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Outline

The subject of this whitepaper is the atmospheric pressure plasma jet piezobrush® PZ3,
developed by Relyon Plasma GmbH in Regensburg, Germany, on the base of the CeraPlas® F
and CeraPlas® drive - both products of TDK Electronics GmbH & Co OG in Deutsch-
landsberg, Austria.

The main task of the piezobrush® PZ3 is the plasma treatment of different materials for
increase of the surface energy. The increased surface energy enhances the wettability, the
adhesion of glues, casting compounds and sealings or improves the printability in wide
range of industries. The treatment rate in the range of few square centimeters per second
makes the piezobrush® PZ3 predestined for small-scale works mainly in the laboratory,
workshop, and small-scale production. The low thermal load makes it possible to apply
the piezobrush® PZ3 in combination with specialized nozzles on biomaterials and tissues.
The objective of this document is the technical presentation of the piezobrush® PZ3
addressed to potential technical sales and users. The document contains a short expla-
nation of the working principles, comparison to other plasma tools, typical applications,
technical and performance data. The comparison was made with the predecessor de-
vice piezobrush® PZ2. The presented information should help in deciding the specific
applications the device can be used for. The measurement of Ozone concentration, elec-
tric field and activation area have been used for the quantitative characterization of the
piezobrush® PZ3. The piezobrush® PZ3 whitepaper Part II and III deal with principles,

performance characterization, and application examples of specialized nozzles.

Keywords: atmospheric pressure plasma jet (APPJ), piezoelectric direct discharge
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1 Introduction

The piezoelectric transformers (PTs) [9] of Rosen type [45] were broadly used as a high
voltage source for power electronics [7, 32]. The specification of such PTs allowed for
the ignition of low-pressure gaseous discharges, such as neon lamps [46], cold cathode
fluorescent lamps (CCFL) [58, 33|, oxygen containing gas mixtures for Ozone genera-
tion [27, 52] or plasma for thrusters [23]. The resonantly driven PTs [4] with multilayer
structure [22] reached voltage transformation ratios sufficient for sustaining a high inten-

sity atmospheric pressure plasma jets (APPJs) with noble gases [34, 55, 56, 53, 54, 29, 15].

Reinhausen Plasma GmbH (the predecessor of Relyon Plasma) commercialized desktop
device belonging to this generation under brand name piezobrush® PZ1 in 2009. It gen-
erates an efficient discharge in helium and is a useful tool for surface activation before
processing steps such as: gluing, painting, printing, casting, foaming, coating or siliconiz-
ing. An increase of wettability, printability or adhesion has been achieved on polymers

40, 48, 41], silica [28], and ceramics. [25, 26]

The specialized plasma generating device CeraPlas® F, working with low input voltage
in the range of 5 — 25 V, and being able to work with environmental air as a plasma
gas due to high voltage transformation ratio (see section 4.1), was developed by EPCOS
in Deutschlandsberg [50]. The CeraPlas® F has no high voltage electrode, but the en-
tire high voltage PZT surface is used for plasma ignition. This novel method of plasma
generation is called piezoelectric direct discharge (PDD) [59]. The CeraPlas® F enabled
the development of the world-wide first hand-held piezoelectric device generating plasma
with environmental air [39]. Starting from 2014, this device was commercialized by Re-
lyon Plasma GmbH as piezobrush® PZ2. It is distributed over a world-wide network of
sales partners and is also labeled for OEM customers. The piezobrush® PZ3 is a further

development of piezobrush® PZ2 based on the same CeraPlas® F and novel driver elec-



tronics.

2 Applications of piezobrush® PZ2

The piezobrush® PZ2 covers all application fields of the piezobrush® PZ1 and enables
many new applications. The representative examples are the treatment of polymer sur-
faces for improvement of printability, adhesion and casting [8] and the pretreatment (clean-
ing, activation) of titanium [57] for implantology. Due to a moderate activation rate of
2-5 cm?/min, the piezobrush® PZ2 is applied mainly in research and development labs,
workshops and production sites for small components such as sockets, plugs or wire ends.
In course of commercialization, different features were added to the original piezobrush® PZ2
device for fulfillment of the customer’s wishes. The near-field nozzle allows a safe oper-
ation with electrically conductive substrates (metals, carbon reinforced plastics, carbon
containing rubbers). The multi-gas-nozzle allows the operation with noble gases, the
operation with noble gas mixtures with molecular gases and with nitrogen. The needle
nozzle allows a precise plasma-thermal micro-treatment. To address the needs of indus-
trial users, the piezobrush® PZ2-i version was developed, allowing an external switching
of the plasma and an application of the clean gases: compressed dry air (CDA) or nitro-
gen. If using the flow control, the CeraPlas® F cooling conditions in piezobrush® PZ2-i

are independent on the type of nozzle or the substrate distance.

3 piezobrush®PZ3

Based on the extended application and service experience with piezobrush® PZ2 collected
since 2014, the model piezobrush® PZ3 (see figure 1) was developed as a result of coop-

eration of TDK-Electronics (ex-Epcos) and Relyon Plasma GmbH.



