
width, etc, the estimated spatial resolution of the PROES
measurements is approximately 50 ym. To monitor the
impurity level, time integrated optical emission spectroscopy
(OES) measurements are also conducted using a USB grating
spectrometer (Ocean Optics QE65000, spectral range:
200-980 nm, spectral resolution of 0.8 nm).

2.2. PIC/MCC simulation

The simulations are based on a symmetric bounded plasma
electrostatic PIC code including Monte Carlo treatment of

collision processes (PIC/MCC) [50-52] that is one dimen-
sional in space and three dimensional in velocity space
(1d3v). In the code, electrons as well as three ionic species,
i.e. He", Hey, and N7, are traced.

Electrons collide with He atoms and N, molecules of the
background gas. For the electron—-He atom collisions we use
the cross sections from [53] while for electron—N, collisions
the cross section set is adopted from [54]. (We note that this
latter set is largely based on the Siglo cross section set, which
is now accessible at the LxCat website [55].) The electron
impact excitation rates from the ionic ground state of N3 and
the ground state of N, into the N3 (B)-state are computed
based on the cross sections taken from [56, 57]. The excita-
tion rates from the He I ground state into He I (35)3S; state are
calculated by using the cross section adopted from [58]. All
electron—atom /molecule collisions are assumed to result in
isotropic scattering. When electrons collide with He atoms,
50% of the excitation is assumed to result in the formation of
singlet 2'S) or triplet (2>S) metastable states either by direct
excitation to these levels or by cascade transitions from
higher-lying states [59]. The formation of these states is part
of a very important ionization pathway, viz. the Penning
ionization process (see later). For the different ionic species
we only consider elastic collisions with the major constituent
of the background gas, i.e. He atoms (which is justified by the
low concentration of N in the buffer gas):

« for He" ions the elastic collisions include an isotropic
channel and a backward scattering channel [60],
« for Hej ions, which are created via the

He' + He + He — Hej + He (1)

process the Langevin cross section of the He; + He
collisions is considered, and

e for N; ions, which are created either by direct electron
impact ionization or via the

@)

Penning reaction, the Langevin cross section of N + He
collisions is adopted as well.

He* + N, — He(I'S) + NJ + e".

We neglect chemionization processes (e.g. He* + He* —
He" + He + e~ and He} + He? — He; + 2He + ¢ 7) due to
the much lower density of atomic and molecular He meta-
stables as compared to that of neutral nitrogen molecules. At
these conditions and due to their specific rate coefficients
these processes play a minor role for the electron/ion pro-
duction. The treatment of the processes (1) and (2) in the
simulation proceeds as follows. The rates of these reactions
(which are adopted from [61, 62]) are used to assign a random
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lifetime—according to the Monte Carlo approach—to each of
the metastable atoms and He™" ions upon their ‘birth’. These
particles are then placed on a wait list and the given con-
version reaction is executed at a later time according to the
(random) lifetime of the given particle (for more details
see [59]).

In the simulation code, different time steps are used for
the various species. The most demanding constraint is posed
on the time step of the electrons due to their extremely high
collisionality. In Monte Carlo simulations it is conventional
to allow a collision probability P = 1 — exp(—vAt) that
amounts a few percent in a simulation time step of At (v is the
collision frequency). Here we set this limit at 10%, which
results in a time step of At, = 4.5 x 1074 s for the electrons.
The corresponding constraints for the ions allow significantly
longer time steps. Therefore, we use the sub-cycling proce-
dure for these species, with time steps of Atgs = 10 At and
Atyer = Aty = 100 At.. These time steps, as well as the
spatial numerical grid (that consists of 200 planes) satisfy the
relevant stability criteria of the PIC scheme.

The neutral gas temperature is kept constant throughout
this work at 7, = 300 K. For most of our studies the electron
reflection probability at the electrodes is set to o = 0.5. Data
for this coefficient are highly scattered in the literature. Under
the specific operating conditions of the experimental system
the mean energy of the electrons reaching the electrodes is
a few eV. For such conditions the above assumption is a
good approximation for a variety of electrode materials
[38, 46, 63]. The coefficient of ion induced emission of
secondary electrons from the electrodes is set as vy = 0.3,
Yhe; = 0.2, 7y; = 0.1. For He™" and NJ ions these values are
estimations based on [64—66], for He; we apply the findings
of [67] that their yield is ~60% of the yield of atomic ions.
These surface coefficients are varied only in section 3.3 to
reveal the physical origin of the Penning mode.

