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Abstract

Cold atmospheric plasma (CAP) is widely used in domains such as disinfection, surface treatment
and food preservation. When generated in air, CAP is rich in reactive oxygen and nitrogen spe-
cies (RONS), such as ozone (O3). A dielectric barrier discharge (DBD) is a reliable method to cre-
ate CAP. We developed a double-sided (twin) surface DBD with novel ‘interfractal’ electrode geo-
metries. This fractal configuration creates stronger electric fields than the customary interdigital
line geometry. So, CAP is produced more effectively, resulting in higher RONS concentrations.
The performance of interfractal electrodes was compared to that of interdigital electrodes (IDE) in
atmospheric air. Nanopulsed powering was used, since it is the most efficient for powering DBDs.
Electrical and chemical characteristics (such as ozone level) were assessed. The results show that
interfractal electrodes enhance the electric field, conduction current and ozone yield.

1. Introduction

Cold atmospheric plasma (CAP) is a partially ionized gas at ambient pressure and near-room temperat-
ure. It contains electrons, positive and negative ions, (UV) photons, neutral species, and reactive species
[1-3]. ‘Cold’ indicates that its temperature remains close to room temperature, typically not exceeding
100 °C [1, 2]. This contrasts sharply to a thermal plasma (such as that in the sun), which can reach
millions of degrees Celsius. CAP remains cold because only partial gas breakdown occurs. It consists of
many transient microdischarges, lasting only 1-10 ns, with a diameter of 100 nm and a length of a few
mm [4]. Between the microdischarge events, the air cools down rapidly.

CAP is initiated by a strong electric field in an atmospheric gas. When this field becomes sufficiently
high (~3 kV mm™! in air), dielectric breakdown takes place and (background) electrons will be acceler-
ated, thereby colliding with oxygen and nitrogen molecules to form reactive oxygen and nitrogen species
(RONS) [4].

Historically, the first CAP was produced by W. von Siemens in 1857, who used a coaxial DBD driven
with AC [4, 5]. However, the earliest observation dates back to 1785, when Van Marum used a corona
discharge and noticed ‘a weird odor’ [5]. This was most certainly the distinct smell of ozone (O3), one
of the key RONS formed in air. CAP has since found multiple applications such as surface treatment [6],
food preservation [7], disinfection [8], gas flow cleaning [9] and water treatment [10].

Several electrical configurations, such as a dielectric barrier discharge (DBD), a corona discharge or
a plasma jet can yield CAP [11]. The optimal configuration depends on the intended application. For
example, a plasma jet generates intense plasma spots, useful for surface treatment [12]. By contrast, a
DBD covers a much larger area. A corona discharge can be powered with DC, AC or pulses, whereas a
plasma jet and a DBD require AC or pulses, as they have an insulating dielectric barrier between the live

© 2025 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Ozone formation reactions, and their reaction rate constants, plotted vs. the microdischarge channel temperature,
according to the reaction rate constants given by Murata et al [24].
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Figure 2. Ozone decomposition reactions, and their reaction rate constants, as a function of the microdischarge channel temper-
ature. The plots visualize the exponentials given for the rates by Murata et al [24] and Sung and Sakoda [23].

and grounded electrode. This barrier prevents arcing, i.e. the transition from partial to full breakdown of
the surrounding gas, which would trigger a hot thermal plasma (such as lightning) [11].

A DBD plasma source can be designed in various ways to improve its efficiency. For example, sharp
electrodes increase the local electric field [13]. Then, a plasma emerges at lower voltages (because the
breakdown voltage Vi, decreases). A thinner dielectric barrier also reduces the breakdown threshold
[14-16], while longer electrodes expand the discharge area [16—18]. The RONS composition can be
tuned somewhat. Cimerman et al (and others) identified two operational modes of a DBD in air,
namely the ‘O; mode’ (ozone dominant) and the ‘NOy mode’ (nitrogen species dominant) [19, 20]. The
microdischarge channel temperature plays a key role in these operational modes [19, 21, 22]. When the
microdischarge channel temperature rises, ozone formation is suppressed and its decomposition acceler-
ated, leading to a lower ozone concentration [23, 24]. This phenomenon is known as ‘quenching), and
may result from a (too) high plasma power density, which was observed already by Warburg et al in
1906 [25, 26]. Figures 1 and 2 represent the exponential temperature dependence of some ozone forma-
tion and dissociation rate constants put forward in [23, 24].

When a voltage is applied to a DBD electrode, an electric field is established in the surrounding
air. For efficient CAP production, it is beneficial to create the highest electric field possible, with the
lowest voltage. Then, the high voltage power electronics can be relatively lighter, cheaper etc. A similar
approach was tried in the work of Kim et al [27]. Also, less power is then converted into heat. This helps
to operate the DBD in the desired O3 mode across a wider parameter range (such as applied voltage,
frequency, gas temperature) [19, 28].

