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Abstract: Understanding and tailoring the electron power absorption dynamics is the key to 
optimizing the generation of reactive/excited neutrals in atmospheric pressure plasma jets. 
Such control is, however, limited in standard single frequency discharges with planar 
electrodes. Based on experiments and simulations, we demonstrate that enhanced plasma 
control can be realized by customized driving voltage waveforms and electrode topologies. 
For He/N2/O2 gas mixtures we show that a more efficient and tailored production of active 
species densities such as He metastables, O and N atoms can be achieved in this way. 
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1. Introduction

Capacitively coupled micro atmospheric pressure plasma 
jets (μAPPJs) driven at radio frequencies (RF) are 
important tools for a variety of applications of high societal 
benefit such as plasma medicine and surface processing. 
They are typically operated at a single driving frequency 
and based on planar electrodes. There is a lack of 
fundamental understanding of the effects of external 
control parameters such as the driving voltage waveform 
and the electrode topology on the spatio-temporal electron 
power absorption dynamics and the mechanisms of 
reactive species generation in such plasma sources as a 
basis for knowledge based plasma process development. 
Based on a synergistic combination of experiments and 
simulations, we obtain such understanding for He/N2/O2 
gas mixtures by studying the space and nanosecond time 
resolved dynamics of energetic electrons and the buildup 
of neutral species by electron-neutral dissociation from the 
gas inlet towards the nozzle and into the effluent. We 
demonstrate that Voltage Waveform Tailoring (VWT) [1-
7] and customized electrode topologies [8] provide 
enhanced control of the Electron Energy Probability 
Function (EEPF) in μAPPJs. In this way, the generation of 
selected neutral species such as helium metastables, atomic 
nitrogen and oxygen is enhanced, controlled, and made 
more energy efficient. 

2. Experiment

Measurements are performed based on a reference 
microplasma ‘COST-jet’ [8]. The active plasma volume is 
confined between two parallel stainless steel electrodes of 
30 mm length (see fig. 1). The electrode gap is fixed at 1 
mm. The plasma is operated at different mixtures of 
He/N2/O2, tailored driving voltage waveforms and 
electrode topologies. Such voltage waveforms are 
generated by an arbitrary function generator in 
combination with a broadband amplifier as a finite Fourier 
Series of multiple consecutive harmonics of 13.56 MHz 
with individually adjustable harmonics’ amplitudes and 

phases [1-7]. The electrode topologies include trenches of 
different shapes and dimensions implemented into both 
electrodes [8].  
 

Fig. 1. Sketch of the experimental setup used for He/N2 gas 
mixtures [5]. 

The spatio-temporally resolved dynamics of energetic 
electrons is measured by Phase Resolved Optical Emission 
Spectroscopy (PROES) [2,3]. Helium metastable densities 
are detected by Tunable Diode Laser Absorption (TDLAS) 
[3], while atomic oxygen densities are measured by Two 
Photon Absorption Laser Induced Fluorescence (TALIF) 
[4]. Time resolved voltage and current measurements are 
performed, too. Finally, the gas temperature is accessed 
spatially resolved by Optical Emission Spectroscopy 
(OES). 

3. Simulation 

Computational investigations are performed based on 1d3v 
PIC/MCC simulations for He/N2 [10] as well as 1d and 2d 
fluid [11] and hybrid fluid/kinetic simulations [6] for 
various He/N2/O2 gas mixtures. The simulations use the 
measured driving voltage waveforms as input and are 
performed under identical discharge conditions as those 
used experimentally. In this way a quantitative multi-
diagnostic experimental validation of these simulations is 
performed, based on which the simulations provide space 
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Figure 1. Schematic view of the experimental set-up.

VBA250-400) and a blocking capacitor (4.7 nF). The volt-
age waveform at the electrode is measured using a high
voltage probe (Tektronix P6015A, 75 MHz) and an USB oscil-
loscope (Picoscope 6402C, 250 MHz bandwidth, 5 Gs/s). The
signal is examined and waveform correction factors are calcu-
lated using a LabVIEW software. A corrected signal is then
sent to the waveform generator. This corrective feedback loop
is repeatedly executed until the deviation between the mea-
sured and desired phases/amplitudes of all harmonics, used to
create the waveform, reaches values of 1%–3% at the elec-
trode. Since the power is directly applied to the jet without
any matching, >95%–99% of the applied power is re!ected.
For our fundamental studies the re!ected power is not an
issue. For applications, impedance matching in the presence of
such multi-frequency tailored voltage waveforms can be real-
ized based on recently developed multi-frequency impedance
matching networks [59–61].