3. Results

3.1. Wavelength sensitivity of PROES in 1.-APPJs

Figure 2 shows spatio-temporal plots of the measured plasma
emission at different wavelengths according to table 1
(columns) and for different N, flows (rows) at a constant He
flow of 1 slm. In each plot, the vertical axis spatially resolves
the electrode gap, while the horizontal axis temporally
resolves one RF period. Due to an effective geometric
asymmetry of the jet (not considered in the simulations),
which is caused by the larger grounded surface area compared
to the powered surface area, most plots show some spatial
asymmetry, i.e. the emission intensity is stronger adjacent to
the bottom (powered) electrode compared to the top (groun-
ded) electrode. The first column shows experimental results
obtained from wavelength integrated PROES measurements
performed without using any optical filter. Although PROES
measurements at ;-APPJs are often conducted in this way
[23, 26-28], these plots correspond to an unknown super-
position of different emission lines/bands with a variety of

excitation threshold energies and population dynamics of the
upper excited level. Any sophisticated conclusions on the
electron power absorption mode and dynamics are, therefore,
hardly possible. We verify this statement by the fact that the
spatio-temporal plots of the plasma emission at three selected
wavelengths and obtained under the same discharge condi-
tions are markedly different (see columns 2—4 of figure 2).
For all N, admixture concentrations, the wavelength inte-
grated PROES measurements show two emission maxima per
RF period at the times of sheath expansion at both electrodes
with strong emission in the plasma bulk. These maxima occur
at the times of maximum current and are caused by high drift
electric fields in the plasma bulk due to a low conductivity
because of the high electron-neutral collision frequency at
atmospheric pressure.

The spatio-temporal plots obtained from PROES mea-
surements performed with an optical filter with a central
wavelength of 390 nm (second column of figure 2) are
dominated by emission from the N3 (B — X) molecular band
at 391 nm with an energy threshold for electron impact
excitation from the ground state of N into the N3 (B)-state of
18.7 eV (see table 1). For the highest reactive gas flows of 2.5
and 5 sccm, these results look qualitatively similar to the
wavelength integrated PROES measurements. However, there
is a significant difference at the lowest N, flow of 0.5 sccm,
for which the N3 band shows almost no emission in the
plasma bulk, but only adjacent to the sheath edges.

In order to understand such details of these spatio-tem-
poral plots, the population dynamics of the upper excited state
of the observed transition at 391 nm, NJ (B 2%;), must be
understood. As illustrated by figure 3, it is mainly populated
via three different pathways [35, 68]: (I) electron impact
excitation from the ground state of N,, (II) electron impact
excitation from the ionic ground state of N3 and (III) Penning
ionization, i.e. He* + N, — He + N3(B) + e~. Via pro-
cesses (I) and (IIT) the nitrogen molecule is ionized and the
resulting ion can be excited simultaneously. Other states of
Nj including its ground state, NJ(X), can be populated via
channel (IIT) as well. De-excitation by spontaneous emission
from the NJ(B)-state into the ground state of the NJ ion
results in the observed emission at 391 nm. The population of
the N3 (B)-level by cascades and via ion-molecular reactions
with HeJ ions can be neglected, since this level has a rela-
tively high energy and according to the simulations the pro-
duction rate of He* is much higher than that of Hej ions.
Electron impact excitation from the ground state of N, and
from the ionic ground state of N3 (X) into the N3 (B)-state
[pathways (I-II)] is space and time dependent within the RF
period, since it is caused by energetic electrons accelerated by
the space and time dependent electric field in the plasma.
However, the population of the N3j(B)-state via Penning
ionization [pathway (III)] can be considered as time inde-
pendent, since it is induced by He metastables, whose density
according to the simulations is approximately constant (in a
range of 5%) in time within the RF period. Based on these
arguments the spatio-temporal plots of the emission can be
split into two parts corresponding to the excitation pathways
(I-1I) and (IIT) of the upper state (see figure 4). At each spatial
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Figure 2. Normalized (to the maximum value of each data set) spatio-temporal emission plots obtained from wavelength integrated and
wavelength selective PROES (columns) at various N, gas flows (rows). The powered electrode is located at x = 0, while the grounded
electrode is located at x = 1 mm. The driving frequency, voltage amplitude, and the He flow are f = 13.56 MHz, ¢ = 315V, and 1 slm,

respectively.