Fractals are mathematical constructs with unique properties, described comprehensibly by
Mandelbrot [29]. They are self-similar patterns (‘curves without tangents’) that can be scaled indefin-
itely, which results in complex shapes. Astoundingly, many of these patterns are found in nature, such as
coastlines, snowflakes and tree branches [29].

Earlier studies have shown that fractal electrodes intensify the local electric field. This is attributed to
the ‘edge-effect’ or ‘corner-effect’. There are more edges (corners) in a fractal electrode than in a parallel
line or comb electrode of equal length [30-33]. These studies highlight the advantage of fractal over line
electrode devices for several applications.
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Alduais et al used space-filling fractal electrodes for electrodynamic screens [33]. These screens repel
dust from surfaces, and are used for self-cleaning solar panels. The authors showed that fractal elec-
trodes consume less power than interdigital electrodes (IDEs). Charan et al used space-filling electrodes
in micro-heating panels to achieve a more uniform temperature distribution compared to line electrodes
[34]. Hota et al applied fractal electrodes in microsupercapacitors and found that fractal capacitors
have a better charge storage than IDE ones [30]. Favorable results were likewise obtained by Anagha
et al, Yang et al and Syed et al [31, 32, 35]. Pei et al found that fractal electrode nanosupercapacitors
outperformed IDE ones [36]. They show that (high order) fractals increase the interfacial area of the
electrodes, and strengthen the local electric fields due to small electrode gaps and edge effects [36]. A
higher number of corners increased the capacitance, and these effects were consistently observed down
to nanometer-scale electrodes.

Surprisingly, no publications have yet appeared about CAP production with fractal electrodes.
Therefore, we discuss such electrodes in this article. In a surface DBD, a dielectric barrier separates the
live and grounded electrode(s). So, when complementary fractal electrodes are implemented, the fractals
must be separated by this barrier. We noticed that fractal patterns can be converted to achieve this.
Normally, the mathematical procedure to create a fractal will result in a pattern consisting of a single
curve. However, the area around this curve can be divided in two adjacent, non-connected tracks for
space (or plane)-filling fractals (such as the Peano, Moore or Hilbert curves). If these tracks are chosen
as electrodes, we obtain two distinct electrodes which both have a fractal pattern. The original fractal
path now serves as insulating space between these electrodes. The two fractal electrodes meander around
each other without touching, maintaining a constant gap throughout. We call this an ‘interfractal’ pat-
tern. The scalability of fractals gives a lot of design freedom. We can adjust the spacing between the
interfractal electrodes, the electrode width as well as the number of repetitions or iterations (called
‘order’). Several other authors have adopted these ‘interfractal patterns’ of space-filling fractals 30,

36] without noting it, only Tiliakos et al call it ‘affine transformations’ [37]. All prior implementations
placed both interfractal electrodes on the same plane. We propose a twin-plane design and place them
on opposite sides of a ceramic printed circuit board (PCB), so on dual planes in the z-direction.

This study introduces interfractal electrodes for CAP production for the first time. While double-
surface (or twin) surface DBD (sDBDs) were used before, they did not contain fractal electrode
geometries [9, 18, 38—43].

A double-sided ceramic surface DBD was built by printing two silver interfractal Hilbert electrodes
(7th order). For comparison, a matching IDE DBD was made with the same electrode width and spa-
cing. Both DBDs were driven in ambient air by high-voltage nanopulses. Chemical characteristics were
determined by ozone (O3;) measurements and optical emission spectroscopy (OES). Electrical perform-
ance was evaluated by voltage and current measurements, as well as light emission and photomultiplier
tube (PMT) analysis.

2. Method

2.1. DBD design and fabrication

We chose to use a Hilbert space-filling fractal since it contains the most corners per surface area, com-
pared to other space-filling fractals (Peano, von Luxburg, R space) [36]. We found that the order of the
Hilbert fractal could be extended up to the 7th order (see section 3.1). This vastly increased the num-
ber of corners per surface area, because the number of segments grows from 3 to 16 383, when the
order is raised from Ist to 7th (see equation (1)). A 7th order Hilbert fractal pattern can be visualized
in Wolfram Mathematica (13.3) with the following command:

Graphics[{Thickness[0.005], HilbertCurve[7]}]

The Hilbert pattern (figure S5) was exported to Inkscape (v. 1.2), where it was used as a template to
draw both aligned interfractals as a scalable vector graphics (.svg) file (figure S6). This allows scaling
and mapping of the pattern onto a defined grid, so that the electrode spacing and size could be pre-
cisely set. The pattern was next exported as .dxf file to Altium Designer (v. 20.2.4), where the PCB
layout was finalized, and the electrode width set. The patterns were scaled to fit on the dielectric bar-
rier, an alumina (Al,O3, 96% pure) plate of 100 x 100 x 1 mm (I x w x h). The insulating fractal
path followed the original Hilbert curve (figure 3). The parallel line pattern was a stereotype interdi-
gital pattern (figure 3). The spacing between the top and bottom electrodes was 0.5 mm and the elec-
trode width 0.25 mm in both DBDs. The two interfractal electrodes were placed on separate sides (top-
bottom) of the ceramic barrier (figure 3). The IDEs were similarly placed. The total electrode area was