3.1 The new features of the piezobrush® PZ3

The piezobrush® PZ3 is, similarly to piezobrush® PZ2, a hand-held device working with
environmental air and applying the same CeraPlas® F. The main technical innovations of

the piezobrush® PZ3 in comparison with the piezobrush® PZ2 are:

e Intelligent replaceable modules.
The fully operable piezobrush® PZ3 consists of an ac-dc power adapter supply-
ing 24 V, a base unit comprising a fan and electronic boards and a replaceable
CeraPlas® F module (see figure 2). The main component of each CeraPlas®F
module is the CeraPlas®F fixed in a plastic holder. For easy replacement, the
CeraPlas® F module is equipped with a contact strip which fits in a CeraPlas®F
module socket located on the human machine interface (HMI) board. This multi-
task connection supplies the 50kHz voltage to the CeraPlas® F input and allows
the reading/writing of relevant information in the CeraPlas® F module. During op-
eration, the operating hours counter is actualized. Important operating conditions
such as sensor values (temperatures, acceleration, current) are recorded for diag-
nostics purposes. The stored information about the CeraPlas® F module type is
used by the system controller to set the proper operating conditions for the specific
nozzle integrated in the CeraPlas® F module. Storing the operation settings in the
CeraPlas® F module allows for an easier adoption of the future specialized nozzles.
The integration of the CeraPlas® F in each replaceable CeraPlas® F module allows
for smaller admissible tolerance of the distance between the CeraPlas®F tip and
the coupling electrode in the near-field nozzle and the multi-gas nozzle. This toler-
ance is essential for reproduceable process results and a stable plasma intensity. An
additional advantage of modularity is an easier servicing of the device, especially

the replacement of the CeraPlas®F.



24 V socket

base unit

HMI board diagnostic
port

LCD display

drive board

{pieza brush

navigation keys

CeraPlas®F
module socket

START/STOP key

housing
lower
shell

housing upper shell

release
button

CeraPlas®F module

/ nozzle outlet

a) b)

Figure 1: Front view a) and side view cross-section b) of the piezobrush® PZ3.



e Human-machine-interface.
The only operation function of the piezobrush® PZ2 is switching on and off by use
of a single key. The piezobrush® PZ3 can also be used like this, but has much more
versatile user options, which are realized by use of a HMI interface. The printed
circuit board (PCB) of the HMI is integrated in the housing upper shell. The HMI
comprises a 64 x 80 color OLED display, four arrow keys and a START/STOP key
(see figure 1 (a)). The arrow keys allow for the navigation in the user menu and
selection of the parameter settings. The user can choose different operation modes

and settings. The HMI functions are described in the next section.

e Powerful drive board.
Similar to the piezobrush® PZ2 drive, the CeraPlas® drive comprises the system
controller and CeraPlas®F signal management circuitry. The aim of the increased
computing power of the new CeraPlas®drive is the extended device diagnostics,
better frequency control and communication with the HMI board. The sinusoidal
excitation signal of the CeraPlas® F can be generated. The 24 V ac-dc adapter

instead of 15 V one is used to power the piezobrush® PZ2 drive.

e Plasma and device diagnostics.
Two levels of plasma and device diagnostics are implemented. The first level, ac-
cessible for the user, is over the HMI interface, with warnings and failures described
in section 3.2. The second level, accessible over a diagnostic port (see figure 1), can

be used for service purposes.
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Figure 2: The replaceable CeraPlas® F open nozzle module used in piezobrush® PZ3.

e Optimized fan.
A fan with a magnetic bearing and a brushless motor, and consequently with the
increased lifetime of 70,000 hours, the reduced power consumption of 0.53 W, and
reduced noise is used. The implementation of the 5 V supply allowed to apply a very
compact fan with an optimal aerodynamic characteristic. The reduced air flow re-
sults in a higher efficiency of the surface treatment (see section 6.2 for explanation).
At the same time, it is sufficient for cooling of the CeraPlas® F and the electronic
PCBs in the piezobrush® PZ3 housing. The reduced power consumption of the fan

allows for longer operation time if used with a battery pack.

e Novel mechanical features.
The main mechanical properties (sizes, weight, overall shape) are similar to those
of the piezobrush® PZ2. A robust, close tolerated mechanism with release buttons

is implemented in the piezobrush® PZ3 for locking the CeraPlas® F modules. The



design of the plasma generating part of the piezobrush® PZ3 prevents the device
from being too close to the electrically conducting objects as described in detail in
operation manual [44]. This measure minimizes the risk of a spark to the fingers of
the operator or metal tools and reduces the failure probability of the CeraPlas®F.
A better look of the device case is reached by the up-to-date design and an improved

polymer surface finish.
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Figure 3: Display and buttons of the human-machine interface (HMI).

3.2 Functions of the HMI

The piezobrush® PZ3 is equipped with an extended intelligence and flexibility, which are
accessible and controllable by the HMI. The HMI display contents and the function of the
buttons is explained in figure 3. In following, the most important features of this HMI

are shortly described.



Plug and play.
After switching on the 24 V power supply (or inserting the powered plug)
e the fan starts working with the stand-by power (3 V supplied to the fan),
e the OLED display is on and in an operation mode, and
e the settings used before last power OFF are active.
After 3 seconds, the plasma can be switched on by use of the START/STOP key. During

plasma operation the fan is working with full power (supply voltage of 5 V).

User choices
By pressing the left or right key, the HMI is switching to the menu mode, and then the
selection of one of the following menu items is possible:
e process (countdown, metronome, stopwatch),
e time (from 1 s to 5 min in 1 s steps),
e power (from 30% to 100% in 5% steps),
e failure or worn handling mode,
e buzzer volume (level from 1 to 5),
e orientation of the display and the keys (portrait or landscape),
e nozzle information (max power, uptime, starting date) — no selection, and
e device information and firmware version — no selection.
The values can be set by use of the up and down keys. After 15 s without any actions,

the display returns automatically to the operation mode.

What does the display show?