position, the contribution of pathway (III), i.e. Penning
ionization, to the total emission is identified as the temporally
constant ‘background’ emission, which corresponds to the
minimum emission within the RF period. After its subtraction
from the total emission, the remaining spatio-temporal data
corresponds to the sum of the emission caused by electron
impact excitation from the ground state of N, [pathway (I)]
and from the ionic ground state of N3 [pathway (I)]. The
results of this analysis are shown in figure 4 for different
admixture concentrations of N,. The first row shows the total
measured spatio-temporal emission at 391 nm. In the second
row, the sum of the emission caused by electron impact
excitation from the ground state of N, [pathway (I)] and from
the ionic ground state of Nj [pathway (I)] is shown after
subtracting the temporally constant background at each spa-
tial position from the data shown in the first row. The third
row shows the total electron impact excitation rate obtained
from the simulation and the individual contributions of the
time modulated excitation [pathways (I) and (II), row 4] and

of the temporally constant pathway (III) (row 5) obtained
from the simulation, respectively. The sixth row shows the
spatial profiles of the plasma emission caused by Penning
ionization [pathway (IIT)] obtained from the simulation and
the experiment.

The contribution of the Penning ionization/excitation to
the plasma emission is almost constant in time. Experimen-
tally, it corresponds to the minimum emission at each spatial
position. The good agreement between the experimental and
simulation results for all pathways verifies that our analysis of
the population dynamics of the upper excited state of this
band is justified. Due to the lower threshold energy for
electron impact excitation from N3 (X) into N3 (B) compared
to the energy threshold for electron impact excitation from the
neutral ground state of N, into N3 (B), the maxima shown in
row 5 of figure 4 are significantly broader in time compared to
the maxima shown in row 4. This is caused by the presence of
an approximately harmonic modulation of the bulk electric
field, which causes an acceleration of electrons above a low
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Figure 3. Simplified energy level diagram showing the dominant
population pathways of the NJ (B) level. The dashed blue lines
indicate pathways that are space and time dependent within the RF
period, since they are induced by energetic electrons accelerated by
the space and time dependent RF electric field. The solid lines
indicate pathways, which are induced by heavy particle interactions
between He metastables and nitrogen molecules (Penning ionization)
and are space, but not (negligibly small) time modulated within the
RF period.

energy threshold for a larger fraction of the RF period com-
pared to the acceleration of electrons above a high energy
threshold. Figure 4 also shows that the electron impact
excitation from the ionic ground state into the N3 (B)-state
decreases as a function of the N, admixture. This is caused by
the fact that a smaller fraction of the N, molecules is ionized
at high, compared to low N, admixtures. Overall, this analysis
yields an understanding of the observed spatio-temporal
plasma emission at 391 nm.

Based on these fundamental insights, the differences
between the wavelength integrated PROES measurements
and those performed at 391 nm observed in figure 2 for
0.5 sccm N,-flow can now be understood. These differences
are caused by the fact that the electron impact excitation of
the Nf(B)—state and, thus, the plasma emission at 391 nm are
more sensitive to energetic electrons [via pathway (I)] than
the wavelength integrated PROES measurements. Due to the
decrease of the plasma density from the center towards the
electrodes and the corresponding decrease of the conductivity
and the increase of the drift electric field, energetic electrons
are predominantly present adjacent to the sheath edges. Thus,
at 391 nm and for low N, admixtures, emission is pre-
dominantly observed adjacent to the instantaneous sheath
edges, while the wavelength averaged PROES measurements
also show strong emission in the discharge center. Admixing
more N, increases the collisionality and, thus, the drift electric
field at the times of maximum current within the RF period.
This results in the presence of more energetic electrons also in
the discharge center and, therefore, to higher emission
intensity of the nitrogen ion band in the plasma bulk.

PROES results obtained from a nitrogen molecular band
around 650 nm, which is a part of the Ist positive
N>,(B) — Ny(A) system with an excitation threshold of
7.4 eV, are shown in the third column of figure 2. These
measurements show a much weaker dynamics compared to
columns 1, 2, and 4 of this figure. This is caused by the
sensitivity of this emission band to electrons with lower
energy. There is an approximately sinusoidal oscillation of the
bulk electric field with extrema at the times of maximum
current within the RF period and zero-crossings at the times
of vanishing current. This means that emission from lines/
bands that are only sensitive to highly energetic electrons is
only observed within narrow time intervals, when the drift
field is high, whereas emission from lines/bands that are
sensitive to lower energetic electrons is observed during much
longer time intervals within a given RF period. The popula-
tion dynamics of the upper states of this emission band is
complicated, since it includes cascading transitions from
different higher states [69] influencing its temporal structures.
Therefore, this band can hardly be used to obtain any detailed
understanding of the electron dynamics.