3
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Figure 3. Twin surface DBD plasma panels. Top left: Interfractal DBD. Top right: Schematic of Hilbert interfractal electrodes.
Bottom left: IDE DBD. Bottom right: Schematic of interdigital electrodes. Red color: top electrode, Green color: bottom elec-
trode. Black color: spacing between electrodes. For the interfractal Hilbert electrodes, the black track coincides with the original
fractal path.

Figure 4. Left: Manufactured ceramic (Al,O3) twin surface DBD with interfractal Hilbert 7th order electrodes (Ag/Pd). On the
right hand side of the PCB, a connection pad for soldering the HV wires is present. Right: Close-up of the electrode traces.

82.5 x 82.5 mm? per side (figures S7 and S8). The ceramic PCBs were produced by CerCuits, Belgium.

Al,O3 was chosen as barrier because of its high dielectric strength, ozone resistance, and good thermal

properties compared to standard FR-4 PCB material [44—46]. The electrode material was 30 pm-high

silver/palladium, which has a low resistance, minimal electron migration and good solderability. A con-

nection pad was designated on each side of the DBDs for soldering the high voltage cables (see figure 4).
The total number of segments ! of a Hilbert fractal can be calculated from [47]:

I=4"-1 (1)

where n is the fractal order. This gives a total arc length of 16383 segments for the 7th order Hilbert
fractal. In our design, each segment was 0.75 mm long. Because of this length, the insulating Hilbert-7
fractal path exceeded the available electrode area of 82.5 x 82.5 mm. The fractal pattern was therefore
cut short by 26.1%. Its active length thus amounts 16383 x 0.75 x 0.739 = 9080 mm. This results in a
length of ~9 m on each side. The IDE DBD had a similar electrode length. It consisted of 55 tracks of
82.5 mm long on both sides, which add up to 55 x 82.5 x 2 = 9075 mm.

2.2. Experimental setup
A 3D-printed frame was made from PETG filament, which has good ozone resistance (see figure S4).
This frame, equipped with four nylon pillars, lifted the DBDs from the ground without touching the
electrodes. It should be recalled that plasma will form on both sides of the barrier. The DBD was housed
in a sealed PMMA box of 270 x 270 x 60 mm (with an air volume of ~4.3 1). The ozone build-up in
this box was measured using a chemical ozone meter (SKY2000-WH-0O3, YuanTe Tech. Co., 0-500 ppm).
Air was drawn at a calibrated flow rate of 0.6 1 min~! through the chemical sensor, which was connected
via a PTFE tube to the air outlet of the PMMA box. Two additional holes in the box allowed the HV
cables to pass through, while simultaneously acting as air inlets (see figure S4).

The cables were connected to a high-voltage push-pull switch (Behlke GHTS100A, with pro-
tective series resistor of 200 €2, figure 5). This switch produces square nanopulses of varying length

4
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Figure 5. Schematic of test setup.

(tpulse == 100 ns), voltage (1-10 kV) and pulse repetition frequency (PRE 0-15 kHz). In this study, #yise
was 1000 ns, PRF was 100/500 Hz and the positive pulse voltage was 0—6 kV.

The pulses have a rise time of 23 ns or longer (depending on the capacitive load of the plasma
device). The capacitance was found to be 192 and 195 pF for the inactive interfractal and IDE DBDs,
respectively (Keysight U1733C LCR meter).

The HV-switch was powered by a positive DC supply (Spellmann SL40PN600, 0—40 kV, 0-15 mA)
equipped with voltage and current displays. 5 V pulses were fed to the switch by a signal generator
(Tektronix AFG3252C). The pulses at the high voltage output of the switch were measured with a 1:1000
high-voltage probe (Tektronix P6015A, 10 ft. cable). The current was recorded at the ground electrode of
the plasma panel with a 1:20 current coil (Pearson 3525, connected with 50 €2 termination).

A PMT (Thorlabs PMT1001/M) was connected to a laptop with manufacturers software (PMT2100
v4.0, settings: gain 1.0, offset —1.5 V, resolution 80 MHz). The PMT was mounted 50 mm above the
plasma panel with a grounded clamp, and connected to the oscilloscope with 50 {2 termination. A neut-
ral density filter on the PMT (Thorlabs NDUV40A) reduced the incoming light intensity by 99.99% over
the whole wavelength range.

Photographs were taken by placing a camera 100 mm above the plasma panel (Nikon Z7 II with
Nikkor 24-120/4 S lense, ISO25600, shutter time 0.5 s). The camera was controlled through a wireless
module (CamRanger 2, with app). Detailed images of the DBDs were captured with a 3D microscope
(Microqubic MRCL700).