In the operation mode, the OLED display shows (see figure 3):
e the name of the nozzle module inserted (e.g. “standard”)
e the selected process mode (e.g. “stopwatch”)

e the magenta bar visualizing the elapsing time with different meaning, depending on



the process mode selected,
e the power level, and
e the three rectangle fields with letters P, F and T.
P field shows the plasma conditions. It is white, if plasma is not switched on, it is green
when plasma is ignited and OK, it turns red if open nozzle module is operated with elec-
trically conducting objects and the power is switched off (failure). It turns orange, if the
near-field plasma module is operated without conducting load for longer than 5 seconds

(to avoid overheating of the CeraPlas® F) and power is switched off (failure).

F field shows the condition of the fan. White background means, that fan is running in
stand-by mode. The rectangle background turns green, if plasma is switched on and the

fan is operated with full power.

T field displays the thermal conditions of the electronics. Under normal conditions, it is

green and in case of overheating, it turns red.

Three tools in one
The three possible process modes allow using the piezobrush® PZ3 optimally for very

different tasks.

The “stopwatch” mode is suitable for processing of substrates with complex shapes
or large areas, when the exact treatment time cannot be predicted. The elapsed time
is displayed without magenta bar visualization. The plasma remains ON until the next
pressing of the START /STOP key.

The “countdown” mode is very useful, if a large number of substrates with the same
treatment time should be processed. The magenta bar length visualizes the remaining

plasma-ON time. When the countdown time is elapsed, a buzzer sound signalizes the end
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of the plasma operation. The fan returns to the “stand-by” mode.

In the “metronome” mode, the elapsed time is shown and visualized with the magenta
bar. After reaching the set time, the bar is going to zero and a buzzer sound can be heard.
The plasma is continuing to be ON. The time counting of the new cycle starts automat-
ically. The acoustic feedback is a useful aid if larger substrates should be treated with
a repeating back-and-forth motion of the piezobrush® PZ3 and each sweeping movement

should have roughly the same duration.

Is this a failure?

The piezobrush® PZ3 handles in an intelligent way the untypical situations during the
device operation and informs the user about such condition. For example, if no plasma
module is inserted, a black display with warning “no module found” informs that no
plasma can be ignited without plasma module.

If no keys are pressed longer than 1 min, the OLED display is getting darker.

The movement sensor, belonging to the controller board, is used for detection of the still
stand. If the piezobrush® PZ3 is left running longer than 5 min without any motion in
any process mode, the power is switched off and if motion is detected, the operation will

not be interrupted.

4 The CeraPlas®F operation principle

The task of the CeraPlas® F is to generate a high ac voltage, typically over 10 kV. The
electric field at the CeraPlas®F tip causes an ionization processes in the surrounding gas
and the initiation of a micro-discharge [14]. The voltage transformation is achieved at
resonant frequency due to the formation of a standing acoustic wave which transforms
the low voltage from the input side to a high voltage at the mechanically coupled output
side. To minimize the damping of the oscillation, the fixtures and electric connections of

the CeraPlas®F are positioned in the nodal points of this standing acoustic wave. The
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following sections show how the generation of high voltage and sustaining plasma can be

achieved by piezoelectric principle and by control of the CeraPlas®F.

4.1 Piezoelectric principle

The main task of the CeraPlas®F is, similar to the common magnetic transformers, the
conversion of the electric ac input signal with low voltage and high current to the output
signal with high voltage and low current. Thereby, its performance is characterized by
the voltage transformation ratio defined as the ratio of the output voltage to the
input voltage. Essential for operation of the CeraPlas® F are two physical effects: the
direct piezoelectric effect and the indirect (converse) piezoelectric effect [38]. The direct
piezoelectric effect causes the increase of the polarization strength and, consequently, the
surface charge density on two sides of a piezoelectric material, when it is subjected to
the external mechanical stress. This effect is especially strong if the mechanical force is
applied in the direction of the polarization vector in a pre-polarized ferroelectric material.
The converse piezoelectric effect occurs if a mechanical deformation of the piezoelectric
material follows the voltage applied on this material. Also, this effect is strongest in
pre-polarized ferroelectric material blocks when the electric field is applied parallel to the

vector of polarization.

The idea of the PT is to combine these two effects in a two-zones material block. In the
primary zone, a small voltage is applied to induce its geometrical deformation (converse
piezoelectric effect). The primary zone is mechanically connected to the secondary zone,
in which the mechanical deformation of the first block is causing the mechanical stress,
resulting in the generation of a high voltage. A specific technical solution is a two-zone

cuboid-shaped block.

Typically, the primary zone is polarized perpendicular to the cuboid long axis and the
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Table 1: The typical parameter of CeraPlas® F [50].

parameter description parameter value
operating frequency [kHz] 50
maximum voltage transformation ratio ~ 1000
weight [g] 8.0
length x width x thickness [mm|] 72 x6x28
material PZT
maximum operating power [W] 8.0
input voltage [V] 12 -24
output voltage [kV] <15
input capacity Ci, [ uF ] ~2.0
output capacity Coy | pF | ~3.0
Ozone production rate in air [mg/h] < 100

same way, the voltage is applied. The secondary zone is polarized parallel to the long axis
of the cuboid, causing generation of a high voltage due to the axial force from the first
block. Such mechanical deformation of the input zone of the PT can be reached at much
lower input voltage if multilayer structure is applied [45]. A further measure to increase
the voltage transformation ratio, is using for the electric excitation signal a frequency
close to the mechanical resonance frequency. By choosing the 2°¢ harmonic vibration
mode as operation mode it is possible to contact and mount the piezoelectric transformer
at the vibration nodal points without disturbing its mechanical movement. These points

are also used for mechanical fixing the device.