Finally, the fourth column of figure 2 shows spatio-
temporal plots of the emission resulting from a He line with
an energy threshold for electron impact excitation from the
ground state of 22.7 eV (see table 1). The upper state can also
be populated by electron impact excitation from the (1s2s) *S
metastable state of helium. The cross section of this process
[70] is approximately two orders of magnitude higher than the
cross section for electron impact excitation from the ground
state of He [71]. Nevertheless, at atmospheric pressures, the
helium metastable density for all cases studied here is eight
orders of magnitude less than the He ground state density (see
also [18]). Taking into account the EEDF from the simula-
tions, we have estimated that the upper state is populated
predominantly (about 99%) by direct electron impact excita-
tion from the ground state. Therefore, the spatio-temporal
plots for this line are sensitive to highly energetic electrons
and, thus, probe the ionization dynamics, identify the mode of
electron power absorption and the way the plasma is sus-
tained. Comparison to PIC/MCC simulation results is also
straightforward as electron impact excitation from the ground
state to the corresponding upper state is easily included based
on the cross section given in [53]. The He line shows
markedly different dynamics compared to the other cases
displayed in figure 2. It generally exhibits a much stronger
dynamics and, at the lowest N, admixture of 0.5 sccm, it
shows ionization maxima at the sheath edges at the times of
maximum sheath voltages within the RF period. Thus, this He
emission line indicates that the discharge is predominantly
operated in the Penning-mode, while the other lines/bands
indicate operation in the {2-mode. Any interpretation of the
mode of discharge operation based on these other lines,
however, could be misleading, since those do not trace the
most energetic electrons, which generate the plasma by
ionization. Only the behavior of this He line is connected with
these electrons and shows that those result from Penning
ionization for low N, admixtures. As the reactive gas flow is
increased, a mode transition from the Penning- into the
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Figure 4. Spatio-temporal plots for different N, admixtures of the measured and individually normalized emission at 391 nm ((a)—(c)), of the
time modulated component of the data shown in the first row ((d)—(f)), of simulation results of the total electron impact excitation rate into
the N§ (B)-state (pathways (I) + (ID), (g)—(i)), the electron impact excitation rate from the molecular ground state (pathway (I), ()—(1)) and the
ionic ground state (pathway (II), (m)—(0)) of N, into the N3 (B)-state. Plots (p)—(r) show the spatial profiles of the normalized time averaged
excitation rate of the N3 (B)-state via Penning ionization obtained from the simulation (red lines) and of the temporally constant component
of the total emission obtained from the experiment (blue dashed lines). Data are shown for ¢ = 315 V.

Q)-mode is induced, since the collisionality of the discharge is the sheaths and the characteristic ionization maximum gets
increased and the energy gain of electrons generated as a result ~ weaker, i.e. the mode of discharge operation changes.

of Penning ionization inside the sheaths gets less efficient. As a These results clearly show that great care must be taken,
result, there is no collisional avalanche of these electrons inside ~ when selecting emission lines/bands for PROES measurements
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in these plasmas, since misinterpretations are possible, if inap-
propriate choices are made.

3.2. Electron power absorption mode transitions

Based on the insights obtained in the previous sections, the
He I emission line at 706.5 nm is chosen to study the mode of
discharge operation of a RF driven p-APPJ operated in He as
a function of the N, admixture and the driving voltage
amplitude. This line is chosen, since it traces highly energetic
electrons above 22.7 eV, because its excited state is pre-
dominantly populated by electron impact excitation from the
ground state at this threshold energy.

Figure 5 shows measured spatio-temporal plots of the
plasma emission at 706.5 nm (first row) and simulation
results for the electron impact excitation rate from the He I
ground state into the He I (35)3S;-state (second row) for dif-
ferent driving voltage amplitudes of 270, 315, and 355 V
(columns) at constant flow rates of 1 slm of He and 2.5 sccm
of N,. In case of the experimental results the time axes are
shifted so that the measured emission and the calculated
excitation maxima occur at the same time so that they can be
compared directly. Naturally, there is a short delay of a few
nanoseconds between excitation and emission, which is
neglected here. At atmospheric pressure this delay is parti-
cularly short due to the very efficient collisional de-excitation
[72]. Our kinetic PIC/MCC simulations also provide space
and time resolved access to the electron energy probability
function (EEPF), that determines a variety of important pro-
cesses such as excitation, dissociation, and ionization of the
neutral gas. Based on the spatio-temporal plots of the electron
impact excitation rate obtained from the simulation, we define
regions of interest (ROI) around the dominant excitation
maxima adjacent to the top electrode within one RF period,
according to figures 5(d)—(f). These cover the ‘Penning’-
maximum inside the sheath at times of maximum sheath
voltage and the ‘(2’-maximum on the bulk side of the local
sheath edge during its expansion phase. By averaging over
space and time within each ROI we determine the respective
EEPF for this ROIL. Moreover, we determine the ‘averaged’
EEPF by averaging over the entire electrode gap and one RF
period. Based on this, further panels of figure 5 depict the
computed EEPF in these ROIs as well as on space and time
average (third row). Moreover, the computed time averaged
spatial distributions of the helium metastable density (fourth
row) are shown. In these simulations, the ion induced sec-
ondary electron emission coefficient (SEEC) is set to 0.1, 0.3,
and 0.2 for NJ, He", and Hej ions, respectively, and the
electron reflection probability at the electrodes is 50%. We
note that for all conditions studied here and according to the
simulation results, Nj ions are the dominant ionic species,
while the densities of He; and He™ ions are negligible. Thus,
only the choice of the SEEC for N3 ions affects the simula-
tion results significantly. Excellent agreement between
experimental and computational results is found for all vol-
tages. Similar to a- to 7-mode transitions in low pressure
CCPs [48, 73-75], a mode transition from the 2- to the
Penning-mode is induced by increasing the driving voltage