An optical emission spectrometer (Avantes Avaspec 3648) was used with AvaSoft 8 software and optic
fiber probe (Avantes FC-UVIR600-2), which was calibrated in-house by use of a deuterium-halogen
lamp (Avalight-DH-S-BAL). The fiber probe was positioned 30 mm above the DBD. The spectrometer
had the following settings: resolution 0.33 nm, detection range 175-1100 nm, slit 10 pm, grating 300
grooves mm~'. The photographs and OES measurements were made in a darkened chamber (GlareOne
LED Cube 60) with a blackout curtain placed over the chamber. Temperature and humidity of the air
were measured with a sensor probe (Dostmann P670). Surface temperature of the DBD was measured
with an infrared meter (Fluke 68 IR).

The output of the signal generator, high-voltage probe, current coil and PMT sensor were monitored
by a high-resolution oscilloscope (Rigol MSO5354, 350 Mhz, 8 GSa s™!). All experiments were conduc-
ted in an interlocked Faraday cage, with the researcher located outside for safety.

3. Results

3.1. Modeling of electric fields

Electric field modeling was carried out with COMSOL software (v. 6.2, electrostatics package). Silver
(e = 1 - 10°) electrodes were placed on the top and bottom of a 1 mm-thick alumina (¢, = 10) sheet
in air (see figure 6).

We varied the electrode height (hec), width (weec) and spacing in a 2D model to evaluate their
influence on the maximum electric field E.x (3 kV applied on the top electrodes, mesh setting: extra
fine). Data, acquired by ‘sweeping’ these parameters systematically, was processed and plotted in Python
(Spyder v.6), see figure 8.

The electrode height did not alter E,.x (as Emax resides near the dielectric surface). But, it extended
the region where plasma could be formed (figure 7). Therefore, the maximum production limit of A
(30 pm) was chosen.
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Figure 6. Schematic setup of model. The electrode width and height (Wejec, helec Tesp.) and electrode spacing were varied. The spot
for computing Emax was set at 0.5 um above the dielectric barrier and 0.5 pm left of the central HV-electrode in air, where the

electric field was found to be strongest.
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Figure 7. Calculated electric field strength. Left: hejec = 30 pm, right: hgec = 20 pm.
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Figure 8. Maximum electric field in the air near the high voltage central electrode (hec = 0.03 mm), as function of electrode
spacing and width.

Enmax increases when the spacing between the top and bottom electrodes decreases (figure 8).
However, when the spacing becomes too small (0.25 mm), we see a decline in Ey,.x (for
Welee < 0.5 mm). This is attributed to field interference between too closely spaced equipotential
electrodes [48].

The minimum production limit for weec of 0.25 mm was chosen to maximize the electrode length
within the available area. For this width, we find an optimal spacing of 0.5 mm. Then, En.x is merely
5.1% lower than the maximum value found in figure 8 (50.2 kV mm™"' ). For a spacing of 0.5 mm, the
straight segments of the Hilbert curve must each be 0.75 mm wide (see figure 3 top right). When the
Hilbert fractal was scaled to these dimensions, a 7th order fractal emerged. The order thus follows dir-
ectly from the dimensional optimization performed in our modeling. As noted earlier, the order should
be as high as possible to maximize the number of sharp corners.

A 3D simulation was performed to compare the electric field between the IDE and interfractal DBD
(figure 9). To mimic a twin surface DBD configuration, a top and bottom electrode were placed on an
1 mm-thick alumina substrate (with 3 kV applied to the top electrode, mesh: extra fine). The electric
field was mapped along the straight electrode (see figure 9(c), representing the IDE DBD) and at the
electrode edge (figure 9(d), representing the fractal DBD). The electric field clearly becomes stronger in

6
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Figure 9. Twin surface DBD modeling of electric field. (a): Model setup. (b): Top view of HV and ground electrode. (c): Electric
field distribution (V m™!) along the straight part of the HV electrode. (d): Electric field distribution (V m~1) at the edge of the
HYV electrode (Welec = 0.25 mm, hejec = 0.03 mm, spacing = 0.25 mm, applied voltage: 3 kV).

Figure 10. Application of 3-6 kV positive nanopulses to interfractal and IDE DBDs (PRF = 500 Hz). (a): Interfractal DBD, neg-
ative streamers. (b): IDE DBD, negative streamers. (c): Interfractal DBD, positive streamers. (d): IDE DBD, positive streamers
(T = 23.8° C, RH = 52%).

the air surrounding the electrode edge (with a maximum of 2.4 - 107 vs. 3.6 - 10’ V m™! for the straight
and edge electrode, resp.). This implies an enhancement by a factor of 1.5.

