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Abstrakt

Tato prace se zabyva studiem dielektrickych bariérovych vyboji (DBD, z angl. di-
electric barrier discharge) pfi atmosférickém tlaku, s hlavnim zaméfenim na Diftizni Ko-
planarni Povrchovy Bariérovy Vyboj (DCSBD, z angl. Diffuse coplanar surface barrier
discharge) vyvinuty prof. M. Cerndkem a jeho tymem. DCSBD ziskalo pozornost pro
svou ucinnost pii Upravé povrchu obrovské skdly materidli jako tfeba polymert, textilif
nebo biomaterild, piikladem mohou byt semena plodin. Soucasti téhle prace je zkoumani
DBD, zejména konfigurace nesouci technicky ndzev Half-DCSBD jako kompaktni jed-
notka s upravenou specialni konfiguraci DCSBD. RozSifovani vyuziti plazmové tpravy
pro modifikaci povrchl vede ke snaze aplikovat tuhle metodu i v jinych primyslovych
odvétvich jako je UV-digitdlni tisk. Prace se zabyvd feSenim vyzvy jako je adheze
podkladu typickych pro tento primysl. Bodem zdjmu byly elektrické vlastnosti HD-
CSBD ale také vibracni a rotacni teplota plazmatu produkované konfiguraci HDCSBD a
porovnani s pramyslové vyuzivanym DCSBD. V praci byla pozorovana efektivita napdjeni
pro jednotlivé vyboje. Plazmové zdroje byly ddle zkoumané za pomoci optické emisni
spektroskopie k posouzeni vibracnich a rotacnich teplot a ovéfeni vhodnosti HDCSBD
pro vyuZiti v oblasti povrchové tpravy. Ddéle se prace také zabyva aplikaci plazmovych
zdroji pro modifikaci polykarbonatu a polyethylenu s hlinikovym podkladem uréenych
pro UV-digitalni tisk. Pro optimalizovani aplikace byly vyuzité riizné analytické metody k
vyhodnocovéni smacenlivosti, zmén povrchové energie, méteni adhezivnich vlastnosti ale
také pozorovani chemickych a morfologickych zmén, které vznikly plazmovou upravou.
Vysledky pfispivaji k porozuméni konfigurace HDCSBD a jeji aplikaci v priimyslu UV-
digitalniho tisku.



Abstract

This thesis addresses the study of dielectric barrier discharges (DBD) at atmospheric
pressure, with a focus on the Diffuse Coplanar Surface Barrier Discharge (DCSBD) devel-
oped by Prof. M. Cernék and his team. DCSBD has gained attention for its effectiveness
in surface modification of a wide range of materials such as polymers, textiles, or bio-
logical elements, for example crop seeds. Part of this work involves investigating DBD,
particularly the configuration currently known as Half-DCSBD, as a compact unit with
a modified special configuration of DCSBD. The expanding use of plasma treatment for
surface modification leads to efforts to apply this method in other industrial sectors such
as UV digital printing. The thesis addresses challenges such as adhesion of substrates
typical for this industry. The focus was on the electrical properties of HDCSBD as well as
observing vibrational and rotational temperatures of molecules in the plasma produced by
HDCSBD configuration and comparison with industrially used DCSBD. The efficiency of
power supply was calculated for each of observed discharges. Plasma sources were exam-
ined using optical emission spectroscopy to assess vibrational and rotational temperatures
and verify the suitability of HDCSBD for surface treatment applications. Furthermore, the
thesis also deals with the application of plasma sources for the modification of polycarbon-
ate and polyethylene with an aluminum substrate intended for UV digital printing. Various
analytical methods were used to optimize the application, including evaluating wettability,
changes in surface energy, measuring adhesive properties, as well as observing chemi-
cal and morphological changes resulting from plasma treatment. The results contribute
to understanding the HDCSBD configuration and its usability in the UV digital printing
industry.
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Introduction

This thesis addresses dielectric barrier discharges (DBD) operating at atmospheric pres-
sure. Department of Plasma Physics and Technology at Masaryk University in Brno
has a long history of researching these discharges. A common plasma source for LTP
treatment called Diffuse Coplanar Surface Barrier Discharge (DCSBD) was developed by
prof. RNDr. M. Cerndk, CSc. and his team at Comenius University in Bratislava. This
dielectric barrier discharge became a main focus for great amount of scientific publications
especially for surface treatment of different materials. [1, 2, 3]. Low-temperature plasma
(LTP) treatment is commonly used for surface modification, as it improves surface free
energy, adhesive properties of the material, or overall wetabillity of the sample. One of the
main advantages of DCSBD is its large treatment area in comparison with commonly used
LTPs such as industrial corona or plasma jet, the overall homogeneity of created plasma
and no limitation for sample dimensions which cannot be said for industrially used volume
barrier discharges.

The DCSBD is widely used for surface modification. It shows favorable results in plasma
treatment of biological samples such as seeds of different crops which was a point of
discussion in my bachelor’s thesis [4]. The discharge has shown improvement of surface
properties for textile, fibers, wood and glass or different groups of polymers [5, 6].

As the research of DBD progresses, the usage of LTPs is starting to spread into different
industry sectors. One of recent applications is large-format UV-digital printing [7, 8]. One
of the main challenges of this printing method is a selection of correct substrate materials
with desired properties. Commonly used polymers tend to have a smooth surface with a
low surface energy which often causes insufficient adhesion of inks used for UV-digital
printing. The adhesion also varies on the color used for the printing or the pattern of the
printed image. Adhesive properties or abrasion resistance then affects the final product’s
usage.

One of the DCSBD most limiting components is the cooling system. The simplest configu-
ration for cooling system of DCSBD is an oil pump with implemented cooling mechanism
(such as fan, cold flowing water, etc.). The oil is used as a dielectric that is in direct contact
with electrodes. The oil needs to be constantly cooled down to prevent overheating of the
plasma source.

In this thesis, we focus on special configuration of DCSBD with a technical name Half-
DCSBD (HDCSBD). This setup utilizes simpler cooling system which is further discussed
in the sections of this work. Another distinction lies in the position of electrodes which
are built into ceramic, and not being covered by special oil. There are numerous studies of
DCSBD. One such publication is thesis of Mgr. J. Kelar, Ph.D. [9], which is an extensive
study of DCSBD parameters. Due to its high coverage of DCSBD electrical properties
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of plasma unit as well as thermal properties of the particles inside of plasma for various
generators and frequencies of transformers, we conducted just selective measurements for
DCSBD.

The HDCSBD electrical properties and thermal properties of molecules underwent analysis
and were compared to the properties of DCSBD. We conducted measurement to access the
efficiency of a high voltage source used to supply power for HDCSBD as well as for voltage
source of DCSBD used in industry. HDCSBD properties were measured for different input
powers as well as different temperatures of plasma. As a method to obtain information
about generator efficiency, we used classical method for calculating power in plasma from
definition of electrical power as the product of voltage and current integrated over a given
period of observed signals measured by oscilloscope. For final calculation, a program was
written in Python3 to locate maximums and minimums of measured signals, correctly set
measured period and calculate power in plasma using the mentioned definition.

An optical emission spectroscopy was conducted on the HDCSBD as well as on DCSBD
powered by generator and transformer with maximum input power and frequency com-
monly used in industrial applications. This measurement accesses rotational temperatures
of OH™ molecules and vibrational temperatures from vibrational lines of molecules of
nitrogen. To calculate these temperatures, we used software made by doc. Mgr. Zdenék
Navriétil, Ph.D., Spektrum Analyzer 1.7 [10]. These properties of HDCSBD were com-
pared with industrially used DCSBD to emphasise the similarity of these sources.

Final goal of this thesis was using HDCSBD and DCSBD to successfully and effectively
plasma modify surface of polycarbonate (PC) and polyethylene-aluminium (Pe-Al) sub-
strate, called Dibond, used for UV-digital printing. To achieve the best results, number of
different analysis and experimental tests were done on these samples. We have identified
process variables such as treatment time or treatment distance for optimal LTP treatment
and used them in tests. Samples underwent the wettabilty and surface free energy measure-
ments to observe changes in dependence on used plasma source and process variables. As
of the adhesion properties of the substrates, we have conducted peel-force measurements
and standard crosscut test used in printing industry after printing the various patterns with
different colors. The morphological changes and chemical composition of activated sam-
ples after the LTP treatment were studied using x-ray photoelectron spectroscopy, atomic
force microscopy, scanning electron microscopy and confocal microscopy. Part of the
results collected during work on this thesis was used to write scientific publication and
published in impacted journal [11].



Chapter 1

Theoretical Part

1.1 Plasma

The word plasma has a lot of meanings. In physics, it describes one of the four fundamental
states of matter. Matter in this state contains high amount of charged particles (electrons
and 1ons) that interacts with neutral atoms and molecules. Charged particles bounded in
such a state interact with each other through the Coulomb forces and keep the collective
behavior. Although it sounds like the presence of excited particles primary sets plasma
apart from other states of matter, to actually call something plasma, it needs to meet certain
criteria which are briefly discussed in this section using information from well respected
sources [12, 13, 14]

Fundamental states of matter are divided in to 4 known states (5 if we consider the Bose-
Einstein condensate [15]) that is solid, liquid, gas and mentioned plasma. To describe
the main differences between these states, we should talk about the strength of the bonds
between the particles for each matter. From observation of our daily lives, we know, what
gas is. Gasses have a low density, able to easily expand and have fast reactions to changes
of temperature and pressure. This is due to the atoms and particles inside the matter are not
particularly attracted to each other. For liquids, the shape is more defined. The particles
are more attracted to each other, giving it a more uniform shape depending on the container
they are in. If something is solid, it is commonly hard to deform and keeps shape unless
enough force is used to change it. This is because the the particles and atoms of the matter
are bonded with a strong forces.

To transform one state of matter to another, we need to either make the bonds stronger or
weaker. To determine state of the matter, we can look at the kinetic energy of the particles.
With the increase of kinetic energy we observe decrease of bonding energy. To increase
kinetic energy, we can raise the temperature of the matter. If we increase the temperature
of, for example, water to the known 100°C, it starts to evaporate, changing to the water
vapor, the gaseous state of water. The energy or heat needed for phase transition is called
latent heat.

Plasma is created by phase transition from gas. Gas has already almost no attractive forces
between molecules and particles. If we add energy to the gas, for example, with heating the
gas or creating a local electric field, we can observe more than the increase of the kinetic
energy. As the energy rises, so the Independence of the particles inside of the molecules
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Chapter 1. Theoretical Part 4

or atoms, leading to the ionization interactions. This results into creation of ionized gas,
plasma. Common occurrence of plasma in nature is thermal plasma, for example Sun,
where the temperatures are high enough to create thermal ionization interactions.