amplitude. This is caused by the increase of the sheath electric
field as a function of the driving voltage amplitude. Thus, at
higher voltages electrons generated by Penning ionization and
ion induced secondary electrons generated at the electrodes
can gain more energy and more efficient electron avalanches
build up at the times of maximum sheath voltage within each
RF period. Therefore, the emission/excitation maxima at the
times of maximum sheath voltage at the instantaneous sheath
edge increase relative to the maxima caused by the drift
electric field in the bulk at the times of sheath expansion/
collapse.

Such mode transitions and their understanding are of
outmost importance, since they strongly affect process
relevant plasma parameters such as the plasma density,
which is higher in the Penning - compared to the 2-mode.
Our simulation results show clear contributions of ionization
by ion induced secondary electrons to the ionization maxima
at the times of maximum sheath voltage within the RF
period. Such secondary electrons cause the striated excita-
tion patterns shown in figures 5, 6(d)—(f). After being gen-
erated at the electrodes they are accelerated towards the bulk
by the sheath electric field and cause excitation repeatedly.
Similar to the Franck—Hertz experiment, we observe stria-
tions in the excitation patterns near the electrodes due to
non-equilibrium effects of the electron transport [76-82]. In
the spatial and temporal domains where the striations
appear, the reduced electric field is within the ‘window’ of
its values where periodic relaxation of the electron velocity
distribution function (VDF) is expected [83-85]. As an
example, the reduced electric field for the case of 0.5 sccm
nitrogen flow and 315 V voltage amplitude (figure 6(d)) at a
time of #/Trr = 0.2 and at a distance of 0.9 mm from the
powered electrode is E/N = 30 Td. Thus, the appearance of
striations in the simulation results is justified. It is, however,
not completely clear why these structures are not seen
experimentally. As the COST-jet operates in open air
environment [86], we identify the presence of impurities
(e.g. traces of water vapor) as the primary reason that can be
responsible for changing the characteristics of the VDF near
the electrodes. As these impurities have significantly lower
excitation threshold energies as compared to He, extremely
small amounts may lead to the disappearance of these
structures, while the overall behavior of the plasma is not
changed due to the small energy losses of the electrons while
interacting with these impurities. Another reason why the
striations are not observed experimentally might be the
confinement of the plasma by the quartz plates, which,
due to edge effects, might cause an apparent smoothing of
the striations.

Turning now to the analysis of EEPFs, we generally
observe significant spatial and temporal variations of this
function with the discharge conditions (figures 5(g)—(i)). The
EEPF within the sheath regions indicated as ‘Penning’ in
these panels, extends gradually to higher energies as the
excitation voltage amplitude is increased. This is a result of
higher sheath electric fields at higher driving voltage ampli-
tudes, which allow electrons within the sheaths to be accel-
erated to higher energies. The increased excitation rate at
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Figure 5. Measured normalized spatio-temporal plots of the emission of the 706.5 nm He I line (first row) and of the computed electron impact
excitation rate from the He I ground state into the He I (35)3S;-state (second row), computed EEPFs (third row), and computed time averaged
spatial distributions of the helium metastable density (fourth row). EEPFs are shown for regions of interest indicated in panels (d)—(f)
around the ‘Penning’-maximum inside the sheath, the ‘€2’-maximum on the bulk side of the expanding sheath edge and ‘averaged’ over the
electrode gap and one RF period. Results are shown for different driving voltage amplitudes (columns). The powered electrode is situated at
x = 0, while the grounded electrode is located at x = 1 mm. Discharge conditions: 13.56 MHz, 1 slm He flow, 2.5 sccm N,-flow. In the
simulation the ion induced SEEC is set to 0.1, 0.3, and 0.2 for N3, He™, and HeJ ions, respectively, and the electron reflection probability at

the electrodes is 50%.