3.2. Optical characterization

Figure 10 depicts camera pictures of both panels excited by 4 pulse voltages (PRF = 500 Hz). In gen-
eral, CAP in air produces microdischarge filaments called streamers [11, 49]. Streamers occur simultan-
eously on both sides of the interfractal DBD (figures 10(a) and (c)) and IDE DBD (figures 10(b) and
(d)). A fundamental difference exists between positive streamers (emanating from a positive high voltage
electrode towards ground) and negative streamers (from a negative high voltage electrode to ground)
[11, 50].
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Figure 11. Positive (left) and negative (right) streamers on the interfractal DBD at 3 kV positive pulses. Close-up of figure 10.

=2

Figure 12. Streamers at 6 kV pulses. (a): Positive streamers interfractal DBD. (b): Negative streamers interfractal DBD.
(¢): Positive streamers IDE DBD. (d): Negative streamers IDE DBD. Top electrodes are accentuated by dashed black lines (line
width = 0.25 mm). Close-up of figure 10.

Positive streamers and negative streamers were observed on resp. The high voltage side and the
grounded side of the DBDs (see figures 11 and 12). A clear distinction can be made, positive streamers
appeared as many small purple-blue dot-like filaments near the fractal edges, whereas negative streamers
showed fewer, more diffuse filaments, which spread further and more unevenly across the alumina sur-
face (figure 11) [51]. Their color was less purplish than that of the positive streamers. The breakdown
voltage Vi, for positive streamers was somewhat lower, which is also reported in [52]. For the inter-
fractal DBD, streamers spread across the whole electrode surface from 3 kV onward, whereas for the IDE
DBD this occurred above 4-5 kV (see figure 10). Above 5 kV, the full area of both DBDs was covered
with microdischarges (figures 10 and 12).

The enhancement factor of 1.5 (from section 3.1) applies to all sharp corners in the interfractal DBD.
We estimated the number of these corners by counting all the streamers visible in figures 10(a) and (c)
at 3 kV. They appear at the locations where early breakdown is observed on both sides in the inter-
fractal DBD. The counting procedure is described in the supplementary material. In total, 2922 positive
and 2180 negative streamers were identified. So, the interfractal electrodes enhanced the electric field at
~5100 points on the DBD surface, compared to the IDE electrodes.

3.3. VI characteristics
Nanopulsed excitation is increasingly preferred over AC for creating intense CAP [11, 53]. It offers sev-
eral advantages. First, because of the rapidly changing electric field, the electron energy is increased
(compared to AC) due to faster electron acceleration [54]. This results in a higher RONS production,
e.g. ozone [55]. Secondly, heating of electrodes and air is lower. The pauses between pulses are relat-
ively long, particularly at a moderate PRF (0-15 kHz). This allows the microdischarge channels to cool
down. Furthermore, ions move slowly in nanopulses and therefore the rotational and vibrational excita-
tion of air molecules is modest [56, 57]. Overall, nanopulses produce a more intense plasma at a lower
power input, with less heat [53]. It has been reported that nanopulses preserve the electrodes and dielec-
tric barrier, while these may be damaged by AC [38].

The voltage V() and current I (t) for the interfractal DBD are displayed in figures 13 and 15 for
64 consecutive pulses. Voltage and current were measured with the standard electrode connection (high
voltage on the upper electrode, bottom electrode grounded), as well as with the connection reversed
(figures 13 and S4). The voltage and current profiles are identical. This confirms symmetrical charge
deposition on both sides of the panel, as expected, since the electrode dimensions and length are almost
equal. This is true for the interfractal and the IDE DBD (see figures 13 and S1). Large current peaks (up
to 15 A) were observed, attributable to the long electrode length, thin dielectric barrier and sharp elec-
trodes. The so called ‘two-spike’ current shape is visible, as was reported and well explained in [58].

The total measured current in a DBD consists of two components when V(f) > Vy,, namely the dis-
placement current I, (t) and the conduction current I.oqq(t) [58—60]:

ot (t) = Idisp (t) + Ieond (t) . (2)

The displacement current originates from the capacitive charging and discharging of the DBD. The
conduction current is the (plasma) current flowing through air, driven by rapid acceleration of electrons
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Figure 13. Current and voltage measurement of interfractal DBD, 5 kV pulses, with electrodes in normal and reversed setting
(PRF =500 Hz, T = 22.5 °C, RH = 43%). Data averaged over 64 pulses.

Voltage (kV}

" 250

500

750

W oolt), fractal
W eonalt), IDE

Current (A)

---- V1), fractal |-7.5
--—= Wt}, IDE

. . e ———
1000 1250 1500 1750 2000

Time (ns}

Figure 14. Conduction current I.,4(#) for interfractal and IDE DBD at 5 kV pulses (PRF = 500 Hz, T = 22.7-23.8 °C,
RH = 41%—45%, average of 4 measurements, each measurement averaged 64 pulses).
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Figure 15. Interfractal DBD total measured current Iio:(¢) for pulse voltages from 1-5 kV. Average of 64 pulses, PRF = 500 Hz

and the subsequent electron avalanches. The displacement current was assessed by measuring the total
current with V() just below Vy,, which is at 2 kV for the interfractal DBD and at 3 kV for the IDE
DBD (see sections 3.2 and 3.4, figure 15). The conduction current can next be estimated from the total
current using equation (2). The conduction current (for 64 consecutive pulses) given in figure 14 was
slightly higher for the interfractal DBD for 5 kV pulses.