4.2 Properties of the CeraPlas®F

The CeraPlas®F is constructed as a two-zone cuboid-shaped Rosen type, PZT (lead-

zirconate-titanate [21], Pb[Zr,Ti;_,]O3 (0 < < 1)) based multilayer PT. The 2"¢ har-
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monic frequency of a resonant longitudinal mechanical oscillation of the CeraPlas® F is
used for the excitation of resonant oscillation of the PZT block. The typical parameters of
the CeraPlas® F are summarized in the table 1. The formulas describing the dependence
of the resonant frequency, the voltage transformation ratio and other electric properties

of a PZT based PT on geometrical and material data are described in [19].
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Figure 4: Trajectory of the working point of the PT on the resonant curves during plasma
ignition.
4.3 CeraPlas®F as resonator

Any block of material with regular shapes has its own oscillation frequencies, like tuning
fork emitting a sound with definite pitch if jolted. Also, the PZT block of the CeraPlas® F
can oscillate with its own resonance frequency determined by its geometrical sizes and

the material properties (speed of sound) [58] but we are not able to hear this oscillation,
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because it is ultrasonic.

The behavior of a PT, considered as a damped harmonic oscillator [2] can be de-
scribed using a resonance curve (see Figure 4) showing the dependence of the voltage
transformation ratio on the excitation frequency. The voltage transformation ratio has
its maximum value for resonance frequency. The resonant oscillation excited by a short
input voltage pulse can continue very long or can fade away quite fast. The time constant
of this decay depends on so called damping ratio. The ideal resonance case with the
damping ratio equal zero is the endless continuing oscillation. At damping ratio values
higher than 0.3, no resonant oscillation is possible (overdamped oscillation) [2]. For
very small values of the damping ratio, the value of the oscillation amplitude at reso-
nance frequency is high and the full width at half maximum (FWHM) of the resonance
curve is very small. Figure 4 demonstrates the influence of the damping on the resonance
curve. With increasing damping factor, in the shown example from 0.001 to 0.0025, the
maximum voltage transformation ratio decreases. In the same time the FWHM increases
and the resonance frequency slightly decreases. The main reasons for damping of the
CeraPlas®F oscillations are:

e mechanical losses in the PZT material,

e friction of the holder system and the electric connections,

e clectrostatic losses,

e capacitive coupling, and

e ohmic losses due to plasma.

4.4 Excitation frequency control

It seems easy to excite the CeraPlas® F with a frequency assuring the high voltage trans-
formation ratio by fixing its value close to the resonant frequency. However, no stable

operation can be established with constant excitation frequency. Different factors cause
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variation in the resonant frequency of the device, e.g. the CeraPlas® F ambient tem-
perature, the heating during operation and the electrical loading [31]. The frequency is
changed also to control the input power, which can’t be controlled directly. The power
level is controlled by setting of input voltage, input current and the excitation frequency.
To sustain a stable operation a fitting feedback control was implemented. Therefore, any
change in the operating frequency is detected and adjusted to operate at maximum effi-

ciency again. [16]

4.5 Plasma ignition

Figure 4 shows the operational interaction between the plasma load and the CeraPlas®F.
Before the plasma ignition, the electric load of the CeraPlas® F is a small capacity, causing
a weak damping. The operating point of the CeraPlas® F will be on the blue resonance
curve in Figure 4 representing the low damping conditions. Since the exact plasma igni-
tion voltage and operating frequency are not known, the starting point of the frequency
control is on the right side of the resonant curve in the region of low voltage transfor-
mation ratio. This is shown as point A. As the operating frequency is decreased, the
CeraPlas® F voltage transformation ratio moves up the “no plasma” line until the plasma,
ignition voltage is reached. This happens in operating point B. After plasma ignition,
the the damping ratio increases abruptly. The ignition of plasma causes reduction of
the resonant frequency and the voltage transformation ratio of the CeraPlas® F [11]. The
resonance curve “no plasma” is not valid anymore. The operating point jumps to the reso-
nance curve “with plasma’” valid for stronger damping and reaches the operating point C.
Subsequently, the operating point moves from point C to point D, causing an increase of
voltage transformation ratio and consequently, plasma intensity. The operating frequency
of the point D is reduced this way, that the input power of the CeraPlas®F can reach
the set value. In the Figure 4 the plasma operation is represented by the single curve. In

reality, the plasma loaded resonance curve is permanently changing, adopting its shape
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to the non-constant damping ratio. The piezobrush® PZ3 firmware keeps the operating

point on right side of the resonance curve to avoid control instabilities.

4.6 PDD principle

The periodic input voltage excites the oscillation of the CeraPlas® F not abruptly, but
within several oscillation cycles. Depending on the mechanical vibration quality, several
tens to several hundred oscillation cycles are needed to reach the output voltage value
high enough for discharge ignition. During a single half-period of the voltage excitation,
the multiple micro-discharges can be generated from restricted areas of the PZT sur-
face. The output capacity plays an important role in prediction of the electric behavior
of the CeraPlas®F as it consists of parallel connection of the capacity of a non-loaded
CeraPlas®F (see Coy in table 1) and capacity of the capacitive CeraPlas® F load Cioaq.
The last one varies if plasma ignites. This capacity is storing and delivering the charge
needed for the evolution of the micro-discharges. The ignition of plasma is causing a de-
crease of the output impedance and consequently, a reduction of the resonant frequency,
increase of the FWHM of the resonance curve, and decrease of the voltage transformation

ratio of the CeraPlas®F.
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Figure 5: Principle of measurement of the electric field generated by piezoelectric discharge
using capacitive large area probe, with connection for oscilloscope.