If plasma is just a gas with ionized particles, what makes it different from the point of how
the particles are bonded and interact with each other? One of the important properties of
plasma is the collective behaviour of charged particles. The collective behaviour exists
because of long-distance Coulomb forces trough which the particles interact. This also
means, that while the plasma is neutral in macroscopic scope, moving particles create
small electromagnetic fields which affect the dynamics of the plasma. These fields tends
to exclude each other on a large scale, leading to the macroscopic neutrality.

Laboratory plasma is commonly created by inducing the ionization processes [16]. The
knowledge of these processes is important, as the properties of plasma are determined by
the dominant ones. This way, we can create a wide range of ionized gasses that are different
in their temperature, ionization level, the density of the particles or even the stability. As
an example, there will be briefly discussed method mostly used for analysis (Laser Induced
Plasma) and a method used in industry (Plasma Discharges).

One of the common methods to create artificial plasma is called laser induced plasma (LIP),
where we achieve this state of matter by high energy laser pulses. These pulses are focused
on a single point of the matter leading to the vaporization, atomizing and finally ionization,
thus creating plasma [17]. The matter breakdown to create laser induced plasma is a
threshold phenomena, depending on the properties of the laser as well as on properties of
the material. Breakdown process by longer pulses is more dominated by thermal processes
while shorter pulses lead to dominant electrostatic processes. The common usage of laser
induced plasma is spectroscopy, where plasma created this way is analysed by spectrometer
[18, 19]. This method called laser-induced breakdown spectroscopy (LIBS) is used for
better understanding of chemical properties for certain materials [20].

In plasma discharges, we create ionization processes by accelerating charged particles.
Acceleration is due to the high local electric field leading to increase of particles speed.
Higher velocity leads to higher kinetic energies, which increases a change of ionizing
collisions. This type of plasma is called non-thermal plasma. Since lighter particles react
more significant to the changes of electric field, electrons gain more kinetic energy than
heavy ions. This creates electrons with high temperature, or rather said, thermodynamic
temperature while ions and neutral particles keep their low temperature.

As we add energy to the plasma, we can achieve large temperatures. Commonly, we divide
plasma into the low temperature and high temperature plasma. The high-temperature
plasma is considered when the temperature is higher than 10 K [21]. Temperature in this
case reffers to kinetic energy of ceach particle in plasma. This plasma is often found in
space around the stars or in thermonuclear reactors such as COMPASS in Prague with
Tokamak setting [22], to create a plasma or thermonuclear fusion. Lower temperatures are
typically created artificially in laboratories or industries that uses plasma, for example, on
surface treatment. Furthermore, if the plasma is in thermodynamic equilibrium, we talk
about thermal plasma. Non-thermal plasma is then without thermodynamic equilibrium.
There is many interactions in plasma. We can observe collisions of charged particles
together, or a charged particle with neutral. While charged particles are interacting trough
Coulomb forces and magnetic field induced by moving, neutral particles interact trough
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induced polarization. Depending on the ratio of these interactions, we call plasma either
strongly ionized or weakly ionized plasma. Weakly ionized plasma has most of the
interactions based on collisions of charged particles with neutrals. As the amount and
importance of collisions within charged particles rises, so does the ionization of the
plasma. If all interactions within plasma are based on collisions of only charged particles,
it becomes a fully ionized plasma.

1.1.1 Plasma Criteria

As it was already mentioned, plasma is not just a simple ionized gas. There are few criteria
that the matter has to fulfill, to call it plasma. One of these criteria is the length of the
plasma. To understand this criterion, we must introduce the Debye length:

ek N\ (k)
b= 1 ~ (25 (1)
ne/Te+¥;z5ni/T; nee

where & is vacuum permittivity, k is the Boltzmann constant, g, is an electron charge, n,
is electron concentration, 7 is the temperature of the electrons and z; is proton number of
the atom. We can simplify this equation with assumption, that in low temperature plasma,
the ion contribution is insignificant in comparison of electrons. On the right side, e is
elementary charge. We can interpret Debye length as a maximum distance, where charged
particles interacts with other charged particles. It shields charged particles from interacting
with others that are beyond the Debye length. This is a result of collective behaviour. The
criteria of matter to be called plasma is therefore, that the length of the plasma L, has to be
many times larger than that of Debye length:

L>>Ap (1.2)

For typical plasma discharge, the Debye length is approx. 10~* m. The Debye length can
be extended to meters if we consider plasma created by stars in space. To create plasma we
need a certain amount of charged particles. The specific amount, after which the matter
can be called plasma, is tightly bonded with the Debye length. If we imagine a sphere with
the radius of Debye length, we can express this criterion as:

neAp >>1, (1.3)

where 7, is concentration of electrons. This equation means, that the number of electrons
inside imaginary Debye sphere must be much higher, than 1.

We already mentioned the concept of macroscopic neutrality. If there are no external forces
affecting the charged particles inside the plasma and plasma is in equilibrium state, then
for small fragment of plasma volume, with the right density of charged particles becomes
neutral. The particles inside plasma tend to create microscopic electromagnetic fields of
positive and negative. These charges are equal; therefore they cancel each other, creating
no surface charge or electric field. To express mathematically, the criterion means, that the
concentration of positively charged particles equals to concentration of negatively charged
particles:
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ne=Y n, (14)

where n; is concentration of ions. This criterion is also called a quasineutrality. Plasma
with a significant excess of charge is called non-neutral plasma and electric fields play a
dominant role in the behaviour of the matter [23, 24].

Macroscopic neutrality can be affected by external forces. If plasma is taken out of
equilibrium state, it responds with the collective move of charged particles to return in
such a state. These oscillation create a so called plasma frequency. The term plasma
frequency is an important timescale and can be calculated for various charged particles.
However, the frequencies often become too high, preventing the relatively heavy ions from
reacting. As electron oscillations tend to be far more important for plasma properties,
plasma frequency is often referred to plasma electron frequency [12]:

1

2\ 2
nee
0y = , 1.5
P <me80> (1.5)

where m, is mass of the electron.

1.2 Aplications of Plasma

The early plasma research dates back to 1857 where W. Siemens [25] used atmospheric
discharge to generate ozone or in 1879 by Sir William Crookes where he calls the same
medium by name “radiant matter” [26]. Since then, plasma was systematically studied all
over the world, bringing new understanding of physics and new technologies with it. From
explaining the collective behaviour of electron gasses inside the solids to thermonuclear
fusion and plasma propulsion engines for spacecrafts. The rapid increase of plasma
studies lead to creation of industrial plasma, which is often divided into the high pressure
(atmospheric) plasma or low pressure plasma.

Low pressure plasma is often used for deposition, creation of thin layers of various materials
for their properties like conductivity or hardness. A commonly used method for such
a deposition is magnetron sputtering, which uses specifically formed magnetic field to
transfer particles of requested material to the surface of the substrate, creating a thin layer
[27]. Another method is plasma-enhanced chemical vapor deposition or PECVD which
uses different precursors in gas state to deposit thin layers of material [28].

Atmospheric plasma found its use in surface modifications. The main pros of this approach
are the cost of the operation for such a device as well as compatibility. The most common
method to create atmospheric plasma in industries is in the form of barrier discharges
which will be explained later in section 1.3. Low temperature plasma (LTP) treatment is
a common application for activation, cleaning and improving adhesion properties of the
surfaces. It use can be also found in creation of ozone [29]. Activation of surface found its
way in to the different parts of industries such as biomedical applications for sterilization
[30] or textile treatment to improve dye absorption [31]. The popularity of LTP treatment
reach to even more common industries such as printing and coating [11].

As plasma is more and more researched, we are able to use it in different ways. In modern
industry, plasma is often used to cut different conductive materials [32]. Semiconductor
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industry utilizes plasma in more ways, such as cleaning medium, modifications before
deposition processes and etching. As a charged medium, plasma is also finding its way
to the scanning electron microscopy where plasma in different gasses is used to replace
Galium focused ion beams to prevent a Ga implantation and make the method less invasive
[33].

1.3 Dielectric Barrier Discharge

Atmospheric barrier discharges found numerous applications in industry. Setup of these
discharges will be discussed in this section is dielectric barrier discharge (DBD). Their
construction is different in using the dielectric layer built in the interelectrode layer to
bring different properties of plasma [34]. DBDs were first utilized to create ozone by W.
Siemens and later on became a standard use for surface modification of different materials
to improve the wettabilty, adhesive properties or composite a very thin layers [35, 2].

As it was said, DBD consist of dielectric layer covering at least one electrode. This
configuration prevents from creation of arcs and spark between the electrodes as it limits
the amount of electrons transferring between the electrodes. Another advantage of the
dielectric layer is that the coverage of the electrode increases the lifespan of the discharge
since its preventing corrosion of the electrodes. In modern industry commonly used
dielectric is ceramic but different materials can be used such as glass or polymers due to the
high dielectric strength to withstand even higher voltages and different thermal, mechanical
and chemical properties. The choice of dielectric is important as it significantly affects
the properties of created plasma. As the charge collects on the surface of dielectric, we
use alternating current (AC) to reverse the electric field at regular intervals, causes charges
to oscillate back and forth leading to the more uniform coverage of the surface. The
frequency of AC can range from radio frequencies up to microwave frequencies (kHz to
GHz). This wide range also brings different properties of created plasma. Different setups
also include different distance between the electrodes. Some configuration leave small
gaps between the electrodes in distance of milimeters while others uses distance measured
in centimeters. Input voltage depends on the gas that the plasma is getting ignited. For
ambient air, the typical input voltage is in the range of tens of kV while in rare gasses the
plasma can be ignited even under 1 kV. Wide range of parameters to construct DBD leads
to different configurations. Most common configurations are volume discharges (VD),
coplanar discharges (CD) and surface discharges (SD).

When it comes to DBD, the ignited plasma can have two main modes, depending on the
properties of DBD or surrounding conditions, such as the type of gas, etc. These modes
are called diffuse mode and filament mode. Although certain geometric setup leads to
creation of diffuse mode, the most common mode is filamentary. In this mode, the plasma
is created by tens of thousands of microdischarges (thickness in units of um) which are
so called, filaments [36]. Since the width of the filaments is comparably smaller than the
common plasma length using DBD, filaments fill the discharge zone with dependence on
input voltage. Filaments contain a significantly more ionizing particles in comparison with
surrounding gas. Itis important to say, that the gas in these filaments doesn’t reach critically
high temperatures. This is due to the limited current that can flow trough microdischarges
as well as a small lifespan of discharge due to the dielectric. This contributes to the usage
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of DBDs as a surface modification technology for temperature sensitive materials.

Volume dielectric barrier discharges

One of the most common DBD configuration is the Volume Dielectric Barrier Discharge
(VDBD). The configuration is shown in Figure 1.1. It consist of two parallel electrodes
where at least one of them is covered by dielectric material. In general, the discharge
is created between these electrodes at the interelectrode distance of few mm. Numerous
microdischarges cross the gas gap and connect electrodes [37]. The charge in plasma is
then collection of so called microdischarges and surface discharge on the dielectric. These
microdischarges can increase their width to appear homogeneous. The main advantage
of this method is the volume of plasma that can be ignited. Disadvantages leads to
inhomogeneous plasma and local excitation of the material and limited thickness of treated
material [2].