higher voltages is the consequence of this change of the EEPF
(see panels (d)—(f)). The change of the EEPF near the edge of
the expanding sheaths, indicated as ‘Q2” in panels (g)-(i) is
less pronounced. The spatio-temporally averaged EEPF
(marked as ‘averaged’) is rather insensitive to the discharge
conditions. The density distributions of the metastable atoms

10

(panels (j)—(1)) highly correlate with the behavior of the
EEPFs and the spatio-temporal excitation dynamics. As these
levels can only be populated by highly energetic electrons, an
increasing high energy tail of the EEPF largely enhances the
metastable density. The two-peaks structure of the latter
observed at high driving voltage (seen in panels (k)—(1))
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Figure 6. Measured normalized spatio-temporal plots of the emission of the 706.5 nm He I line (first row) and spatio-temporal plots of the
electron impact excitation rate from the He I ground state into the He I (3s)3S;-state obtained from the simulations (second row), computed
EEPFs (third row), and computed time averaged spatial distributions of the helium metastable density (fourth row). EEPFs are shown for
regions of interest indicated in panels (d)—(f) around the ‘Penning’-maximum inside the sheath, the ‘(2’-maximum on the bulk side of the
expanding sheath edge and ‘averaged’ over the electrode gap and one RF period. Results are shown for different flows of N, at a constant He
flow of 1 slm (columns). The powered electrode is situated at x = 0, while the grounded electrode is located at x = 1 mm. Discharge

conditions: 13.56 MHz, 315 V. In the simulation the ion induced SEEC is set to 0.1, 0.3, and 0.2 for N7, Het, and Hej ions, respectively,
and the electron reflection probability at the electrodes is 50%.

emerges due to the efficient excitation within the sheaths
caused by the strong Penning maximum. In contrast to this, at
low driving voltage amplitudes the discharge is operated in
the 2-mode and maximum excitation occurs closer to the
discharge center and, thus, the helium metastable density
shows a broad maximum in the center as well.

Figure 6 shows measured spatio-temporal plots of the
plasma emission at 706.5 nm (first row) and simulation
results for the electron impact excitation rate from the He I
ground state into the He I (3s)3S;-state (second row) for dif-
ferent flow rates of N, of 0.5, 2.5, and 5 sccm (columns) at a

constant flow rate of 1 slm of He and at a constant driving
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voltage amplitude of 315 V. Further panels of figure 6 depict
the computed EEPFs within the same ROIs as before and on
space and time average (third row), as well as the computed
time averaged spatial distributions of the helium metastable
density (fourth row). In the simulation, the surface coeffi-
cients are chosen to be the same as used for the voltage
variation discussed above. Again, very good agreement
between experimental and computational results is found for
all reactive gas flows. At the lowest N, flow of 0.5 sccm, the
discharge is operated in a hybrid combination of the Penning-
and the Q2-modes. Increasing the reactive gas flow induces a
transition into a pure {2-mode, since the collisionality is
increased by adding a larger admixture of the molecular
nitrogen gas. Therefore, at the time of maximum sheath
voltage electrons gain less energy over one mean free path by
the acceleration by the sheath electric field and the corresp-
onding emission/excitation maximum at the time of max-
imum sheath voltage decreases as a function of the N,
gas flow.

Similarly to the behavior of the EEPFs uncovered in
figure 5 as a function of the driving voltage amplitude, we
also observe significant spatial and temporal variations of this
function with the nitrogen flow rate in figures 6(g)—(i). The
‘Penning’-EEPF is depleted at high energies as the N, flow
rate is increased due to the enhanced collisionality and energy
losses of electrons, i.e. electrons hardly gain enough energy to
excite and to generate helium metastables inside the sheaths.
The ‘€2’-EEPF is also influenced by the nitrogen content in a
similar way, although to a smaller extent. The spatio-tempo-
rally averaged EEPF is again found to be insensitive on the
discharge conditions. The density distribution of the helium
metastable atoms (panels (j)—(1)) shows a significant change
of shape as a function of the flow rate of nitrogen. This is
caused by the fact that highly energetic electrons are gener-
ated inside the sheaths at low N, admixtures, while this is not
the case at high reactive gas admixtures. Thus, two-peaks of
the metastable density are generated in the sheath regions at
low nitrogen admixture, while a single central peak is
observed at high reactive gas flows. Moreover, the peak value
of the helium metastable density decreases as a function of N,
admixture, since fewer metastables are generated due to the
depleted high energy tail of the EEPF and the ‘consumption’
of metastables by Penning ionization is increased due to the
presence of more nitrogen molecules. A similar dependence
of the helium metastable density on the oxygen admixture
was observed in helium-oxygen atmospheric pressure RF
plasma jets [87]. Overall, the shape of the EEPF changes as a
consequence of the mode transition to the (2-mode in the
same way as discussed for the voltage variation.