3.3.1. Surface charging

The capacitance of the DBDs (C) increased markedly after plasma exposure (PRF = 500 Hz, varying
voltages, several minutes). Directly after exposure, the capacitance rose from 190 to ~530 pFE. After 24 h,
the C.o decreased to 380 pF and 32 h later to 300 pF. This effect is attributed to the accumulation of
surface charge on the dielectric barrier, a phenomenon also observed by others [51, 59]. The capacitance
never returned to its pre-exposure value of 190 pF. This is likely due to electrode oxidation, which could
be seen on the electrodes. An extra layer of dielectric material (the oxidation layer) forms on the elec-
trode surface. This weakens the electric field in the air gap where plasma is likely generated. Moreover,
the electrodes erode, increasing the separation between the electrodes (see figures 21-23). This erosion
also limits the electric field in the air next to the electrodes. Between runs, the high voltage side of the
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Figure 16. Light emission (PMT-signal) of the interfractal DBD for five pulse voltages (2-6 kV, PRF = 100 Hz, average of 16
pulses).
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Figure 17. Light emission (PMT-signal) of the IDE DBD for five pulse voltages (2—6 kV, PRF = 100 Hz, average of 16 pulses).
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Figure 18. OES spectrum of IDE DBD for 5 kV pulses (PRF = 500 Hz, T = 23.2 °C, RH = 46%). Integration time: 15 s. Average
of two measurements after subtraction of a measurement with plasma off (background noise). Vertical lines are the known emis-
sion peaks of the first negative and second positive system of nitrogen, as well as the NO y lines.

DBDs was grounded. Hereby, part of the surface charges may be neutralized. A modest rise in capacit-
ance was observed between the ozone measurement series (from 226 to 307 & 14 pF for the interfractal
electrodes (average of 6 measurements) but this did not significantly modify the voltage and current pro-
files (see figures S2 and S3) or the ozone production (see section 3.5).

3.4. PMT & OES measurements
PMT measurements revealed the onset of photon emission from interfractal electrodes for >3 kV pulses
(figure 16), and from IDE electrodes for >4 kV pulses (figure 17). The measurements were taken on
the high voltage side of the DBDs for 16 consecutive pulses. For 1000 ns pulses, distinct primary and
secondary discharges were noticed for both DBDs.

The main emission peaks in the OES spectra (figure 18) correspond to the second positive and first
negative system of N, [61], like other DBDs operated in ambient air [8, 19, 62]. The operation mode is
further discussed in section 3.5.
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Figure 19. Ozone concentration of the interfractal and IDE DBD for 3 and 5 kV pulses (PRF = 500 Hz, T = 22.7 °C—23.8 °C,
RH = 41%—45%, average of 4 measurements).

3.5. Ozone measurements

The ozone concentration was quantified repeatedly in both DBDs, for 3 and 5 kV pulses (see figure 19).
Each measurement cycle lasted 5 min, and four repetitions were conducted per measurement. The
plasma was active during the first 3 min, and ozone concentration was recorded every 30 s. After each
run, the box was vented for >10 min to reset the ozone level to 0 ppm, while the DBD surface cooled
back to ambient temperature (23.5 °C). Directly after the 5 min experiments, the interfractal and IDE
surfaces had a temperature of 28.1 &+ 0.3 and 28.4 £ 0.3 °C (average of 4 measurements).

The optical observations in sections 3.2 and 3.4 revealed that Vi, < 3 kV for the interfractal DBD
and Vi, > 3 kV for the IDE DBD. Hence, ozone should be detectable for the interfractal DBD at 3 kV
pulses, but not for the IDE DBD. Indeed, no rise in ozone concentration was detected for the IDE DBD
at 3 kV, whereas the interfractal DBD produced a concentration of 47 &+ 9 ppm after 3 min (average
of 4 measurements). For 5 kV pulses, both DBDs show microdischarges over the whole electrode area
(figure 10). We measured a maximum ozone concentration of 214 £ 9 and 197 £ 3 ppm for the inter-
fractal and IDE DBD, respectively (average of 4 measurements).