The driving voltage waveforms can be expressed using the
following equation:

φ(t) =
N∑

k=1

φk cos(2πk f0t + θk), (1)

where N is the number of consecutive harmonics of the fun-
damental frequency f0 and φk are the amplitudes of the indi-
vidual harmonics. The phase angles, θk, are set to 0◦ for all
harmonics for ‘peaks’ waveforms, while the phases of the
even harmonics are set to 180◦ for ‘valleys’ waveforms. The
voltage amplitudes of the harmonics are calculated accord-
ing to: φk = φ0(N − k + 1)/N, where φ0 = 2φppN/(N + 1)2

[62]. φpp is the peak-to-peak value of the driving voltage wave-
form (when peaks- or valleys-waveforms are set). The maxi-
mum of φpp is limited by the requirement to generate a sta-
ble discharge, i.e. any kind of arcing/constricted mode at high
voltages must be avoided. The comparison of the energy ef"-
ciency of the generation of helium metastable atoms is carried
out for the following cases: (1) single frequency (N = 1) at
f0 = 13.56 MHz, (2) single frequency (N = 1) at f0 =
54.24 MHz and (3) ‘valleys’ waveforms at f0 = 13.56 MHz

and N = 4. In this way, results obtained for a tailored volt-
age waveform are compared to those obtained in single fre-
quency plasmas generated with the lowest and highest fre-
quency component used to construct the customized driving
voltage waveform.

2.1.2. Power measurements. A method to determine the
power dissipated in a single frequency COST-jet driven at
13.56 MHz is described by Golda et al in [54]. This method is
based on the relation:

P = 0.5I φ cos(α), (2)

where φ, I and α is the voltage and current amplitude, as well
as the phase shift between the current and voltage waveform,
respectively. The current is calculated from the voltage drop
across an internal resistor (4.7 Ω, see "gure 1) included in the
COST-jet. In order to minimize the noise level, the internal
input resistance of the oscilloscope is set to 50 Ω. The volt-
age drop does not exceed a few volts for the highest powers
used in this paper. Without plasma, the jet represents a capac-
itor and, thus, the phase shift between voltage and current is
expected to be α = 90◦. Due to the voltage probe response,
time delays in the electronics, cables, etc., the measured phase
angle without plasma can be remarkably different and a cali-
bration/correction must be performed in the absence of the dis-
charge. The situation becomes more complex, when a higher
number of harmonics is applied (N > 1). In general, for peri-
odic voltage and current signals with a period T, the power can
be expressed as follows:

Ptot =
1
T

∫ T

0
I(t)φ(t)dt. (3)

The time dependent current, I(t), and voltage, φ(t), waveforms
now contain multiple harmonics. Both waveforms can be rep-
resented as a Fourier series. One way to determine the dissi-
pated power is to perform the calibration procedure described
for a single frequency discharge for each Fourier component
separately in the absence of the plasma. Based on this, the
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and time resolved access to plasma parameters that cannot 
be measured. These include electron densities, EEPFs, and 
electric fields.  

4. Results 

Fig. 2. Spatio-temporal plots of the electron impact 
excitation rate from the ground state into He-I 3S1 for 
different peaks driving voltage waveforms constructed 
from N consecutive harmonics of 13.56 MHz. EEPFs 
averaged over different spatio-temporal regions of interest 
marked in row 2 (obtained from PIC/MCC simulations). 
Discharge conditions: 400 V peak-to-peak driving voltage, 
gas flow ratio He/N2 = 1000/1 [2]. 