ELECTRODE

C) PLASMA
N
AC

DIELECTRIC

ELECTRODE

Figure 1.1: Geometric representation of VDBD with an AC power supply.

Surface dielectric barrier discharges

The geometric representation of surface dielectric barrier discharge (SDBD) can be seen
in Figure 1.2. The setting consists of one electrode being completely covered by dielectric
while the other thinner electrode sits on top of the electrode parallel to the first one. The
discharge then develops along the surface of the dielectric which area is proportional to the
input voltage and it also consist of microdischarges. The advantage of this setup its high
density of the plasma. This is at the expense of short lifespan for electrodes as plasma is
in direct contact with one of the electrodes.
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Figure 1.2: Geometric representation of SDBD with an AC power supply.

Coplanar dielectric barrier discharges

Figure 1.3 shows the geometric representation of Coplanar Dielectric Barrier Discharge
(CDBD). Due to the advanced modern technology we are able to create electrodes with a
very small distance between them (in the units of um) and coat them with the dielectric layer.
As there cannot exist any spark or discharge inside the dielectric layer, the microdischarges
occur at the top of the dielectric, creating an imaginary bridge between the electrodes.
Advantages of such a configuration lays in complete separation of electrodes from plasma,
ensuring high lifespan as well as creation of homogeneous and uniform plasma at its surface
with correct setting.

PLASMA

DIELECTRIC
AC ELECTRODES

Figure 1.3: Geometric representation of CDBD with an AC power supply.

Diffuse coplanar surface barrier discharge

Diffusive mode occurs most commonly in CDBD. To achieve this mode, there are specific
conditions for the length of the gap between electrodes, the frequency of excitation signal,
thickness of dielectric barrier or the gas in which the ignition proceeds. The creation of
diffusive mode also depends on the pressure in the discharge zone, but as this thesis main
focus are atmospheric discharge, this factor is not of significance here. There are dielectric
barrier discharges that are able to create this two modes at the same time.

Diffuse coplanar surface barrier discharge (DCSBD) was created by Prof. RNDr. Mirko
Cerndk CSc. and his group at Comenius University in Bratislava with a cooperation of
Masaryk University in Brno [38]. The schematic image of DCSBD is shown in Figure 1.4.
Widely applied and produced ceramic (Al,O3) is used as a dielectric layer at the top of
electrodes. These electrodes are then covered in oil of special properties as a secondary
dielectric to prevent electrical breakdown between the electrodes. The oil also works as a
cooling element. There is a wide range of DCSBD using different interelectrodes distances
as well as width of the electrodes, the amount of electrodes, thickness of ceramic or the
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Figure 1.4: The simplified scheme of DCSBD.

shape of electrodes. For the purpose of this thesis, we are gonna only consider setup with
electrodes of 1.5 mm width and interelectrode distance of 1 mm. The shape of electrodes
looks like two combs opposite to each other in close proximity. The thickness of ceramic
is 0.6 mm. The complexity of this configuration is mirrored in so called macroscopic
homogeneity of generated plasma. This is due to the filaments created at a surface being
close to each other, creating a full coverage of the discharge zone. As it was already
mentioned, the filaments in coplanar barrier discharge creates a bridge between electrodes.
In case of DCSBD, this bridge is prolonged by diffusive part which location is directly
above the electrodes, thus filaments connect the diffusive parts. Figure 1.5 shows the
plasma generated by DCSBD with an input power of 400 W by generator with 15 kHz
transformer. This property is one of the main reasons why it is commonly used for surface
treatment for a wide range of materials [1, 2, 11, 39].

Figure 1.5: The DCSBD ignited by the generator with 15 kHz transformer and input power
of 400 W.

The common problem with DCSBD is the need of oil for cooling and as a dielectric.
The flow of oil is provided by a sophisticated cooling system which significantly rises the
price and makes the whole setup less compact. Due to this fact, a DBD with technical
name Half-DCSBD (HDCSBD) was created. Figure 1.6 shows the schematic image of the
HDSCBD.
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Figure 1.6: The simplified scheme of HDCSBD with the shown air flow.

HDCSBD is more compact solution at the cost of halved discharge zone (indicated
by the name, Half-DCSBD). The electrodes are no longer in oil but inside the ceramic.
This unique approach is manufactured by KYOCERA Inc. (Kyoto, Japan), designed and
protected by Masaryk University. Since the electrodes are no longer inside the cooling
oil, the whole cooling system was replaced with an industrial aluminium heat sink and
a fan underneath with an adjustable voltage source to control airflow and cool the heat
sink. Figure 1.7 shows the top view of HDCSBD while supplied by generator with internal
adjustable transformer at approx. 20 kHz and input power of 200 W. Part of this thesis is to
measure properties of plasma generated by HDCSBD and compare them with industrially
used DCSBD.

Figure 1.7: HDCSBD ignited by the generator with approx 20 kHz transformer and input
power of 200 W.



Chapter 2

Experimental Setup and diagnostic
methods

2.1 Equipment description

In this thesis, two distinct plasma sources with different setups were used for the measure-
ments. The first discussed setup involves DCSBD as the plasma source. The discharge is
connected to the power generator trough 15 kHz transformer and cooling system to cool oil
used as a dielectric material inside the unit. The setup can be seen on image 2.1 without
the cooling system. All of the measurements conducted in this study were performed in
ambient air with an input power of 400 W that was measured with a digital wattmeter OM
402PWR. This arrangement allowed for a thorough investigation of the plasma discharge
characteristics and surface treatment of our substrates.

Figure 2.1: Setup for plasma treatment using DCSBD: 1) 15 kHz transformer, 2) wattmeter,
3) power generator, 4) movable cantilever with DCSBD, 5§) actuator, 6) chamber with
ceramic plate that allows undersuction of sample to prevent attraction of sample to the
plasma source.

_]2—
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For the second setup, the HDCSBD is included as a plasma source. HDCSBD is fur-
thermore connected to the generator with input power up to 250 W, utilizing internal
transformer operating at approx. 20 kHz. Since HDCSBD does not use oil, the cooling
system was replaced with an aluminum heat sink and a cooling fan. It is important to
note that during surface treatment, HDCSBD replaced DCSBD in the movable cantilever
shown in figure 2.1(5). The transformer and generator were also exchanged. The complete
setup is shown in figure 2.2.

Figure 2.2: Setup that was used with HDCSBD as a plasma source: 1) Power generator with
internal transformer, 2) wattmeter, 3) 24 V generator connected to fan and thermocouple,
4) HDCSBD, 4a) Aluminium heat sink, 4b) logistics to adjust input voltage for cooling
fan.

2.2 Measurement of electrical properties

Generation of plasma discharge leads to the power losses due to various factors, such as
thermal or dielectric losses. While measuring the time dependence of current and voltage,
we can calculate electrical power in plasma using the equation:

1 t+T
P=o /I(t)U(t)dt, @.1)

where T is a period of alternative signal, U (¢) is progression of voltage and (¢) represents
the current progression with a time dependency ¢. During the measurements of current and
voltage, it is important to have a stable discharge considering the thermal losses that can
vary with the plasma temperature [40]. Furthermore, the method is fairly complicated as
we need to achieve integration of all filaments in one period. The measurements were made
using Pearson M4100 current transformer as an electrical device to measure the alternating



Chapter 2. Experimental Setup and diagnostic methods 14

current. The coil works on a maximum working current of 500 A with a conversion factor
of 1V:1A. To measure progression of voltage we used two high-voltage probes Tektronix
P6015A. These probes have maximum working voltage of 50 kV and dividing ratio of
1000:1. For monitoring of the signal we used oscilloscope Teledyne Lecroy, WaveRunner
6100A with a bandwidth of 1 GHz and a sampling frequency of 10 GSa/s. This high-speed
capability allows for the observation of microdischarges within a single discharge period.
For measurement of input power into the high voltage generator, wattmeter OM 402PWR
was used. It is noteworthy that the setup was used for both plasma sources discussed in
this thesis. To calculate power, a simple software was written in Python 3.9, which finds
points for zero voltage, then saves maximums and minimums to set period and integrates
the product of calculated voltage and current. The typical graph for the time dependence
of voltage and current can be seen in figure 2.3.
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Figure 2.3: Typical waveforms of voltage and current in HDCSBD with a power input of
150 W using a transformer with frequency of approx. 20 kHz.

Where C2 and C3 are measured voltages by two high-voltage probes. Calculated
voltage is difference between C3 and C2 and C4 is measured time dependency of current
measured by current transformer.

2.3 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is widely used for plasma diagnostics. Most common
parameters that can be observed by OES in plasma are vibrational, rotational and excitation
temperature. Although different approaches can be used, for example Langmuir probe,
OES is non-invasive and simpler to execute [41]. This section was proccesed using
information from [42].

OES is the analysis of the light emitted by a medium, in our case plasma. Electrons
colliding with gas molecules leads to the excitation. Molecules in excited states tend
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to relax, lowering their potential energy to the lowest unoccupied electronic state. This
happens by spontaneous emission. The radiation emitted by this process is then observed
as the light emitted by a medium. In general physics, electromagnetic radiation shows a
broad spectrum of wavelengths, ranging from ultraviolet (UV) to infrared regions (IR).
Device used to measure the OES is called a spectrometer. There are more ways to collect
the light emitted by the plasma. The emitted light or radiation can be collected directly
onto the input slit in a spectrometer or by optical fiber. The radiation can also be transferred
directly to the monochromator using a pair of optical lenses. Dispersed light is then directed
to the detector which can for example be a photomultiplier. Using input slits helps us to
increase or decrease the emitted light collection. While working with plasma, to maintain
efficient detection, rapid analysis is important. Way to maintain good resolution over a
wider range is with a usage of spectrometer implemented with fast turning or spinning
grating.

A common detectors used in spectrometers are Charge Coupled Device (CCD) or Intensi-
fied Charged Coupled Device (ICCD) cameras. CCD is a semiconductor chip that collects
light and creates electrical charge proportional to the intensity of the emitted light. This
electric charge is then shifted around the CCD device to the charge amplifier and changed to
the voltage. The sensitivity of CCP allows for collection of radiation of small intensity. For
even smaller intensities there is a need of better amplifier. ICCD consist of CCD connected
to image intensifier, consisting of photocathode, micro-channel plate and phosphor screen
[43]. It’s simple device consist of photons generating photoelectrons accelerated to the
micro-channel plate that works as an amplifier. Amplified electrons then reach phosphor
screen leading to creation of photons transfered to CCD by optical fibers. ICCD was not
used in this thesis. Figure 2.4 shows typical arrangement for components of spectrometers.