5 Characterization of the electric fields

5.1 E-field measurement

The strong electric fields generated at the tip of the CeraPlas® F can be detected by use of
a capacitive probe. The one used for the PDD characterization consists of two electrodes
made of a 20 ym thick aluminum foil being superimposed on both sides of a 1 mm thick
alumina plate. Both electrodes are aligned and have an area of 25 cm?. The first electrode
is directed toward the CeraPlas®F and remains electrically floating. The second one is
positioned on the opposite side of the Al,O3 plate and connected to the resistive shunt
and to the oscilloscope as shown in figure 5. An optimal distance between the tip of the

CeraPlas® F and the surface of the aluminum electrode is d = 30 mm.!
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The measured capacity C' of the capacitive probe is 187+0.2 pF. The resistor R used
as a shunt, has a resistance of 9.92 k2. The voltage over this resistor is measured as a
function of time by a voltage probe of the digital storage oscilloscope. Typically, 5000000

samples for a single measurement are collected. A duration of each sample is 0.4 ns.

5.2 E-field produced by PDD

In figure 6 the time dependent voltage signal collected from CeraPlas®F is shown. It
can be considered as an overlap of a more-or-less sinusoidal, periodic line and short non-
periodic pulses at the maximum and minimum of the periodic curve. The period of the
sinusoidal component corresponds to the frequency of the 2"4 harmonic of the resonant
CeraPlas®F oscillation. This signal component is roughly proportional to the electric
field on the tip of the CeraPlas® F. Both, the amplitude of the periodic signal and the
number and magnitude of the micro-discharge spikes can be used for diagnostic purposes.
The periodic signal component follows the changes of the electric field of the CeraPlas® F
itself and can be characterized by peak-to-peak voltage value V,,. This signal can be

observed even if no plasma is present at the CeraPlas® F tip.

The short pulses are reactions of the capacitive probe circuitry on the field changes related
to the micro-discharges at the tip of the CeraPlas® F. They are present only if the field is
strong enough to cause the gaseous break-down, when the measured voltage reaches ex-
treme values. The electric conductivity of the PZT ceramics is quite small, allowing that
high voltages between different regions of the CeraPlas® F tip surface can rise. Conse-
quently, it is possible that one region is generating already a micro-discharge, when other
regions are still accumulating the charge to reach the break-down field. The consequence

is that several independent micro-discharges can be ignited during a single half-period of

IThe distance of 1.54£0.5 mm between the CeraPlas® F tip and the substrate corresponds to the
position, where the substate is touching the edge of the open nozzle module (zero distance from the
nozzle).
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Figure 6: Voltage signal as a function of time for CeraPlas® F operated with 8.3 W power.

Distance between the CeraPlas® F tip and the capacitive probe surface is 30 mm.

the CeraPlas® F oscillation.

The signals at minimum and maximum of the periodic voltage curve are different. Typ-
ically, the peaks occurring when voltage is positive (anodic peaks) are stronger than the
peaks present when voltage is negative (cathodic peaks). Responsible for such asymmetry
is the difference in physics of the positive and negative streamers occurring in the early
phase of the micro-discharge development [30]. A positive streamer needs only a half as
large electric field as a negative streamer for its propagation. It reaches also much larger

dimensions than the negative one.

The higher the amplitude of the sinusoidal voltage signal, the larger the number and the
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height of the micro-discharge signals. Since the micro-discharges are responsible for gen-

eration of chemically active species, their number per excitation cycle correlates with the

Ozone production rate and activation efficiency.
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Figure 7: Amplitude of the voltage signal as a function of the CeraPlas® F input power
at the electrical field measurement.

5.3 Amplitude vs. power

The amplitude of the sinusoidal component of the voltage measured by the capacitive

probe is proportional to the electric field produced by a CeraPlas® F. In figure 7, the de-

pendence of this voltage amplitude on the input power of the CeraPlas® F is displayed. For

power larger than the ignition threshold, the voltage amplitude increases monotonously

with power. A saturation tendency can be observed for power values over 8 W. This value

corresponds to the working point of the piezobrush® PZ3, which is in the same time, the
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maximum power, which can be applied to the CeraPlas® F accordingly to its specifica-

tions [51], and corresponds to the 100% power level in the HMI settings.

For comparison, the working point of the standard piezobrush® PZ2 is depicted. The
voltage amplitude for piezobrush® PZ3 is approximately 20% higher than the standard
piezobrush® PZ2 and this means a significant improvement of the CeraPlas® F efficiency.
This improvement is due mainly to the more stable frequency control of the CeraPlas® drive
in comparison with the drive of the piezobrush® PZ2. Furthermore, the fixing of the
CeraPlas®F with less damping of the mechanical oscillation can contribute to better ef-

ficiency of the CeraPlas®F.

6 Ozone production

The gaseous discharge in air produces large number of chemically active and excited
species [13]. They play a crucial role in all chemical reactions between plasma and the
treated surface. Therefore, it is advantageous to maximize their concentrations. The
most of them is short leaving, in the ns to us range, and consequently, quite difficult for
quantitative analysis. One comparatively stable product of the cold air plasma is Ozone
with a typical half-life time (HLT)? in the range of hours [36]. There exist several
measurement techniques for determination of the Ozone concentration in the gas phase
which can be easily implemented in the lab. Thus, it is possible to use this value as an
evaluation parameter for plasma generators. Also, for CeraPlas® F systematic measure-

ments of Ozone concentration have been conducted.