Capacitively coupled μAPPJs can be operated in different 
modes [10]. In the W-mode and based on PROES 
measurements as well as PIC/MCC simulations, we find 
that electrons absorb power mostly by acceleration in high 
drift electric fields in the plasma bulk at low driving 
voltage. In the Penning mode at high driving voltages, the 
ionization is dominated by secondary electrons and 
electrons generated as a consequence of Penning ionization 
inside the sheaths. Recent investigations show that gas 
heating along the direction of the gas flows can induce 
heating mode transition. Understanding such fundamentals 
of electron power absorption is the basis for the knowledge 
based development of concepts to control the plasma 
chemistry via tailoring the EEPF by controlling the 
electron heating dynamics. 2d fluid/kinetic simulations 
allow tracing the buildup of various neutral species along 
the direction of the gas flow from the gas inlet towards the 
effluent. 

 

 

Fig. 3. Simulated and measured time averaged atomic 
oxygen density profiles as a function of the number of 
driving harmonics of 13.56 MHz, N, in the center of the 
active plasma region. Discharge conditions: 500 V peak-
to-peak driving voltage, gas flow ratio He/O2 = 1000/1 [6]. 

Fig. 2 shows the effects of using multi-frequency peaks 
driving voltage waveforms synthesized from up to N = 4 
consecutive harmonics of 13.56 MHz on the spatio-
temporally resolved dynamics of energetic electrons and 
EEPFs in different regions of interest. The plasma is 
operated in the W-mode. In contrast to the standard single 
frequency operation, using such tailored voltage 
waveforms allows to control the spatial and temporal 
symmetry of the electron dynamics. It allows to dissipate 
most of the power, that is transferred to electrons, to a few 
electrons at a specific spatial position and time within the 
fundamental RF period, namely adjacent to the bottom 
electrode during the local sheath collapse.  

Fig. 4. Top (I, II): Photos of the jet with customized 
electrode topologies at different peak-to-peak driving 
voltages. Bottom: Measured 2D space resolved electron 
impact excitation dynamics within a single trench at 
different times within one RF period. Discharge 
conditions: 13.56 MHz, He with 0.5 % O2 admixture, 
vertical trenches (1 mm deep, 0.5 mm wide) at both 
electrodes. The gas flows from the left to the right for all 
images [8].  

This happens because of the short local sheath collapse and 
the requirement to draw sufficient electrons to this 
electrode during the sheath collapse to compensate the 

VWT in micro atmospheric pressure plasma jets

Voltage Waveform Tailoring can  

• control the electron heating and EEDF.  

• improve and control the generation of 
selected neutral species (here: He*, N, O). 

• Provide significantly better energy efficiency 
for electron impact driven radical production. 
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Main result Phase 1

Voltage waveform tailoring
can: 

• control electron heating dynamics, 

• provide EEDF control,

• enhance ion/neutral fluxes to one of the electrodes, 

• improve and control the generation of He*, N, O,

• provide significantly better energy efficiency of 

helium metastable generation.

(He*) TDLAS measurements vs PIC 
simulations

(O) TALIF measurements vs 
hybrid simulation results

Experiment: I/V, PROES, TDLAS, LIF, TALIF 

Simulations: PIC (He/N2), Hybrid (He/O2), nonPDPSIM codes

Synergistic combination of experiment and simulations
PROES vs PIC simulation results
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Figure A4.3: Top: (I) and (II) - Photos of the jet with customized electrode topologies operated at different peak-to-peak
driving voltages. Bottom: Measured 2D space resolved electron impact excitation dynamics within a single trench at
different times within one RF period at 1040 V [(a) - (c)] and 700 V [(d)-(f)] peak-to-peak driving voltage. The dashed
arrows in (a) indicate the RF current paths in the region of the trenches. Discharge conditions: Single frequency (13.56
MHz), He with 0.5 % O2 admixture at different peak-to-peak driving voltage (700 V: ⌦-mode and 1040 V: Penning-
mode), vertical trenches (1 mm deep, 0.5 mm wide) at both electrodes, surface material: stainless steel. The gas flows
from the left to the right for all images.