SLIT
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Figure 2.4: Schematic arrangement of common spectrometer with movable diffraction
grating as a monochromator and CCD detector.
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2.3.1 Vibrational Temperature

The following subsections are under presumption of local thermodynamic equilibrium. All
the measurements mention in these subsections were done by software made by doc. Mgr.
Zden€k Navratil, Ph.D., Spektrum Analyzer 1.7 [10]. Let’s imagine a diatomic molecule
as an anharmonic oscillator. Anharmonic oscillator is a system where if disrupted from
balance, the restoring force is not proportional to the displacement [44]. To measure
intensity of a vibrational lines, we need to consider every vibrational motion. We can
follow equation:
I=c. %5% 2.2)
Where C is constant, v/ and v are vibrational quantum numbers of upper and lower state,
A is wavelength of emitted light, k is Boltzmann constant and E, is energy of vibrational
movement of diatomic molecule around equilibrium position. The Franck-Condon faktor
g, equals the square of overlap integral and represents the relative strength of line. By
taking the logarithm of this equation, we obtain pyrometric line that helps us determine
temperature based on the intensity of the lines:

I, //14 1
n22r—" =——FE +C 2.3
! qv'y kT, v 23)
1
tano = —kT (24)
y

From slope we can calculate vibrational temperature 7;,.

2.3.2 Rotational Temperature

We follow the example set in section about vibrational temperature. Rotational movement
of the diatomic molecule can be compared to a solid rotor that is rotating perpendicular to
the bond axis between the nuclei of the two atoms [44]. Intensity of a rotational line can
be written as:

Sym _Ep
/,’Lj ¢ T 2.5)

where S;/;» is stands for Honl-London factor, 7} is rotational temperature, J',J” are ro-
tational quantum numbers of upper and lower state, and E} is energy of the rotational
movement done by the diatomic molecule. We can achieve pyrometric line the same way
by taking the logarithm of intensity equation:

I=C-

IJ/J//A“. 1
n——=——F C 2.6
nS TP +C, (2.6)
fanQ = — 2.7)
anQ =—— :
kT,

where we again calculate rotational temperature from slope of the equation.
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Figure 2.5: Overview image of spectrum during calibration for HDCSBD with input power
of 150 W atrising temperature. Images shows regions of interests for OH- and N vibrational
bands 0-2.

Experimental setup

For the measurement of OES we used the spectrometer FHR 1000 (Horiba Jobin Yvon,
France) with the construction shown in figure 2.4. The spectrometer used dual grating
80 mm X 110 mm and movable diffraction grating. To detect light, optical fiber was
set up on holder above the used plasma source approx 7 cm. Detector used for data
collection was CCD camera Synapse Plus (Horiba Jobin Yvon, France). Figure 2.5 shows
measurement of HDCSBD during preheating powered by 150 W and 20 kHz transformer.
During the experiment, we measured the spectrum of OH™ in the range of 306-312 nm
and the spectrum of nitrogen molecules in vibrational bands 0-2 in the range of 366-382
nm. Software SpectrumAnalyzer 1.7 was used to calculate vibrational temperature for
HDCSBD with different power input and temperature of the ceramic.

2.4 Analytical setups for plasma treatment evaluation

2.4.1 Surface Free Energy and Contact Angle

Measurement of SFE (Surface Free Energy) is commonly used in industry and academia to
assess the wettability of a material. We can define SFE as a work, denoted by W, required
to create a surface area, AS. This concept can be mathematically shown in the equation as
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follows
W = YAS, (2.8)

where 7 represents the surface tension [N-m~!]. There are various ways in which to
measure SFE, for example, using a special test ink. The method that provides a more
precise measurement, assessing not only the total SFE but its individual components, is
called the contact angle measurement. The analytical method involves a test liquid of
known volume and known properties. The measured contact angle is an angle between the
material, the observed test liquid deposited on the surface of the material, and the gas in
which the measurement was taken. Further explanation will consist of the notation used
in figure 2.6.

a) b)

Figure 2.6: The figure shows components of surface tension for different interfaces between
matters: water contact angle typical for a) hydrophobic and b) hydrophilic surfaces.
The notation shown in figure stands for:

Y1 - Surface tension at the interface of solid and liquid
Yv - Surface tension at the interface of solid and vapor
Y1 - Surface tension at the interface of vapor and liquid

® - Contact Angle

To successfully calculate the surface free energy, correct model has to be used. Various
models take into account different amount of individual components for SFE and require
varying amount of liquids needed to calculate SFE. The simplest and most basic model,
from which others were created is the Young-Dupré equation. The model is utilizing
Young equation made by Thomas Young (1805):

Yev = Ys1 + Yivcos O. 2.9)

Anthanase Dupré and Paul Dupré modified defined work of adhesion for a solid-liquid
system:

WA = N1+ Yv — %l (2-10)
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After substitution back into the Young equation, it leads to:
Wa = %1 (1 +cos®), (2.11)

Which represents the equation for solid-liquid adhesion energy in used gas.

Owens-Wendt Model

Made by Owens and Wendt (1969), this model dissects the surface free energy into two
components, London dispersion forces, which are weak intermolecular forces as a part
of Van der Waals interactions, and polar components formed primarily by the reaction of
bonds:

r="+7 (2.12)

99_.9%

where the component with index ”d” represents dispersive component and with index “p
is polar component. We can then substitue Young equation:

(1+cos®)n:2(m+m>. (2.13)

At least two liquids with known disperse and polar parts of the surface tension are required
to determine the surface free energy of the solid and at least one liquid must have a polar
part higher than 0. Furthermore, this equation can be rewritten in a more compact form
also known as a Owens, Wendt, Rabel and Kaelble (OWKR) model [45]:

%(12ﬁ® yd+\/’\/7 (2.14)

After measuring the contact angle of 2 or more liquids and calculating all variables, this
equation can be used to plot as a line and determine the components of surface free energy

Experimental setup

For the analysis of dispersive and polar components within the SFE, we used the OWKR
regression model mentioned in this thesis. To achieve the more precise results, we used
three liquids with known chemical properties. The used liquids and needed properties are
shown in table 2.1.

Liquid Formula | Temperature )/ld }/1p [mN/m] | % [mN/m]

Water H,O 20 27.19 45.61 72.8
Diiodomethane | CH»l, 20 50.8 0 50.8
Ethylene glycol | C;HgO2 20 29.81 18.19 48

Table 2.1: Table of used liquids with needed properties

Setup used for the measurement is shown at the figure 2.7. For estimating the contact
angles, an average of 14 droplets of each liquid was deposited on the observed material’s
surface by a micropipette with a constant volume of 1 ul. To capture photos to measure the
profile of the liquid droplets, a See (Surface energy evaluation) System analyzer (Advex
Instruments, s.r.0,Brno, Czech Republic) was used. The standard error of measurement is
approx. 1 mJ/m?,
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Figure 2.7: See System Analyzer used to evaluate contact angles and SFE of used liquids.

2.4.2 Measurements of Adhesion

Even though the water contact angle and SFE provide understanding into surface changes
for wettability of the sample, they don’t explain changes in adhesive forces. Adhesion
can be often described as the tendency of a material or surface to cling to one another.
The forces that are responsible for this adhesive behaviour can be categorized as either
chemical, dispersive (or adsorptive adhesion, which is a mechanism for intermolecular
interactions between molecules of two or more materials) or mechanical. These forces can
be observed and further measured.

Experimental Setup

To measure mechanical adhesive forces, the static material testing machine Texture Anal-
yser TA.XT plusC (Stable micro Systems,Surrey, United Kingdom) was used. The testing
machine was equipped with a load cell of 50 N range. Experimental setup can be seen
on fig. 2.8. Measurements were recorded using Exponent Connect software provided by
the machine manufacturer. FINAT method no. 1, the adhesion peel test (specifically, 180°
adhesion peel test) was performed on reference and plasma treated samples. For measure-
ment we used a special adhesive tape (TQC Sheen, Rotterdam, Netherlands) calibrated
according to the ISO 2409:1999.

To ensure the precise measurement of adhesive forces, all the experiments included cal-
ibration for the testing machine. For the calibration of weight, a precisely 1 kg weight
was placed on the calibration platform at the top of the loading cell. Afterwards, the
software ran the calculations and with the correct weight input from the user nullifies any
external forces so the load on the load cell is exactly 1000g. After removing the weight, the
load shows 0 N so all outside forces are removed from the measurement. For the second
calibration, the calibration of height we cleared the measurement space and set correct
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Figure 2.8: Texture analyser Ta.XT plusC used to measure peel force: 1) load cell and 2)
mechanical chatters.

mechanical chatters (refer to fig. 2.8). The calibration consist of robotic arm slowly lower-
ing the upper chatters down to the bottom of the machine. After the upper chatters reacts
to the touch of the lower chatters, it stops and calibrates the position as the lowest point
of the measurement environment. After calibrating and setting up the testing method, we
prepared the sample for measurement. The preparation of the samples involved applying
adhesive tape to the surface of the material. To ensure the repeatability of the process and
maintain a consistent force for interlocking the materials, we used a pre-calibrated rolling
pin (2 kg) and made 12 passes over the taped area. It was also ensured that the width of
the sample is same for all the measurements.
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Figure 2.9: Schematic of the experiment: 1) cantilever, 2) load cell, 3) mechanical chatters,
4) adhesive tape, 5) sample and 6) platform with screw conected to loadcell for weight
calibration. The schematic is rotated by 90°.
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Sample with the tape was placed in to the mechanical chatters of measuring device. Place
itself was placed into the robotic arm which after starting the measurement started to move
away from sample. Set speed of robotic arm was approx. 10 mm/min on the surface
with length of 100 mm, leading to the 10 minutes of time needed for measurement. The
measurement was repeated at least on 5 samples. Software measured 500 points per
second. The measured data were further processed by excluding clear sings of errors such
as unavoidable air bubbles or the beginning of the process, where the strain gauge was
just stretching the adhesive tape. The remaining values were averaged. Schematic for the
measurement can be seen on fig. 2.9.

2.4.3 Cross-cut Test

Polymers are used worldwide as a foundation for an ink during printing, they are produced
by numerous suppliers with a different production processes that can affect the ink adhesion.
For that reason, end-users require certain standards for the material, especially for the
adhesion of ink on the substrate and printed layer quality. [46]. To test these properties,
test method called "Cross-cut” is widely implemented. This method is supposed to evaluate
the adhesion of paints and coatings by separating them from the substrate. It’s a quick test
that uses a cutter to create evenly spaced lattice pattern on the top of the substrate. After
the lattice is done, a special adhesion tape is used to cover the sample and removed by quick
pull. Lattice is then examined visually to determine the result. Scoring according to the
ISO 2409:2013 is shown in figure 2.10. The cross-cut test was used for all the measured
samples.

5 4 3 2 1 0 Score

I

1

Figure 2.10: Scoring of cross-cut test results according to the ISO 2409:2103 with 0 being
the best result [47].