3.3. The physical origin of the Penning mode

The presence of striations in figures 5 and 6 indicates a sig-
nificant contribution of ion induced secondary electrons
emitted from the electrodes, that are accelerated towards the
bulk by the sheath electric field, to the ionization maxima
adjacent to both electrodes at the times of maximum sheath
voltage within the RF period. In fact, our simulation results
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show that there are two phenomena that contribute to this
maximum: (i) a direct channel, ie. emission/excitation
caused by electrons generated directly by Penning ionization
inside the sheaths and (ii) an indirect channel, i.e. secondary
electrons emitted from the electrodes due to the impact of
positive ions generated by Penning ionization. In order to
illustrate this finding and to quantify the respective con-
tributions of each channel, the surface coefficients are chan-
ged systematically in the simulations at otherwise fixed
discharge conditions and the consequences of this parameter
variation on the spatio-temporal excitation dynamics is stu-
died. The discharge conditions are chosen in a way that
ensures operation of the plasma in the Penning mode. This
requires a high driving voltage amplitude of 355 V and a low
N, flow of 0.5 sccm. Under these conditions Nj is the
dominant ionic species and ion induced SEE is mostly caused
by NJ ion impact at the electrodes. In order to switch ion
induced SEE on and off either YNy = 0.1, e = 0.3,
Yhet = 0.2 are used as input parameters for the simulations
(SEE on) or vy = ¢ = Yy = 0 are used (SEE off).
Moreover, the electron reflection from the electrodes is also
switched on and off by changing o between 0 and 0.5.
Figure 7 shows the measured spatio-temporal plasma emis-
sion at 706.5 nm (figure 7(a)) as well as simulation results of
the spatio-temporal electron impact excitation rate from the
He ground state into the upper level of the experimentally
observed emission line for different choices of the surfaces
coefficients (see table 2).

Figure 7(a) shows that the plasma is operated in the
Penning mode in the experiment, i.e. the emission maxima at
the times of maximum sheath voltage are dominant.
Figure 7(b) shows that the experimental results are repro-
duced well by the simulation, if SEE and electron reflection
are switched on. If both surface processes are switched off
(7(c)), the excitation maxima at the times of maximum sheath
voltage are strongly reduced, i.e. the discharge is pre-
dominantly operated in the {2-mode in the simulation and the
experimental result is not reproduced. Under these conditions
the remainder of the excitation at the times of maximum
sheath voltage is caused by the direct channel of Penning
ionization. This result shows that the indirect channel, i.e.
contributions of ion induced secondary electrons to this
excitation maximum, plays an important role and must not be
neglected. Switching SEE on, while keeping electron reflec-
tion switched off (see figure 7(d)) results in a significant
increase of the excitation maxima at the time of maximum
sheath voltage relative to the maxima that occur during the
sheath expansion phases. However, the ratio between the
Penning and the sheath expansion excitation maxima is still
lower in the simulation compared to the experiment. This
finding indicates that ion induced SEE is important, but that
electron reflection enhances this maximum (see figure 7(b)).
Switching SEE off again, but activating electron reflection
(see figure 7(e)) cannot reproduce the experimental results
either. Thus, we conclude that ion induced SEE contributes
significantly to the Penning excitation maxima. At atmo-
spheric pressure the mean free path of these electrons is short
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Figure 7. Normalized spatio-temporal plots of the measured emission of the 706.5 nm He I line (a) and normalized (to the maximum value of
(b)) spatio-temporal plots of the electron impact excitation rate obtained from the simulations for different choices of the surfaces coefficients
listed in table 2. Discharge conditions: 355 V driving voltage amplitude, 1 slm He flow, 0.5 sccm N, flow. The powered electrode is situated
at x = 0, while the grounded electrode is located at x = 1 mm. The sheath edge position (white dashed lines) is calculated using the
Brinkmann criterion [89] and is shown as white dashed line in the simulation plots.