Ozone yield (103, in g kWh™!) was calculated using equation (3) [63]:

_60-C-Q

P plasma

(3)

103

where C is the ozone concentration (in g Nm~2), Q the air flow rate (in standard liters per minute) and
Pplasma the power deposited in the plasma (in W). The latter is given by [63]:

T
Pplasma = PRF - E, = PRE - / V(1) - Lot (£) dt (4)
0

where E, is the energy per pulse and T the pulse period (see figure 20). The ozone yield was determined
for both DBDs using the curves of figure 19 and the corresponding the VI plots given in figures S2 and
S3. The yield amounted to 6.41 and 4.75 g kWh™! for the interfractal and IDE DBD, respectively, indic-
ating that the interfractal DBD increased the ozone yield by 35%. Ppjasma equaled 2.38 for the interfractal
DBD and 2.95 W for the IDE DBD. Although E, was larger for the IDE DBD (see figure 20), a greater
portion was diverted to the displacement current rather than the conduction current (which is consistent
with the higher Vy,;). This, in combination with the lower ozone concentration, explains the lower yield
for the IDE DBD. The input power of the DC supply fed into the nanopulse switch averaged 10.0 and
10.6 W for the interfractal and IDE DBDs, respectively (11 measurements).

The specific input energy (SIE, in ] L™!) was calculated from [63]:

SIE — 60 - Pplasma

(5)
and found to be 258 for the interfractal DBD and 320 J L~! for the IDE DBD.
The DBDs operated in the ozone mode throughout the test procedure (5 min). This conclusion is

supported by several observations. Firstly: Dry semi-quantative test strips (Macherey—Nagel Quantofix)
were placed in the closed box. After the experiments, the strips were wetted with demi-water and the
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Figure 20. Energy per pulse during ozone experiments. Each curve is the average of 320 pulses.

nitrate (NO3) and nitrite (NO3) concentrations were assessed. Low levels of nitrite and nitrate are expec-
ted when a DBD is in ozone mode [20, 22], since these form when NO, dissolves in water [64]. This
was indeed the case for both DBDs, equal values were found (NO3 ~ 50 mg 17! and NO; ~ 1 mg 17},
see figure S11). Secondly, the ozone concentration increased steadily over time. A transition towards NO,
would only occur when the concentration flattens or decreases during operation [25]. Thirdly, the elec-
trode heating remained very low (<5°). This was anticipated as the DBDs operated with a low power
density characteristic for ozone mode (<0.025 W cm™2) [25]. When electrodes heat up, a shift towards
the NO, mode is likely, see [21, 22]. Fourthly, other authors show that the SIE applied in our DBDs fall
in the range associated with ozone mode [19, 63]. We performed our experiments at a moderate air flow
and humidity, which suppress ozone destruction and prevent a shift to NO, mode [19].

4. Discussion

Interfractal electrodes can be deposited just as easily as traditional IDEs on a PCB, thanks to modern
computer-aided manufacturing.

To our knowledge, this is the first report on double-sided (twin) surface DBDs utilizing an ‘inter-
fractal’ electrode pattern. This approach demonstrates that any space-filling fractal (Hilbert, Peano,
Moore etc.), of any order, can be split into two non-overlapping fractal electrodes, which can be printed
on opposite sides of a dielectric PCB to create a twin surface DBD. The scaling (fractal order) of these
electrodes can be adjusted to optimize the performance for a predetermined goal (e.g. capacitive storage,
heat dissipation, electric field enhancement).

In our design, an active electrode length of >9 m was achieved on both sides of an Al,O3 barrier
surface of merely 68 cm?, based on a space-filling Hilbert fractal (7th order) insulation track. The scal-
ing of the electrodes allows simultaneous formation of many microdischarges, a key factor for effective
plasma production [4]. The large electrode length increased the deposited charge and conduction cur-
rent of the DBD, whereby current peaks up to 15 A were observed (figure 13). We found early streamer
formation on ~5100 points on our interfractal DBD as a result (see figures S9 and S10).

It is well-known that sharp or thin electrodes increase the electric field in the air gap (Eg) [65, 66].
Edges or corners are sharper that flat electrodes, and likewise enhance E; [36]. The breakdown voltage
(Vi) is thus lowered by the use of sharp electrodes. The electric field enhancement (estimated 1.5x in
our interfractal DBD) persists even if V(¢) is raised. A higher E, ramps up the electron temperature and
density [67, 68]. This in turn increases the probability of inelastic collisions of an electron with a gas
molecule, leading to ionization [69]. This mechanism accounts for the higher ozone concentration in the
fractal DBD.

As mentioned previously, a too high E; in ambient air may cause quenching, leading to decrease of
ozone in favour of NO, production. However, we observed the DBDs to operate consistently in the Os
regime, cf section 3.5.

The electrode width (wejec) should be minimized to allow a larger number of fractal segments to be
put on the barrier, thereby increasing the electrode length. Multiple microdischarges can then be formed
simultaneously [4]. Thin electrodes reduce C.y [70]. This shortens the pulse rise time, and lowers the
displacement current [71, 72].