Experimental Setup

For the cross-cut test, it was first needed to create a pattern which is gonna be tasted on
treated surface. The custom UV LED head (395 nm, 14 W/cm) was used to cure and
harden the acrylate-based ink (EFFE811, Effetec s.r.0.) and pattern with 360 x 1200 DPI
resolution. For this test, the samples were in the form of blocks with dimensions of 15 x
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10 cm?. To perform cross-cut we used testing set CC3000 (TQC-Sheen, Rotterdam, The
Netherlands) together with tape according to ISO 2409:2007. Cross-cut was performed on
patterns printed by a prototype of a UV-digital printing machine (Effetec s.r.o) with the
use of HDCSBD technology discussed in this thesis. Patterns and their use will be shown
and discussed in Section 3.6. The prototype can be seen in Figure 2.11.

Figure 2.11: The photograph of UV-digital printer prototype with HDCSBD technology.
(Image is taken from and legally protected by outcomes listed in Section 5 of [11].

)

2.4.4 Chemical Characterization

The chemical changes on the surface of the material were analysed to further understand
results of plasma treatment. For this analyzes we used a method called X-ray photoelectron
spectroscopy (XPS). XPS is a surface-sensitive quantitative technique that is based on pho-
toelectric effect, emission of electrons caused by x-rays. XPS is a powerful measurement
technique that can identify the elements that exist on the surface of the material, binding
states of these elements, or by using the ion-beam, we can also etch the surface and analyze
the inside of the material. Using photoelectric effect:

E,=E,— (Ec+®), (2.15)

Where E}, is the binding energy of the electron, £, is known energy of the photon, Ej is the
kinetic energy of emitted electrons from the surface of material and & is a work function
specific for the material. The work function can be thought of as an adjustable instrumental
correction factor that specifies energy needed for electron to be removed from the material.
Electrons emitted by x-rays are then transferred to the energy analyser and detector. Energy
analyser further measures the kinetic energy while detector will determine the amount of
electrons. Due to the sensitivity of the technique, all measurements are performed under
high vacuum. The outcome of measurement is an electron spectrum with the electron count
dependence on the binding energy of electrons. From the spectrum we can determine the
percentage representation of elements in observed part of the material by equation:

1,/Sp
= 4 2.16
PyiL/S; (10
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where I, is an area under the spectral peak and S, is a relative sensitive factor.

Experimental Setup

The XPS analyzes was performed by the spectrometer Axis Supra (Kratos Analytical Ltd.,
Manchester, UK) using monochromated ALK radiation with energy of 1486.6 eV. The
conditions used in this paper are same as in [2]. Collected electrons that were emitted
from a sample area of size 300 x 700 um? perpendicular to the surface of the sample.
The samples used in this paper are polymers, therefore a charge neutralizer in the form
of argon ions and electrons of small energy was used to compensate the sample charging.
Due to the usage of charge neutralizer energy calibration had to be performed by shifting
the spectra. Survey spectra used in this thesis are high-resolution spectra using an analyzer
pass energy of 2 eV and spectra of 80 eV. The step size for the high-resolution spectra was
0.1 eV. All of the digital processes such as needed calibration of the spectra, processing of
the measured data, analyzes and standard fitting of the spectral peaks were conducted by
CASA software (trial version CasaXPS 2.3.16, CASA international nv, Olen, Belgium).
Used spectrometer can be seen in fig. 2.12.
: /' / -
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Figure 2.12: Photograph of Axis Supra used for XPS analysis [48].

2.5 Morphological Characterisation

Plasma treatment can alter the surface properties of variety of materials to either make
them bond or paint easily. That is being done by cleaning the material and activating
the surface adhesive properties. Unfortunately, usage of incorrect type of plasma for a
certain material can also lead to damaging the material either by etching mentioned before
or creating unwanted changes in morphology of the surface. Due to the risk of extreme
and unwanted morphological changes, the samples are further analyzed by Atomic force
microscopy. The samples also underwent scanning electron microscopy analysis and con-
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focal microscope analysis.

2.5.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is a high-resolution, non-optical imaging method to
analyze surface of the material. With different types of setups, the AFM allows us to do
accurate and non-destructive measurements of not just topography. The basic principle
of standard AFM involves an probe with a very sharp AFM tip. The tip is moving over
a sample surface connected to the flexible cantilever, which movements are controlled
by piezoelectric ceramic scanners. The tip moving over the surface reacts to changes of
heights by deflecting the cantilever. These deflections are tracked by laser beam reflected
on a thin, reflective layer at top of the cantilever. After the reflection, the beam is directed
to the photosensitive detector. This records the movements of the tip, which are used to
generate topographic image of the surface. This process is shown on fig. 2.13.
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Figure 2.13: AFM schematic. [49]

Furthermore, we can use the AFM in different modes to measure topography of the
material. The most common mode is Contact Mode, which consist of the AFM tip being
in contact with the surface of the material. The feedback system aims to maintain constant
interaction force. For this usage, Soft cantilevers are used to minimize AFM tip wear and
surface damage of the material.

Tapping Mode consist of cantilever oscillations created by piezoelectric actuator. The
AFM tip is lowered to the sample surface so that it slightly touches the surface at the end
of oscillation. The amplitude is then recorded. In this case, the feedback system is trying
to maintain a constant cantilever amplitude. This mode is considered to be less invasive
and as in the contact mode, the forces that dominate in this interaction are repulsive. This
interaction is shown in figure 2.14.
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a) b) c) d)

Figure 2.14: a) the cantilever is oscillating in air at maximum amplitude. b) Cantilever
taps on the surface, setpoint amplitude. ¢) Tip gets to the heigher surface, the amplitude of
oscillation drops. d) Feedback system either lowers the sample, or lift ups the candilever,
returning to the setpoint amplitude.

Non-Contact Mode is the only mode that is not in direct contact with sample at any point
of measurement and therefore provides the lowest possible chance of damaging either the
tip or surface of the sample. The cantilever again oscillates at resonance frequency but the
AFM tip is kept at a small distance (several nanometers) from the surface. The material
then interact with AFM tip due to attractive forces and the changes of cantilever amplitude
are noticed. The feedback then again maintains a constant oscillation frequency. The main
disadvantage is the difficulty of the method.

After the image acquisition, we can convert the data into the height map, where each pixel
initially corresponds to the height value collected from image. To better understand the
roughness of the material, the mean height is calculated for the surface:

h= h; (2.17)

1 N
N =
Where N is the number of data points and 4; is the value of height for a given data point. By
knowing the deviation of each point, we can calculate Root Mean Square (RMS), overall

roughness of the surface, with equation:

1 & o)
RMS = /=) hf (2.18)
i=1

Where hld is a height deviation of certain data point.

Experimental Setup

The changes in the roughness of the material before and after plasma treatment were
measured using the atomic force microscope AFM NTEGRA Prima (NT-MDT, Moscow,
Russia) in tapping mode called ’semi-contact mode”. The AFM probes used in the mea-
surements were golden-silicon probes AN-NSG10 (Applied NanoStructures Inc., Mountain
View, CA, USA) with a typical resonant frequency of 240 kHz with a typical force constant
of 11.8 N/m. To measure a Root Mean Square (RMS) and average roughness, we used
100-400 um? with a resolution of 512 x 512 px?. The scanning frequency during the
measurements was up to 1 Hz.
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2.5.2 Scanning Electron Microscopy

Scanning electron microscope is using a focused electron beam to scan a surface of observed
sample. As electron interacts with the sample a wide spectrum of signals is created which
are furthermore detected by a different kind of detectors. A simple image showing different
interactions of electrons with atom of the sample can be seen in Fig. 2.15.

©loicXe

Figure 2.15: An figure showing a different interaction of electrons with atoms: 1) Backscat-
tered electrons, 2) secondary electrons, 3) x-ray emission, 4) Auger’s electrons.

On the fig. 2.15 are shown 4 sources of signal in scanning electron microscopy. The
interaction shown in 2.15(1) is for creation of backscattered electrons (BSE). When an
electron beam hits the sample, the initial electrons can interact with the nucleus of atoms,
therefore deviating the trajectory. Under the right circumstances, the electron can emerge
back to the surface, keeping its high energy. The most common source of signal for
scanning electron microscope (SEM) are secondary electrons whose interaction is shown
in 2.15(2). In contrast with backscattered electrons, interaction between initial electron
and atom is inelastic, therefore the secondary electron originates from atom of the sample.
These two are the main signals in SEM.

Another useful signal that can be detected during scanning with an electron beam is x-rays
(whose interaction can be seen in 2.15(3). The creation of x-rays is a process with two
steps. In the first step, the electron beam brings energy to the atom. This energy can then
be used by an electron to move to the higher energy shell or completely leave the atom,
leaving a hole behind. The second step is the attraction of a negative electron from a
higher-energy shell by a positive hole, leading to release of energy in the form of x-rays.
An honorable mention, is the 4th source of signal, Auger’s electrons shown in 2.15(4). If
an electron moves from higher energy shell to the lower, the energy that could be released
as an x-ray can be caught by electron inside the atom, leading to the release of that electron
to the surface.

Electrons emitted from the material are then detected by detectors. The most common
way to obtain an image is through secondary electrons (SE). The reason is their low
energy, which means that they are emitted from the surface of the material or a depth
of a few nanometers. After emerging from the sample, they are commonly collected by
the Everhart-Thornley detector (ETD). ETD is the most commonly used device for SE
detection. The detector is positioned close to the sample, and it consists of a scintillator
and a photomultiplier. Not all SE need to emerge into the detector. For this reason,
the scintillator is inside the Faraday cage with high positive voltage to attract electrons.
Electrons that reach the scintillator are turned into photons that reach the photomultiplier,
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which amplifies the signal, which changes to digital form and creates an image. Signals
from secondary electrons are useful for topography measurements.

Although signal from BSE can also be used for imaging, we will not achieve a resolution
higher than SE. BSE are mostly used for their dependency on the material composition.
Since heavier elements are much better scatterers than lighter elements, we can expect
a higher intensity of the BSE signal for large atoms. The number of BSE reaching the
detector is dependent on atomic number of the component. Common detectors for BSE are
”donut” like shaped around the beam and above the sample to collect most of the scattered
electrons. These detectors are mostly made out of doped semiconductor material, typically
silicon. BSE electrons have higher energies; therefore, materials such as semiconductors
that are sensitive only to higher energies collect mainly BSE. We detect the BSE using the
electron-hole pair created by the impact of the initial electron which excites electrons in
silicon. The number of pairs is proportional to the energy of the initial electron.

Last detected signals in this section are x-rays. Method to detect x-rays is called energy-
dispersive x-rays (EDX or EDS). Unlike electrons, x-rays are electromagnetic radiation
consisting of photons. These photons are collected by the silicon-drift detectors. These
detectors are placed close to the sample at an angle and can measure the energy of x-rays
with high precision. X-ray emitted from material due to process explained earlier transfers
energy which is characteristic to the difference between two shells. The software can then
categorize this energy to the element, creating a spectra with peaks corresponding to the
components in the sample. This method can be used not to just find the amount of elements
inside the sample but with the correct measurement, we can also get the percentage of the
concentration for found elements.