6.1 Measurement method

Due to high accuracy in broad range of Ozone concentration, the UV absorption spec-

troscopy is frequently used [37, 10]. Various companies offer desktop instruments allowing

2The HLT is defined as a time that goes by until the half of the starting Ozone amount in a closed
space is destructed.
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measurements based on such principle. One of them is the ECO Sensors, Inc. For the
Ozone concentration measurements presented in this work, their Ozone Analyzer Model
UV-100 is used, allowing the Ozone concentration measurement in the range from 0.01 to

1000 ppm (volume).

6.2 Ozone concentration vs. air flow

In the piezobrush® PZ3 the air flow is produced by use of a fan, which makes the exact de-
termination of the air flow difficult. To get exact values, the experiments with compressed

dried air (CDA) precisely dosed by use of mass flow controller (MFC) are conducted.
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Figure 8: Concentration and production rate of Ozone as a function of CDA flow for the
power of 8 W.
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The concentration of Ozone as a function of CDA flow is visualized as a blue plot in
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figure 8. The Ozone concentration decreases inversely proportional to the CDA flow. The
increased flow causes stronger dilution of the Ozone, which reduces the process rate at the
substrate. To maximize these rates, the Ozone concentration must be maximized by min-
imizing the air flow. The limiting factor for such minimization are the CeraPlas® F and

electronics cooling requirements, which are dependent on the power coupled in the system.

6.3 Determination of the production rate

The Ozone concentration can be directly measured, but is not a suitable value for char-
acterization of the CeraPlas®F efficiency because the result depends strongly on the air
flow. A more suitable for such purpose is the production rate defined as mass of Ozone
produced per time unit.

Knowing the air flow fa;, the production rate of Ozone R,,.q can be calculated from the

Ozone concentration No, using following equation:

Mo,
Va

Rprod = : fair : N03 (1)

where V} is the molar volume for ideal gas® and Mo, - the molar mass of Ozone (48 g/mol).
Using the Ozone concentrations from the blue plot, the production rates are calculated
and visualized as a red plot in figure 8. In the gas flow range from 5 to 10 SLM, only small
variation in the production rate is observed. With gas flow decreasing below 5 SLM, the
Ozone production rate decreases. This effect can be explained by the increasing temper-
ature of the CeraPlas® F due to an insufficient air cooling. With increasing temperature

following processes can affect the Ozone production rate:

(i) Changes in the CeraPlas®F itself. It is known, that with increasing temperature,
the input impedance of the CeraPlas® F decreases. It means, that for the constant
power, the input current increases and the input voltage decreases with temper-

ature. The lowering of voltage results in less efficient discharge, reduction of the

3Va &~ 0.02479m3 mol~! by the pressure of 100 kPa (1 bar) and temperature of 25°C.
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CeraPlas®F voltage transformation ratio [49], and consequently, reduced Ozone

production.

(ii) The less efficient Ozone production. An increase of specific energy input in the
discharge, due to higher power or lower air flow rate, leads to an increase of con-
centrations of nitrogen oxides, which react with atomic oxygen - the main species
needed for Ozone synthesis. This effect is known as discharge poisoning and can

stop completely the Ozone generation [17].

~—r

(iii) The enhanced decomposition of Ozone. From 100°C upwards, the thermolysis based

on reactions with radicals [3] is an increasingly important loss mechanism of Ozone.
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Figure 9: The Ozone production rate as a function of the piezobrush® PZ3 input power
level.

6.4 Influence of power on production rate

The setting of CeraPlas® F input power level allows for wide range control of the Ozone

production rate, which increases with power in the entire power level range, as shown
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in figure 9. It reaches the maximum value of 73 mg/h for the highest setting of the
piezobrush® PZ3 of 100% corresponding to the power of 8 W. This value, obtained with
environmental air, is slightly lower, than the one shown in Figure 8 and obtained with

CDA due to humidity (see the explanation in section 6.5).

A further parameter used for evaluation of Ozone production process is the Ozone en-
ergy efficiency defined as amount of Ozone produced per energy unit, and expressed
typically in g/kWh. If the Ozone energy efficiency would not vary with increase of power
coupled into the CeraPlas®F, the linear dependence between the Ozone production rate
and the input power could be expected. But the dependence shown in figure 9 is not
linear. The increase of the production rate is faster for lower power values (below 60%)
and slows down for higher values (over 60%), which can be interpreted, as a loss of the
Ozone energy efficiency with power. Reason is the increasing CeraPlas® F and discharge

temperature as explained in section 6.3.

6.5 Ozone concentration in closed volume

For safety reasons or for a better plasma process control it is useful to predict the ozone
concentration after some specific piezobrush® PZ3 operation time in a closed volume V.
Assuming a constant production rate Rp.q, the mean Ozone concentration No, reached
after piezobrush® PZ3 operation time of ¢ can be expressed as:

Rpro
Noy(t) = =77 -t (2)

It means, that for example, in a not ventilated office room with a volume 3 m x 3 m X

3 m = 27 m?® the Ozone concentration reaches the threshold for smog alarm of 180 ug/m?

after

27 m?
t =180 3.~ _ ~4min. 3
pe /' i 4 min (3)
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For simplicity, the equation (2) does not take the Ozone destruction rate* into account,
because under typical working conditions it is quite low. At the temperature of 24°C and

the relative humidity of 45%, the HLT of Ozone is 11 hours [36].