Table 2. Surface coefficients used in the simulations to obtain spatio-
temporal plots of the electron impact excitation rate shown in
figure 7.

a=0.5 a=0
SEE on (7N2* = 0.1, figure 7(b) figure 7(d)
Yue = 0.3, Yy = 0.2)
SEE off (vt = Yyet = Vet = 0) figure 7(e) figure 7(c)

and the reduced electric field at the electrode surfaces is
relatively low. Therefore, many of them are reflected back
towards the electrode by elastic collisions with neutral atoms/
molecules immediately after being emitted from the electro-
des [88]. These reflected electrons can reach the electrode
again. If electron reflection is neglected in the simulations,
these electrons will be absorbed at the electrode. If electron
reflection is included, some of them will be reflected back into
the plasma and will enhance the Penning ionization max-
imum. Our results show that this process is important in pu-
APPIs under the conditions studied here. Only if ion induced
SEE and electron reflection from the electrodes are both
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included, the PROES measurements can be reproduced and
the dynamics of energetic electrons is described correctly by
the simulation.

4. Conclusions

The spatio-temporal dynamics of electrons in RF driven
micro atmospheric pressure plasma jets (u-APPJs) operated in
different mixtures of He and N, was investigated by exper-
imental PROES and computational PIC/MCC simulations.
Very good agreement between measurements and computa-
tional results was found under all conditions studied here. At
a driving frequency of 13.56 MHz two different modes of
electron power absorption were observed, i.e. the (2- and the
Penning-mode, depending on the driving voltage amplitude
and the concentration of the reactive gas admixture. These
modes were identified by characteristic excitation/emission
maxima at distinct positions and times within the RF period.

In the experiment, PROES measurements were per-
formed using either no optical filter (wavelength integrated)
or in combination with optical filters to monitor the plasma
emission from selected lines/bands, i.e. emission of N;’, N,
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and He at 391 nm, around 650 nm, and at 706.5 nm, respec-
tively. Under identical discharge conditions significantly
different spatio-temporal plots of the plasma emission were
obtained at the different wavelengths. This is explained based
on an analysis of the population pathways of the respective
excited states and the fact that electron impact excitation from
the ground state into these excited states is sensitive to dif-
ferent energy regions of the EEDF. In order to probe the
ionization dynamics to understand the plasma generation, a
transition should be chosen whose upper level is pre-
dominantly excited by electron impact from the ground state
and has a high energy threshold. In p-APPJs, this was found
to be the case for the He line at 706.5 nm. This line was
previously shown to be useful for visualizing the sheath edge
in the discharge [90]. However, our data indicate that at high
densities of nitrogen (e.g. figures 6(c) and (f)) an accurate
identification of the sheath edges is not possible with this
approach. All other lines /bands used in this work were found
not to probe the ionization dynamics. Wavelength integrated
PROES measurements correspond to a complicated, often
unknown superposition of different lines/bands and cannot
be used for this purpose either. Generally, our results show
that great care must be taken, when choosing an emission
line/band for PROES in these systems, since otherwise
incorrect conclusions could be drawn and the mode of dis-
charge operation might not be understood correctly.

Increasing the driving voltage amplitude at constant
reactive gas flow was found to induce a transition from the (2-
to the Penning-mode due to a stronger acceleration of elec-
trons generated inside the sheaths towards the plasma bulk at
higher voltages. Increasing the reactive gas flow at constant
voltage was found to induce a transition from the Penning- to
the 2-mode, since the collisionality is increased and electrons
cannot gain enough energy to form avalanches inside the
sheaths.

By switching ion induced SEE as well as electron
reflection at the electrodes on and off in the simulations, the
physical origin of the Penning mode was clarified. The
characteristic emission/excitation maxima adjacent to the
instantaneous sheath edge at the times of maximum sheath
voltage within each RF period are not only caused by elec-
trons directly generated by Penning ionization inside the
sheaths. Our results show that an indirect channel exists as
well, where ion induced secondary electrons emitted from the
electrodes contribute to these maxima after being accelerated
by the sheath electric field and after being collisionally mul-
tiplied. Striations of the excitation rate inside the sheaths were
observed and found to be induced by secondary electrons
accelerated towards the bulk similar to the Franck—Hertz
experiment. Finally, electron reflection from the electrode was
found to play an important role as well. At atmospheric
pressure, due to the relatively low reduced electric field at the
electrodes, many ion induced secondary electrons are reflec-
ted back to the electrode, where they were generated, due to
elastic electron-neutral collisions. The simulation was found
to yield the correct intensity of the Penning excitation
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maximum observed experimentally only if reflection of these
electrons at the electrodes is taken into account, since then
electrons are confined, accelerated towards the bulk, and
cause additional excitation.
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