Experimental Setup

Changes in the morphology of the sample were observed using the Mira3 scanning electron
microscope (Tescan, Brno, Czech Republic) shown in the figure 2.16. To prevent charging
of the samples, substrates were coated with 20 nm of the Au/Pd layer by sputter coater
Quorum QI50R-ES (Quorum Technologies, Lewes, UK). Due to the usage of XPS for
element detection, the SEM method was used only to observe morphological damage on
the surface. Detector for secondary electrons was used with the accelerating voltage of
7-10 kV. The photos were taken with 50 000 MAG.
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Figure 2.16: Photograph of used scanning electron microscope Mira3 [50].



Chapter 3

Results of experiments and discussion

Results present in this section should compare and prove the compatibility of used plasma
sources. Due to the extensive nature of the experiment, only a subset of the data was
selected to present the results. Notably, the results incorporated in this thesis have been
partially published [11].

—30-
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3.1 Power efficiency

3.1.1 DCSBD

The power efficiency for DCSBD was calculated using the method mentioned above. The
power efficiency is meant to be percentage ratio between the power inside the plasma (P,)
and the power provided by the generator () connected to the discharge. To measure
current and voltage, schematic shown in figure 3.1 was used. The electrodes are in a
special oil that travels between the electrode and a cooling system to keep the ceramic
from overheating and at the same time insulting to prevent sparking inside the plasma unit.
A closer look at the calculated voltage and measured current can be seen in figure 3.2.
The vibrating structures on the current curve are micro filaments. All the measurements
were acquired after 5-10 minutes to ensure stabilization of temperature and the discharge.
The power efficiency is shown in figure 3.3. The DCSBD efficiency at 200 W is 81%
and increases to 90 % at 350 W. Power loss is expected and can occur in the electrical
circuit (transformer, power generator, or cable connections) or dielectric losses that play
a role in DBD. The differences are probably due to the technical incompatibility of the
transformers and generator used. A sudden drop at 400 W is probably due to maximum
coverage of ceramic with micro-discharges. We also calculated the power over the area
of the ceramic at maximum input power for a 15 kHz transformer, which is mostly used
for any application. With an input of 400 W and power in unit calculated as 333 W, we
calculated the power per area unit with value of 2,08 W/cm?. The standard error for the
use of 4 GSa/s sampling is 2.7 % according to the lecroy datasheet. This error was used
for measured points on channels of lecroy. The errors for efficiency as well as for P, were
calculated from propagation of uncertainties.
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Figure 3.1: Schematic of HV electric circuit used for measurements of power efficiency
for DCSBD.
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Figure 3.2: Closer look at waveform of current (C4) and calculated voltage and with
calculated power inside of plasma for conditions: a) 200 W, b) 300 W, ¢) 350 W and
d) 400 W. All measurements were done with a 15 kHz transformer.



Chapter 3. Results of experiments and discussion 33

Efficiency [%]
[00) O
S

(o0}
o

200 225 250 275 300 325 350 375 400
Ps [W]

Figure 3.3: Power efficiency calculated as a ratio of power in plasma and power supplied
by generator for DCSBD.

If we look at the figure 3.4 and 3.5, we can see dependency of voltage amplitude on power
supplied to the discharge with a relation to power in plasma and efficiency respectively.
On both figures we see a moment of saturation between 300 and 350 W. This could
mean, that it’s a zone where the amount of micro-discharges grows rapidly, leading to the
almost maximum coverage of the discharge zone. This could explain the rapid drop in the
efficiency [9].
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Figure 3.4: Dependency of power in plasma and voltage amplitude on input power for
DCSBD.
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Figure 3.5: Dependency of power efficiency and voltage amplitude on input power for
DCSBD.
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3.1.2 HDCSBD

The power efficiency for HDCSBD was calculated the same way as for DCSBD. Mea-
surements were done using the schematic shown in figure 3.6. In this schematic, we used
the generator with adjustable voltage (0-24 V) as a power supply for the fan used to cool
the aluminum heater. The generator was also connected to a temperature sensitive probe
located between the aluminum sink and the ceramics to monitor and control temperature.
This added component worked as a temperature regulator to provide a stable temperature
of ceramic for measurement. Figure 3.7 shows closer look at the current and calculated
voltage. We can see characteristics peaks for micro filaments appearing close to the maxi-
mum of voltage signal. Measurement shown in the figure were conducted at a temperature
of approximately 70 °C. This temperature is similar to the temperature of ceramic using
DCSBD at the commonly used power 400 W. The temperature couldn’t be set to exactly
70 °C due to the hysteresis behavior of the aluminum heater. Temperature fluctuations
were maintained at around 2 to 3 °C. Furthermore, all the measurements were acquired
after 5-10 minutes of stabilization. The power efficiency is shown at figure 3.8. The power
efficiency appears to be moving from 80% to 95% within error. The power per unit of
area at 250 W (231 W in plasma) is 2.9 W/cm?2. Furthermore, if we look at area power
200 W (194 W in plasma) the efficiency at the half of power commonly used for DCSBD
is 2.14 W/cm?. The standard error was calculated same way as mentioned in section 3.1.1.
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Figure 3.6: Schematic of HV electric circuit used for measurements of power efficiency
for HDCSBD.
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Figure 3.7: Closer look at course of current and calculated voltage with calculated power
inside of plasma for conditions: a) 150 W and 19.824 kHz, b) 175 W and 19.536 kHz,
¢) 200 W and 19.248 kHz, d) 225 W and 18.944 kHz, e) 250 W and 18.720 kHz.
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Figure 3.8: Power efficiency calculated as a ratio of power in plasma (P,) and power (Fy)
supplied by generator for HDCSBD with ceramic at temperature of approx. 70° C.

When it comes to the HDCSBD, if we look at dependency of measured voltage amplitude
on power supplied from the generator and its relation with the power in plasma, we wont
see any saturation and the growth is linear. The decline that we can see between 175 W
to 225 W seems to be irrelevant to the amplitude of measured voltage, although the slope
when it comes to the amplitude of voltage is higher after 200 W. This could mean that
at 150 W, we reached the maximum of efficiency due to the maximum amount of micro
discharges but doesn’t explain the maximum at 250 W. Due to the error of the measurement
we are unable to tell if the decline in 175 W to 225 W region is of any kind of device
nature. Mention dependencies are shown in figures 3.9 and 3.10. In the future it would be
advised to secure more accurate measurement and increase the range of the measurements
to confirm these findings.
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Figure 3.9: Dependency of power in plasma and voltage amplitude on input power.

Fan that was used to cool the aluminium heat sink can be supplied by generator in range of
0-24 V. This generator acts like a temperature controller as its connected to the thermo-
couple built in the heat sink. Since to achieve 70 °C, we needed only an input of 10 V on
maximum power load (250 W) we decided to measure efficiency on lower temperatures of
ceramic for two highest power loads. The dependency of power efficiency on temperature



Chapter 3. Results of experiments and discussion 38

96}

94t 110500
~ 92}
al 110000
290t 0
C ()]
9 L 3
S 88 19500 9
b

86! ><

ga | _— 19000

82t . ‘ - ‘

160 180 200 220 240
Ps [W]

Figure 3.10: Dependency of power efficiency and voltage amplitude on input power.

with input power of 225 and 250 can be seen in figure 3.11. Since we expected no changes
of efficiency, we measured down to 50 °C in two steps for both power inputs. As we can
see on figure, there is a small change in efficiency which is within standard error of used
oscilloscope. By neglecting the error, according to the measurement, the optimal temper-
ature of ceramic for usage of HDCSBD is 60 °C. In the future work, the measurement
could be improved by widening the range of temperatures and using more stable supply of
power or more accurate measurement method.
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Figure 3.11: Dependency of efficiency on temperature of HDCSBD’s Kyocera ceramic
with input of 225 and 250 W.
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3.2 Optical emission spectroscopy of plasma sources

Optical emission spectroscopy (OES) was used to observe HDCSBD with with input
power in range of 150-250 W powered by adjustable generator with internal 20 kHz
transformer. OES was also used to observe DSCBD with input power of 400 W mostly
used in applications and 15 kHz transformer. The measurements were focusing on nitrogen
vibrational bands spectrum in range of 366 to 382 nm. The optical fiber was placed approx.
7 cm above the plasma which means we monitored around 5 mm of surface. The results
were calculated by already mentioned SpectrumAnalyzer 1.7. which stated the error bars
from pyrometric line.

Vibrational and rotational temperature was a point of different studies considering material
treatment and the changes of the material surface [S1]. In [52] authors show the depen-
dency of vibrational temperature on adhesion properties in a way, that higher vibrational
temperatures lead to the better results. Graph in Figure 3.12 shows vibrational temperature
calculated from above mentioned region and its dependence of input power. The results
are also seen in Table 3.1.

Input Power [W] Vibrational Temperature [K]

150 2430 £ 330
175 2540 £ 270
200 2530 £ 270
225 2400 + 310
250 2400 £ 330

Table 3.1: Calculated vibrational temperatures from N; 0-2 region for different input power
on HDCSBD.

2800

2600

2400

2200

Vibrational Temperature [K]

150 175 200 225 250
Input Power [W]

Figure 3.12: Measurement of vibrational temperature from N, 0-2 region for different
input power on HDCSBD.

Calculated values show almost identical results. A small difference within the error can be
noticed at input power of 175 W and 200 W. OES measurement was also done on DCSBD
powered by generator with input power of 400 W and 15 kHz transformer. These conditions
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are the most common used conditions for LTP treatment by DCSBD. The measurement
was also done for N, 0-2 vibrational bond:

T, =2300£270K f =15kHz

As HDCSBD is powered by different generator with approx. 20 kHz transformer, we
looked at the difference of vibrational temperature for DCSBD powered by generator with
30 kHz transformer. The results are from thesis of Dr. Kelar [9]:

T, =2100+£ 150K f =30kHz

HDCSBD shows slightly higher values of vibrational temperature but the results are within
the error. HDCSBD should then be suitable for surface treatment by providing the same re-
sults as more industrially used DCSBD [9]. Since the temperature of ceramic on HDCSBD
can be regulated by a heat sink connected to the fan, we also lowered the temperature while
providing the power of 225 W and 250 W. Temperature of ceramic was controlled by a
fan connected to the to the generator with adjustable input voltage. Generator has built-in
thermal controller that is connected to the thermocouple inside the aluminium heat sink of
HDCSBD. Measurements were done in the range of 50 °C to 70 °C. The results are shown
in Figure 3.13. The results are also shown in Table 3.2. The measurements of vibrational
temperature are affected by a large statistical error, therefore we cannot confirm or deny
any dependence on the changing parameters.