Using a thin dielectric barrier (1 mm) increases Ej, relative to thicker barriers [40]. Some authors
used a thinner alumina barrier, but this introduces the risk of shattering due to the brittleness of Al,O5

12



I0P Publishing J. Phys. D: Appl. Phys. 59 (2026) 025203 L F A Wymenga et al

—_—

Figure 21. Electrode degradation after all experiments described in this study, performed over a span of 2 weeks (left: interfractal
DBD, right: IDE DBD). Also, some discoloration of the alumina barrier can be seen, caused by prolonged CAP-induced electron
etching.

alumina ~

electrode

Figure 22. SEM images of unexposed (left) and plasma exposed electrode (right). (a), (b): 200 x magnification. (c), (d): 350 x.
(e), (f): 1000 x. Black spots were observed on the exposed electrodes, as well as erosion of the electrode edges. In image f,
sputtered particles are observed on the electrode.

[40, 69]. The benefits of alumina are its plasma resistance and high relative permittivity (¢, ~ 10), which
enhance the deposited charge per pulse [73].

Compared to IDE electrodes, interfractal electrodes enhanced E; due to the abundance of sharp
corners and kinks. This translated to a 25% reduction in breakdown voltage for the interfractal DBD (3
vs. >4 kV for the IDE DBD), a 9% higher ozone production and a 35% increase in ozone yield (using
positive nanopulses). These findings were supported by current and PMT measurements, which showed
a higher conduction current and more photon emission from the interfractal DBD. Li et al demonstrated
that twin sDBDs produce higher ozone yields than single-sided sDBDs [40]. An interfractal twin sDBD
can be seen as a further advancement. While we observed a modest rise (9%) in ozone concentration for
5 kV pulses, the improvement for 3 kV pulses was more striking (47 vs. 0 ppm for the interfractal and
IDE DBD resp.). In practice, this means that if the pulse source has a voltage maximum of 3 kV (typical
for a solid-state switch device), the interfractal DBD can be powered effectively, whereas the a IDE DBD
may not.

However, material considerations remain critical. To prevent electrode or dielectric barrier degrad-
ation, all materials in contact with the plasma must be resistant to oxidation, high local electric fields
(>>3 kV mm™!) and electron bombardment [74]. Due to technical restrains, only Ag/Pd electrodes
could be used, which showed signs of degradation (see figures 21-23). SEM imaging uncovered cracks,
eroded areas and signs of electrode material sputtering, compared to unused electrodes (figures 22
and 23). Also, unidentified black spots appeared on the powered electrodes. Although the ozone and
current measurements were not affected by this degradation during our experiments (see figures S2 and
S3), a reliable long-term operation cannot yet be expected [74, 75]. This limits the industrial implement-
ation of DBDs, because maintenance and replacement are expensive. Electrode erosion may release metal
particles in the environment [74]. It also widens the gap between the electrodes, which weakens the elec-
tric field. Oxidation layers formed on the electrodes act as extra dielectric barrier, further reducing the
electric field. Mitigation strategies include the use of plasma resistant electrodes (such as gold [76]) or
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Figure 23. SEM images of the plasma-exposed electrodes. Cracks in the electrodes are accentuated with blue arrows. The yellow
encircled area highlights eroded parts of the electrodes. Purple circles accentuate black spots observed on exposed electrodes.
Magnification 1000 X. Top: fractal edge segment. Bottom: line segment.

embedding of the electrodes within the barrier. The latter strategy has been applied in coplanar [77],
grating [78], multi-hollow [63] and volume DBDs [27].

The barrier material (Al,O3) showed no signs of degradation, only yellowing [44]. Future research
should focus on finding CAP-resistant materials for the fractal electrodes (i.e. gold-plated metals [76] or
coatings [27]) and on scaling up to devices with fairly large surfaces (hundreds of cm?). Whether fractal
electrodes degrade faster than an IDE electrodes, might be an interesting topic for future research.

5. Conclusion

A novel fractal-based electrode twin surface DBD (termed ‘interfractal DBD’) was developed. Compared
to an IDE twin surface DBD (‘IDE DBD’), the interfractal design produces plasma more effectively.

The interfractal DBD (based on a 7th order space-filling Hilbert fractal) achieved a 9% higher ozone
concentration, a 35% higher ozone yield and a 25% lower breakdown voltage compared to a familiar
IDE DBD. PMT and current measurements also exhibited a higher photon emission and conduction cur-
rent for the interfractal DBD.

These improvements are ascribed to the pronounced edge effect in interfractal electrodes. Modeling
results indicate that this geometry creates higher electric fields, which in turn raise the electron energy
and density, leading to an increased ionization of air. This results in a more power-efficient ozone pro-
duction. Owing to the stronger edge effect, a higher conduction current and photon emission, as well as
earlier streamer formation were observed in the interfractal DBD, all of which support our theoretical
interpretation.

Future work of our group will address the observed electrode degradation. This is a critical, underex-
plored issue for the successful industrial deployment of CAP technologies.
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