This assumption is valid for moderate Ozone concentrations reached in dry environment
without factors enhancing Ozone destruction. To factors reducing the HLT of Ozone
belong:
e high humidity contributing to Ozone destruction due to chemical reactions with OH
and and HO, radicals [18],
e clevated temperature (see discussion in section 6.3),
e presence of surfaces containing water solutions with high pH-values [20, 47],
e presence of carbon [43] and some organic substances,
e presence of catalytic materials such as metalls and metallic oxides [1], especially
MnO, [12],
e UV illumination in the wavelength range causing photolysis [35], and
e high Ozone concentration activating more efficient reaction channels for Ozone de-

struction.

7 Surface activation

The electric field as well as the Ozone production rate gives a valuable, but indirect
information about the piezobrush® PZ3 operation. However, the process efficiency is
what counts for the user. Since the most frequent applications of the piezobrush® PZ3
are related to the increase of the surface energy, two factors are of importance: (i) the
maximal reached surface energy and (ii) the activation rate, which means the area with
increased surface energy divided by the treatment time.

The standard method for surface energy measurement is the droplet test conducted with at

4The destruction rate is interpreted as a negative production rate given in g/h.

27



least two test liquids [5]. Other method is by use of the test inks calibrated for different
surface energies, typically in steps of 2 mN/m. When using the piezobrush® PZ3 for
surface activation, in very short time the maximum surface energies are reached, and it
is difficult to use these values for quantitative characterization of the APPJ performance.

Much more suitable for quantitative evaluation is the area of the activated surface.

Figure 10: The plasma treated area visualized on the HDPE plate by use of a 58 mN/m
test ink.

The method applied in this work is based on the measurement of the plasma treated
area visualized on the HDPE plates by use of a 58 mN/m test ink (see an example in
figure 10). In the following sections the activation area evaluation method and its appli-

cation for characterization of the piezobrush® PZ3 are presented.
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7.1 Determination of the activation area

The reasons for the choice of HDPE for plasma treatment are: (i) its high popularity and
frequent use as model material for plasma activation [6], and (ii) a weak hydrophobic
recovery. Our measurements by use of a Kriiss droplet test instrument show that the
surface energy reached after plasma treatment remains practically unchanged after 4 hours

in environmental air.

air flow
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Figure 11: Setup for activation of the HDPE substrate.

For plasma treatment, the piezobrush® PZ3 is fixed and the substrate is positioned by use
of a soft distance piece (e.g. of millimeter paper) to reach the required distance d between
the CeraPlas®F tip and the substrate surface (see figure 11). The piezobrush® PZ3 is

used in countdown mode with treatment time of 10 s.

The test inks gauging the surface energies from 0 to 58 mN/m are typically mixtures of
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formamide and ethylene glycol monoethyl ether [24]. Since the ethylene glycol monoethyl
ether is much more volatile than the formamide, the proportion of these liquids and
consequently the calibration of test ink can change in time. To avoid this parasitic effect,
for activation spot visualization, the 58 mN/m test ink consisting of pure formamide is
selected. The additional advantage of the value 58 mN/m is, that it assures high dynamic
range of the evaluation method, because it is in the middle between the surface energy
value of non-treated HDPE (36 mN/m) and the value for the plasma treated surface,
which can be up to 72 mN/m.

To assure the accuracy and reproducibility of the activation area determination, the pic-
tures of the ink spot are taken by use of a digital camera with resolution 808 x 576 pixels
(approximately 36 pixel/mm?). The contour of the ink spot is automatically recognized
and the ink spot area is calculated from the pixel count by use of a specialized software.
The pictures are taken always 10 s after the ink application to avoid the errors due to the

temporal variations of the ink spot.

The temperature and humidity have a significant influence on the surface tension of lig-
uids [42]. Therefore, the relative air humidity and the air temperature are measured in

the distance of 10 cm from the ink spot and recorded together with the ink area data.

7.2 Influence of the substrate distance

Of high practical importance is the information, in which distance from the treated surface
the piezobrush® PZ3 should be held, to achieve the optimum treatment result. To answer
this question, the dependence of the activation area on the distance is investigated. The
activation area decreases with distance increasing over 3.5 mm (see figure 12). This drop
can be explained by three mechanisms: (i) increasing dilution of the chemically active
species with increasing distance from the nozzle opening blowing the plasma gases, (ii)

the decrease of the reactivity of the short-living chemically active species with flow time,
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Figure 12: Dependence of the activation area on the distance between the substrate and
the tip of the CeraPlas® F.! Power level: 100%, treatment time: 10 s.

and (iii) the decrease of the CeraPlas® F electric field with distance from its tip. The
maximum of the activation area is reached quite close to the nozzle, 1.5 to 3.5 mm from
the CeraPlas®F tip. For distance larger than 13 mm, the activation spot is splitting in

two small sub-spots, which can be a criterion for insufficient activation.

7.3 Dependence on the treatment time

A further parameter, which can be set by user, is the treatment time. Intuitively, we
expect that the longer the treatment time, the larger the activated area. This expecta-
tion is confirmed by a monotonous increase of the activation area with treatment time
displayed in figure 13. However, a clear saturation of the area values for longer times

is observed. As shown in previous section, the activation area drops strongly with in-
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Figure 13: Dependence of activation area on the treatment time for piezobrush® PZ2
and piezobrush® PZ3. The piezobrush® PZ3 power level is 100% (8.0 W). The distance
between the tip of CeraPlas® F and the treated surface is 4.5 mm." The activated zone
is visualized by 58 mN/m test ink.

creasing axial distance between the tip of the CeraPlas® F and the substrate. All three
mechanisms mentioned in section 7.2 are also valid for increase of the radial distance

from the CeraPlas® F axis, parallel to the substrate, resulting in limitation of the acti-

vated zone size. The maximum size of the activation area typically doesn’t exceed 26 mm.
In figure 13, the time dependent activation results of the piezobrush® PZ2 are shown as a

blue plot for comparison. The general shape of both plots is very similar, but the activation

area for the piezobrush® PZ3 is typically 20-25% larger, than for the piezobrush® PZ2.
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Figure 14: Schematically shown shapes of the activation area after 1 s treatment for
different linear speeds vieqt Of the piezobrush® PZ3.