Temperature [ °C] Vibrational Temperature [K]

- 225 W 250 W
50 2460 310 2500 + 300
60 2350 £ 370 2420 + 320
70 2400 +£310 2400 + 330

Table 3.2: Calculated vibrational temperatures from N; 0-2 region for different tempera-
tures of ceramic.
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Figure 3.13: Measurement of vibrational temperature from N, 0-2 region in dependence
of temperature of ceramic.
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Vibrational temperature and rotational temperature contributes synergistically during the
treatment process. We investigated rotational temperature of HDCSBD at different input
powers and temperatures. Knowledge of rotational temperature is important due to it
significant input for different plasmochemical processes. Since the temperature of neu-
tral particles in plasma can be determined by rotational temperature, results can help us
during treatment of temperature sensitive materials. Experiment was focused on OES
measurement in range of 306 to 312 nm. In this range, we can look at OH™ rotational lines
and calculate the rotational temperature with used software. Due to the quenching effect,
the listen temperatures are overestimated and do not represent the temperature of heavier
particles and neutrla gas within the plasma. Results of spectroscopy are shown in Figure
3.14. The Table 3.3 shows numerical values of the calculations.

Input Power [W] Rotational Temperature [K]

150 560 = 80
175 560 + 80
200 550 + 50
225 560 + 80
250 560 + 90

Table 3.3: Calculated rotational temperatures from OH™ region for different input power
on HDCSBD.
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Figure 3.14: Measurement of rotational temperature from OH™ region for different input
power on HDCSBD.

Although the error intervals are smaller as in case of vibrational temperature, the differences
in temperatures are very small, leading to no noticeable difference in changing of power
parameter. Similar measurement was done on DCSBD at commonly used input power of
400 W with 15 kHz transformer for OH™. We also looked at the rotational temperature of
DCSBD powered by generator with 30 kHz transformer [9]:

T, =510+ 80K f =15kHz

T, = 540 £ 80K f =30kHz
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DCSBD value at it industrially used parameters shows lower rotational temperature. Ac-
cording to the authors of [51] increase in rotational temperatures is unwanted as it leads
to worsening of surface treatment. Exposure time to achieve HDCSBD spectrum which
could create unwanted noise. Considering the error, the slightly higher temperature should
not lead to the damaging of temperature sensitive samples or degrade the effect of plasma
treatment.

We also observed OES for the HDCSBD while controlling and changing temperature.
Results of the measurement are shown in Figure 3.4 and in Table 3.15. The changes
in the rotational temperature in correlation to the changes of ceramic’s temperature are
insignificant. The measurement of rotational and vibrational temperature for HDCSBD are
similar as for DCSBD at it commonly used configuration for different applications. Small
deviations of these temperatures in dependence on plasma source are within the error of
the used calculation method and therfore should not had any significant effect on plasma
treatment. For the future measurement it would be practical to use a systematical error for
a set of measurements rather than error from fit of pyrometric line.

- 6501 T T $ 225w
E T ¢ 250W
2 600
o
I,
£
@ 550
©
C
k)
+ 500
)
o4
50 60 70

Temperature [°C]

Figure 3.15: Measurement of rotational temperature from OH™ region in dependence of
ceramic’s temperatures.

Temperature [ °C] Rotational Temperature [K]

- 225 W 250 W
50 550 + 80 570 =90
60 560 + 80 550 £ 80
70 560 + 80 560 =90

Table 3.4: Calculated rotational temperatures from OH™ region for different ceramic’s
temperatures.

3.3 Wettability and Adhesion of Treated substrates

The total SFE and adhesion changes for two polymers will be discussed in this thesis.
The mentioned polymers are industrial grade polycarbonate (PC) and polyethylene on
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aluminum surface (Pe-Al). The core of Pe-Al is made of low-density polyethylene (LD-Pe)
covered by aluminum and a thin player of polyethelene on the surface. The scheme of
the material is shown in figure 3.16. In this thesis, we use the technical name for Pe-Al,
Dibond. Materials were provided by Effetec s.r.0. (Celechovice na Hané, Czech Republic).
Boards with dimensions of 15 x 10 x 0.3 cm>. Experiments were conducted on smaller
pieces with dimensions of 1.5 x 10 x 0.3 cm? that were cut from the boards, maintaining
thickness of 3 mm. The surface of the materials was protected by a protective foil that
was removed prior to plasma treatment to ensure that the samples were not contaminated.
Figure 3.17 shows uncut boards of used Dibond with protective layer.

Polyethylene Aluminum

LD-Polyethylene

Figure 3.16: Schematic showing structure of Dibond.

Figure 3.17: Used Dibond plates with peeled of protective player.

Materials were treated by low temperature plasma (LTP) generated by both already men-
tioned plasma sources DCSBD and HDCSBD. The treatment then proceeded at different
distances of samples from plasma source. Distances used in this thesis are 225 pm, 300 um
and 450 um. Plasma treatment was done by a plasma source moving above the surface
keeping set distance. Distance was set by using of kapton tapes of known thickness and
then removed from the sample before the plasma treatment. Variations of exposure time
were also included. The time of treatment varied from 1 to 5s. Plasma source movement
was ensured by adjustable generator. The ageing of the treatment was measured in this
thesis. To prevent contamination and ensure controlled ageing, samples were stored in a
desiccator cabinet at room temperature (23 °C) and constant humidity of 40%. Setup used
for the plasma treatment of polymers is shown in figure 3.18.
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Figure 3.18: Apparatus used for plasma treatment with HDCSBD as a plasma source,
exchangeable for DCSBD.

Due to the amount of data, figure 3.19 shows results for reference, values of treated samples
immediately after treatment and after 3 days. Wettability of the samples changed due to the
LTP treatment. In case of PC right after the treatment the WCA values dropped from the
reference value of 86° down to 43-47° depending on the time of the treatment, distance and
used source. These fluctuations are very small and considering the mean error and error of
used technology, the values seem to be quite consistent. Prolonged ageing of the samples
shown no significant increase in WCA values up to 24 hours. Further measurements
shown, that after 24 hours values increased mostly for lower treatment times (1-3 s) while
5 s treatment shown no significant changes. After three days, all values stabilized for
DCSBD at approx. 61° within the error. For HDCSBD however, we see a different
trends depending on the distance from plasma source. For the lowest distance of 225 um
we observe expected results, where WCA values decrease with longer times of treatment
down to 56°. For 300 um, the trend reverses, and the lowest time of treatment wields
best results. The same trend is repeated for 450 um where after 72 hours we reach the
minimum value of 51°. In [53] authors used DBD reactor with helium-plasma to observe
ageing of the PC samples. Although immediately after the treatment they achieved better
results of 40 °C for treatment time of 30 s, after 3 days the value reached 79°. This could
be explained by the reactor running on lower power.
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Figure 3.19: The WCA (determined from the average angle of 14 droplets of water) of PC
substrates treated by a) DCSBD, b) HDCSBD.

For Dibond there is a significant improvement of WCA for all treated samples. The
results can be seen in figure 3.20. For DCSBD, The initial value of 86.9° for reference
dropped to 35-46° in dependence on distance and exposure time. The differences between
measurements are quite small and stabilize at approx 41° for most of the measurements
considering the difference. The only exceptions are 3 s treatment time with distance
of 300 um that reached the overall minimum of 35.5° and the overall maximum at 1 s
and 450 ym where the value reached was 46°. From the measurements it seems that
lower times are better immediately after the treatment excluding the 450 pym. After
72 hours, we can see opposite trend, where the aging is more pronounced for shorter time
of treatment Showcasing that the longer exposure time and smaller distance wield best
results. For HDCSBD, we can see the decrease of WCA depending on exposure time. In
comparison, using HDCSBD is actually favorable for longer times, while 1 s exposition
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although it improves WCA, it is less significant. We can also notice, that bigger distance
is more suitable immediately after the treatment. After 72 hours, 1 s exposure time shows
significant aging, while 3 and 5 seconds does not change much, depending on distance
during treatment. From the results it was established that longer treatment times with the
distance of 300 um wield the best results. Furthermore, immediately after treatment and
72 hours later, the values never reached the reference value.
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Figure 3.20: The WCA (determined from the average angle of 14 droplets of water) of
Dibond substrates treated by a) DCSBD, b) HDCSBD.

The CA of different liquids (Diiodomethane, Water and Ethylene glycol) were used to
calculate dispersion and polar components for a better understanding of changes that
occurred during measurements of wettability for plasma-treated substrates. Figure 3.21
shows that the total SFE of PC substrate increased after the plasma treatment, leading
to better adhesive properties and enhancement of the polymer surfaces. The standard
error of the precedure is approx. 1 mJ/m?. In case of PC the polar component increased
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significantly as expected. Right after the treatment the polar part of SFE increases from
starting 0.9 mJ/m? to the value of 18-23 mJ/m?. The disperse part decreases by 4-9 mJ/m?.
The increase of polar component is common in LTP treatment in air due to the surface
activation and creation of functional polar groups on it surface due to the reactive oxygen
and nitrogen species (known as RONS) [2]. Surface activation can modify SFE trough
chemical grafting and oxidation. The reason to the drop of values for disperse forces could
be due to the cleaning of the surface, polar saturation on the surface and morphological
changes. Due to ageing, the polar components start to drop while the disperse part starts
to recover. After 3 days of measurement the SFE components did not reach the reference
values. We can notice that similar trends that we saw at WCA in 3.19 can be observed in
the increase of the polar component at 3.21. Authors in [54] achieve similar results with
Air DBD treatment where after 3 days of ageing they reach almost identical values of polar
components for PC.
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Figure 3.21: The SFE (determined from average angle of 14 droplets per liquid) of PC
substrate treated by a) DCSBD, b) HDCSBD.
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Figure 3.22 shows the results of the SFE for Dibond immediately after treatment and
72 hours later. The results show an increase in the polar and dispersive part of the SFE for
all the observed samples. Right after treatment, we can follow improvement of the polar
part in the range of 19 to 22 mJ/m? for DCSBD and 15 to 22 mJ/m? for HDCSBD. We
can see that the total SFE follows the patterns seen in the WCA results (Figure 3.20) that
shorter times are better for DCSBD, except the distance of 450 um where we again follow
a slight decrease for 1 s exposure time compared to longer treatment times. After 72 hours,
the SFE stabilizes with a smaller drop, again more significant for shorter treatment times,
following the trend. In case of HDCSBD, we can see, that the total SFE increases with
longer treatment times and the drop after 72 hours is more significant for shorter exposure
times.
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Figure 3.22: The SFE (determined from average angle of 14 droplets per liquid) of Dibond
substrate treated by a) DCSBD, b) HDCSBD.