of the jet in the presence of rectangular trenches (1 mm deep, 0.5 mm wide) included in both stainless steel
electrodes at two different peak-to-peak driving voltages. Already by naked eye a strong local enhancement of
the plasma emission in vicinity of the trenches can be observed. Various trench geometries (rectangular, tri-
angular, hemispherical), dimensions (depth, width, radius), materials, and arrangements (the same or different
structures facing each other, different numbers of structures along the direction of the gas flow) were tested
and only exemplary results are shown here. In agreement with simulation results, PROES reveals the reason
for this local enhancement of the plasma emission (see figure A4.3, bottom two rows). If the trench width is
large enough to allow the plasma to penetrate into it and small enough to generate a constriction of current
paths at its orifice (indicated by the dashed white arrows in fig. A4.3(a)), the electron impact excitation will be
enhanced due to an increase of the local electric field required to drive the locally enhanced current through
the orifices. Thus, the electron power absorption is increased locally. At high voltage (Penning-mode), another
excitation maximum is observed at one edge of the trench due to locally enhanced electric fields. Interestingly,
the occurrence of this maximum is affected by the gas flow, i.e. it occurs only at the trench edge that is located
farer away from the gas inlet. This is expected to be caused by the generation of long-living excited neutral
species in the center of the trench, which are transported by the gas flow to this edge (but not to the other) and
which cause a local enhancement of the Penning ionization in combination with the locally enhanced electric
field.
The enhancement of electron power absorption due to the presence of structured electrodes was found to
affect the generation of selected neutral particle species as well. Figure A4.4(a) shows results of a 2D spatially
resolved TDLAS measurement of the Helium metastable in the vicinity of two vertical trenches that face each
other as shown in figure A4.3. A strong local enhancement of the metastable density is found in the trench
region and is explained by the electron power absorption dynamics shown in figure A4.3. Measurements and
simulation results also show an enhancement of the atomic oxygen density by structured electrode topologies.
Figure A4.4(b) shows 2D spatially resolved nonPDPSIM simulation results for the atomic oxygen density in the
active plasma volume and the effluent. Clearly, the atomic oxygen density is enhanced inside the trenches.
Along the direction of the gas flow the atomic oxygen particles are pushed towards the nozzle. Their density is
enhanced along the direction of the gas flow each time, when the gas passes a trench. Ongoing investigations
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Figure A4.1: Spatio-temporal plots of the electron impact excitation rate from the ground state into He I3S1 obtained ex-
perimentally and from PIC/MCC simulations, for different driving voltage waveforms constructed from different numbers
of consecutive harmonics, N (‘peaks’-waveform). The fourth row shows EEPFs (obtained from the simulation) averaged
over different spatio-temporal ROIs marked in row 2. The black solid line corresponds to the EEPF averaged over the
electrode gap and RF period of the fundamental driving frequency. The powered/grounded electrode is located at x = 0
and x = 1 mm, respectively. Discharge conditions: base frequency f = 13.56 MHz, 400 V peak-to-peak driving voltage,
flow ratio He/N2 = 1000/1 (1 sccm N2 flow). Plot taken from [A4-4].

of the jet in the direction along the gas flow. Jointly with project B2, the He emission line(706.5 nm) used for
the PROES measurements was selected carefully to make sure that it traces energetic electrons and reveals
the mode of discharge operation correctly [A4-3]. By increasing N and keeping the harmonics’ phases at 0�,
the peaks-voltage waveforms shown in the third line of figure A4.1 are applied to the powered electrode. By
applying a peaks- instead of a single frequency voltage waveform, the inherent spatial and temporal symmetry
of the spatio-temporal dynamics of energetic electrons, which is present in the standard single frequency sce-
nario, can be broken and controlled. As shown in the right column of figure A4.1 applying a peaks-waveform
based on 4 harmonics allows to heat the electrons predominantly close to the bottom electrode at one specific
time within the fundamental RF period, i.e. the time of the local sheath collapse. By using a valleys-waveform
the corresponding maximum can be moved to the top electrode and by using other waveform shapes several
maxima at different positions and times can be produced. For the peaks-waveform, the observed effect is
caused by the fact that the duration of the sheath collapse at the bottom electrode is minimized. Thus, in order
to compensate the positive ion flux to this electrode by electrons on time average [12], a strong electric field
is generated to accelerate electrons towards this boundary surface during the local sheath collapse. In this
way electrons absorb a lot of power at this specific position and time and the high energy tail of the EEPF is
strongly enhanced (see figure A4.1(l)).
Jointly with project B2, this unique way to control the EEPF by VWT was demonstrated to enhance the gener-
ation of selected neutral species, i.e. atomic oxygen [A4-7,A4-9], atomic nitrogen [A4-4], and He metastables
[A4-4,A4-5,A4-9]. Figure A4.2 shows exemplary results obtained from experiments and simulations for the time
averaged helium metastable density profile between two planar stainless steel electrodes in the center of the
jet (along the direction of the gas flow) and measured 2D spatially resolved atomic oxygen densities. These re-
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positive ion flux to this surface on time average. Thus, a 
strong electric field accelerates electrons towards the 
electrode and leads to an enhanced high energy tail of the 
EEPF, since a lot of power is dissipated to a few electrons. 
As a consequence of this EEPF control by VWT a variety 
of neutral species generated by energetic electron-neutral 
collisions is produced more efficiently as compared to 
single frequency operation. This includes He metastables, 
N and O atoms (see fig. 3). A detailed analysis of the power 
dissipation to the plasma shows that the energy efficiency 
of producing such active neutral species is indeed enhanced 
by VWT [11]. 