7.4 Activation rate

Any substrate can be plasma-treated statically or dynamically. The static treatment
means, that the relative position of the piezobrush® PZ3 and the substrate is not changing
during the plasma-ON time. The dynamic treatment means, that the piezobrush® PZ3
moves with linear speed vi.a relative to the substrate during plasma-ON period. The
dynamic treatment can be realized either by fixing the piezobrush® PZ3 and moving
the substrate e.g. by use of a belt conveyer, or by fixing the substrate and moving
the piezobrush® PZ3, e.g. by hand or by xyz-robot. The combination of both kinds of
movement can be also applied. For both: static and dynamic plasma treatment, the
activation rate 7, can be defined as the ratio of the activated area S, to the activation

time ttreat:



Sac
Nact = e (4)

ttreat

In figure 14 schematically the shapes of the activation areas for different linear movement
speeds of the piezobrush® PZ3 after the same treatment time are shown. The case with
Vreat = 0 represents the static treatment. For low speeds, the activation area S,. and
consequently, the activation rate 7, increases with increasing speed. Continuing the
speed increase, the “plasma trace” gets narrower (e.g. for vie.s = 8). For speeds higher
than some optimum, the time of interaction between the plasma and the substrate is too
short to reach a sufficient activation and the activation area decreases. In the example
in figure 14 it occurs for vyey = 16 cm/s. For too high speed, vgyear = 32 cm/s in the
example, activation vanishes (S, =~ 0). The presented example is strongly simplified.
During a real dynamic treatment, the movement speed is not constant, and the shape of

activated area is more complex, reflecting the acceleration and deceleration periods.

As demonstrated in the figure 13, the statically produced activation area increases slower
than linear with treatment time. Consequently, it can be expected, that the activation
rate 1, will be higher for shorter treatment times. This expectation is confirmed by the
plot in figure 15. The activation rate is about 0.5 cm?/s for 10 s treatment and increases
to 4 cm?/s for 0.5 s treatment. For some treatment time 0 < ¢y < 0.5 s, the activation
vanishes and the activation rate reaches zero. After time t,., fulfilling the condition

to < tmax < 0.5 s the maximum activation rate 7. is reached.

The movement speed of the dynamic treatment can be estimated as:

h

act
VUmax = 5
Tmax ( )

where L, is the size of the statical activation patch in the movement direction. For

activation patch in shape of a circle, L, is equal its diameter. As shown in figure 10 the
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Figure 15: Dependence of the activation rate on the treatment time. The distance between
the tip of CeraPlas® F and the treated surface is 4.5 mm.! The activated zone is visualized
by 58 mN/m test ink.

static activation patch is not rotationally symmetric and L, depends on the azimuthal
orientation of the piezobrush® PZ3 during motion. Assuming L, = 2 cm, to reach the

maximum activation rate, the piezobrush® PZ2 should be moved with a speed of more

than 4 cm/s.

7.5 Influence of the CeraPlas® F input power

In figure 16 dependence of the activation area on the CeraPlas® F power level for open
nozzle module is plot in the range from 45 to 100% with 5% steps. The 100% power level
corresponds to the CeraPlas®F input power of 8 W. For other nozzle modules, different
maximum power value will be valid. The activation area increases almost linearly with

power, which correlates with increase of the Ozone concentration, as shown in figure 9.
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Figure 16: The activation area as a function of the CeraPlas® F input power. The distance
between the CeraPlas® F tip and the substrate surface is 4.5 mm.' The substrates were
treated 10 s.

The growth of the visualized activated area is about 41 mm? per 1 W increase of power.

7.6 Influence of the air flow

The air flow in the piezobrush® PZ3 device is increasing with the fan voltage. The ac-
tivation area as a function of the fan voltage is displayed in fig 17. The red dashed line
depicts the fan voltage applied during plasma operation and assuring the sufficient cool-
ing of the CeraPlas®F. A clear tendency can be seen, that the activation area decreases
with increasing fan voltage. This can be explained by dilution of the constantly produced
amount of the chemically active species in an increasing amount of air, and consequently
in less chemistry on the surface, since the transfer processes between the gas flow and the

surface depend strongly on the concentration of the chemical species in the gas phase.
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Figure 17: The activation area as a function of the fan voltage. The input power is 8 W.
The distance between CeraPlas®F tip and the substrate is 6 mm."

There are numerous factors influencing the air flow and consequently, the working point
on the characteristics shown in figure 17. Example can be an obstructing the air flow on
the air intake side of the piezobrush® PZ3, or on the plasma side by the construction of

the nozzle.

8 Conclusion

The piezobrush® PZ3 is an efficient plasma generator and a very comfortable plasma tool.
In comparison with its predecessor piezobrush® PZ2, it reaches 20 - 25% larger activation

areas by operation with open nozzle module.
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The surface activation is possible in a distance up to 13 mm from the CeraPlas®F tip'.
But the largest activation area, five times larger than for 13 mm, is reached at the distance

of 3.5 mm.

The activation area is linearly increasing with input power of the CeraPlas® F. This in-

crease correlates with the increase of the Ozone production rate and electric field strength.
The piezobrush® PZ3 working with the open nozzle module allows for very reproduceable

activation results that are proved to be suitable as a reference for activation area deter-

mination.
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