 

Fig. 5. 2D profiles of the time averaged atomic oxygen 
densities obtained from fluid simulations for different 
numbers of trenches. Discharge conditions: 13.56 MHz, 
850 V, He + 0.5 % O2 [8]. 

Instead of using VWT, the dynamics of energetic electrons 
can also be controlled by introducing structured electrodes. 
Fig. 4 shows the effects of vertical trenches (1 mm deep, 
0.5 mm wide) on the electron dynamics in a He/O2 
discharge driven at 13.56 MHz. The presence of such 
trenches leads to a current focusing effect inside these 
structures and at their orifices during the local sheath 

collapse, when electrons propagate into such surface 
structures. Consequently and due to the low electron 
density inside the trenches, such electrons are accelerated 
by strong electric fields at times of high current within each 
RF period. Again, most of the power dissipated to electrons 
is dissipated to a relatively low number of electrons so that 
each electron gains high energy.  
As shown in fig. 5 this leads to enhanced production of 
atomic oxygen inside and at the orifice of such trenches. 
Similarly the generation of He metastables is enhanced. 
Combining multiple such surface structures allows to 
enhance the atomic oxygen density at the nozzle of the jet.  
 
5. Conclusions 
 
Based on a synergistic combination of experiments and 
simulations the electron power absorption dynamics and 
plasma chemistry in capacitively coupled μAPPJs driven 
by RF voltage waveforms in He/N2/O2 gas mixtures is 
understood. These fundamental insights provide the basis 
for enhancing the generation of reactive and excited 
neutrals by collisions of energetic electrons with the neutral 
background gas by VWT and structured electrodes. Both 
methods allow controlling the electron heating dynamics in 
such a way that a large fraction of the total power 
dissipated to electrons is transferred to such particles at 
distinct spatial positions and times within the 
(fundamental) RF period. In this way the EEPF is tailored 
so that its high energy tail is enhanced at specific positions 
and times so that a high density of reactive/excited neutrals, 
is produced in an efficient way. 
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while the densities near the center of the gap between the two electrodes do not change

appreciably along the flow direction, as shown in panels (b) and (d).

Since the e�cient generation of radical species is of utmost importance in the jet,

to which the presence of trenches greatly contributes, the question arises, whether, by

increasing the number of trenches, the atomic oxygen density in the e✏uent can be

enhanced. In fig. 9 the time-averaged atomic oxygen density for the whole discharge

volume as well as the e✏uent obtained from simulations at a voltage amplitude of 850

V is shown for di↵erent numbers of trenches.

Figure 9: 2D profiles of the time-averaged atomic oxygen densities obtained from

simulations for di↵erent numbers of trenches. The voltage amplitude is 850 V for all

cases. The width between trenches is the following: 3 mm in case of 3 trenches, 5 mm

in case of 5 trenches and 3 mm in case of 8 trenches.

For the planar electrode case, the atomic oxygen density reaches its maximum near

the nozzle in the discharge volume, due to the comparable rates between the relevant

reactions and the gas flow, and decays in the e✏uent. The presence of the structured
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