Presented results shows increase in polar and dispersive components of the SFE after LTP
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treatment. According to [55], changes in surface roughness that occur during plasma
treatment as well as formation of polar oxygen-containing functional groups can lead to
the improvement in adhesion. Changes in adhesion were observed for PC and Dibond right
after the plasma treatment and in 24 hours after the plasma treatment. Samples underwent
LTP treatment at different distances and exposure times. Distances were selected unison
with WCA and SFE data sets. Exposure time of 1 s was excluded due to the amount
of available samples provided by manufacturer. Another reason is fast aging of polymer
samples evaluated in previous studies [1]. The ageing effect was observed up to 24 hours.
Results of this measurement for PC can be seen in figure 3.23.

a)

0.40

T {
B Ooh [ 24h T

I
w
o

o
W
S

o
N
%
110
PE E

Peel Force [N-mm™1]
o
S

0.15 <« [
— ~N
0.10 - N o
o
0.05 —
0.00
Ref 3s 5s 3s 5s 3s 5s
225um 300um 450um
Distance and time of treatment
0.35 : ‘
I Oh [ 24h

. 0.30 |
7
€ 0.25 T T
€ -
.2_ 0.20 Q& —
S
Y 015 |
S g, Q 0 Q Q N
3 0.10 o © S e e © —
[0
o

0.05 —

0.00

Ref 3s 5s 3s 5s 3s 5s
225um 300um 450um

Distance and time of treatment

Figure 3.23: Mean peel force of PC substrates treated by a) DCSBD, b) HDCSBD for
different distances and exposure time.

Immediately after LTP treatment of PC using DCSBD, adhesion increased compared to
reference. At the lowest used distance of 225 um, the peel force almost doubled after
5 s exposure time. It should be noted, that there is a small difference between 3 s and
5 s treatment which is almost the same within margins of error. Same statement can be
applied for further distances. Increasing the distance leads to the decrease of the peel force
in comparison to the 225 um. These results are different for HDCSBD, where the longer
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exposure times shows better results. Only exception to the decrease of the peel force with
increase of distance is 5 second treatment with HCDSBD at the distance of 450 um, where
the achieved peel force of 31 N/mm is comparable to the 5 second treatment at the distance
of 225 um. All the samples treated by either DCSBD or HDCSBD shown improvement of
surface adhesion.

Value of peel force remained higher than the one of reference samples even after 24 hours.
The decrease in the peel force was significant for PC as for all the measurements it decreased
to the value approx. 0.24 N/mm. As the aging effect we have to consider uptake in WCA
or decrease of SFE with time. Same trend can be seen in measurements of adhesion after
24 h due to the possible contamination, chemical reactions, relaxation of the sample or
reorientation of functional groups [56]. Although the peel force decreased significantly
after 24 hours, the in-line process should diminish the ageing effect, leading to the stable
improvement of surface adhesion [11].
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Figure 3.24: Mean peel force of Dibond substrates treated by a) DCSBD, b) HDCSBD for
different distances and exposure time.

Results for the measurement of the peel force in Dibond can be seen in Figure 3.24. The
initial value for reference is 0.05 N/mm. After the treatment with DCSBD, we observe



Chapter 3. Results of experiments and discussion 51

values almost 6 times higher for the lowest reached value of 0.29 N/mm. Overall, we can
see increase in range of 0.29 to 0.39 N/mm. Shorter distances yield better results, as the
mean peel force decreases with increasing distance. We can observe that the best results
are for the shortest observed treatment time at the closest distance of 225 um. 24 hours
after treatment, we observe a slight decrease in the peel force to the lowest 0.26 N/mm
and the maximum value of 0.3 N/mm. Distance of the sample in our range doesn’t seem
to be a factor as the peel force reaches the same value respectively to the exposure time.
Higher exposure time seems to bring better results. Although the treatment at a distance
of 300 um appears to have smaller errors and feels more stable, more samples would be
needed to confirm this observation.

Treatment by HDCSBD led to greater increase in peel force immediately after treatment
up to 0.47 N/mm. Peel force reaches the maximum for treatment distance of 300 um. The
longer treatment time of 5 seconds yields slightly better results. After 24 hours peel force
drops to the values in range of 0.25 to 0.3 N/mm. All values reach the same amount within
the statistical error, regardless of exposure time. Considering the error of the measurement,
the slight increase at 450 um is negligible.

3.4 XPS measurements of treated polymers

Chemical changes and the creation of functional groups on the surface due to the LTP
treatment were already mentioned in this thesis. Samples of PC and Dibond that underwent
XPS analysis were treated by plasma sources at different distances and exposure times.
The distance of 225 um was excluded due to the large amount of data and processing time.
The results of XPS analysis are shown in Tables 3.5 and 3.6. The analysis was focused on
the main composing elements such as C and O. Nitrogen is also mentioned, as the plasma
treatment in ambient air can lead to its implementation. The trace elements such as Si are
not listed as we used pristine samples.

A slight increase of nitrogen was expected, yet the changes due to the distance or exposure
time are not obvious as they are within the error. After the treatment there are noticeable
changes of C an O elements as expected. The intial O/C ratio of 0.13 increased after
plasma treatment for all samples. The increase was more noticeable for a shorter distance
of 300 um, with an increase to 0.18. Longer exposure times were needed for samples treated
at a distance of 450 um to increase oxygen concentration to reach similar values achieved
at 300 um. This could remote reaction of gaseous chemical products and long-living
particles.

Distance Reference 300 [um] 450 [um]
Exposure Time - 3s 5s 3s S5s
At. Concentration [%]
C 88 74 76 81 77
0] 11 23 22 17 21
N - 1.8 15 10 1.3
O/C Ratio 0.13 0.31 029 0.21 0.28

Table 3.5: Atomic concentration estimated from survey spectra for PC.
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As it was already mentioned, the increase of oxygen content is most likely due to the
creation of functional oxygen groups. Results in Table 3.6 show the concentration of
fuctional groups at the surfaces of the PC samples. The deconvolution of C 1s high-
resolution spectra reveals, that after the plasma treatment, a new C=0 group is created as
well as shake-up-satellite & — 7+. There is also a small but noticeable increase of O-C=0
and C=0 concentrations which correlates with changes we see at Table 3.5. Slight changes
of O — C = O, group are insignificant as the standard error is approx. 1%. Similar changes
were observed for PC treated by DCSBD [1].

Distance Reference 300 [um] 450 [um]
Exposure Time - 3s 5s 3s S5s
Functional Group Conc. [%]

C-C/C-H 71.4 66 65 74 66

C-O 24 24 234 20 24

C=0 - 2 4 2 24

0-C=0 1 7 45 3 35

0-C=0, 3 2 3 2 35

T — TT* - - 1 - 2

Table 3.6: Concetration of functional groups estimated by deconvolution of C 1s high-
resolution spectra for PC.

Chemical changes were also observed in the case of Dibond. The results of the XPS
analysis can be seen in Table 3.7. The samples were treated with DCSBD and HDCSBD
at a distance of 300 um and 450 um with exposure time of 3 and 5 seconds. As in the case
of PC, only the common elements that occur during LTP treatment were analyzed.
Treated samples shown increase of oxygen due to activation of surface and creation of
functional groups as well as decrease of carbon. The reference O/C ratio is approx. two-
times higher than reference value for all HDCSBD treatments. The difference between PC
and Dibond is the higher concentration of nitrogen that increased up to five times the initial
value of 3% depending on the distance and exposure time, as well as the plasma source
used. It seems that the surface of the dibond is more reactive to the treatment in ambient
air than PC. The N implantation could lead to the creation of nitroso, -N=0O functional
groups.

Plasma Source Reference DCSBD HDCSBD
Distance - 300 um 450 um 300 pum 450 um
Exposure Time - 3s 5s 3s 5s 3s 5s 3s Ss
At. Concentration [%]
C 79 59 61 60 57 58 57 60 63
0] 18 25 26 26 27 26 27 26 29
N 3 15 12 13 15 15 15 13 7
O/C Ratio 0.23 043 043 043 047 046 047 044 0.46

Table 3.7: Atomic concentration estimated from survey spectra for Dibond.

Further deconvolution of C 1s and N 1s peaks can be seen in Tables 3.8 and 3.9 [57].
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Deconvolution of C 1s shows decrease of C-C/C-H by approx. 20 % and increase in
oxygen functional groups. Slight increase of C-OH is insignificant and within the error
of measurement. A noticeable increase of C=0/C=N and O-C=0 correlates with the
changes we see in Table 3.7. Plasma treatment using HDCSBD at distance of 450 pm
and exposure time, leads to the smallest elevation of N concentration, which mirrors small
improvement of C=0/C=N. Consequently, the observed percentage increases for treatments
with different conditions lean towards increase of C=N bond, rather than C=0. N 1s spectra
was also observed. LTP treatment of Dibond led to creation of new N = O, functional
group. The most significant chemical changes can be seen for increasing C — NH, group
and decreasing C=N-C group after the treatment. According to the results, the plasma
treatment with HDCSBD at the distance of 450 um and 5 s results in creation of higher
quantity of nitrate groups at the expense of primary amines such as C — NH,. These results
also helps us to understand increase in atomic concentration of nitrogen. For analysis and
deconvolution of N 1s we used informations from following articles [58, 59].

Plasma Source Reference DCSBD HDCSBD

Distance - 300um 450 um 300 um 450 pm

Exposure Time - 3s 5s 3s 5s 3s 5s 3s 5s
Functional Group Conc. [%]

C-C/C-H 64 41 45 44 42 44 43 45 48
C-OH/C-O 24 25 24 26 24 24 24 25 25
C=0/C=N 3 13 12 9 9 8 7 10 5

0O-C=0 10 21 21 22 25 24 26 21 22

Table 3.8: Concentration of functional groups estimated by deconvolution of C 1s high-
resolution spectra for Dibond.

Plasma Source Reference DCSBD HDCSBD
Distance - 300um 450 um 300 um 450 pm
Exposure Time - 3s 5s 3s 5s 3s 5s 3s S5s
Functional Group Conc. [%]
C=N-C 41 8 9 8 7 6 T 6 11
C—NH, 59 86 83 84 85 85 85 84 78
N=0; - 6 8 7 8 8 8 9 11

Table 3.9: Concetration of functional groups estimated by deconvolution of N 1s high-
resolution spectra for Dibond.
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3.5 Morphological observations of treated polymer sub-
strates

Plasma treatment of polymers can be damaging to the surface of the material, leading
to etching and heat-UV degradation. These interactions however should not appear with
such a short LTP treatment. Furthermore, the surface roughness could also play a role in
increase of peel force noticed at 3.23. We used AFM and SEM to observe the surface of the
material and confirm, that the samples were not damaged due to the plasma treatment and
that our plasma source is suitable for these treatments. The same distances and exposure
times were used as for XPS analysis. Results of the AFM measurement are shown at Table
3.10 and 3.11. Relative standard error of the measurement is in range of 5 to 10 %. In
the case of PC, the changes are minimal. The most pronounced change is for treatment
with distance of 300 um and 5s exposure time, where the RMS is 2.5 times higher with
value of 1.40. RMS measured on Dibond substrate shows increase in RMS values for a
3 s exposure time. For both measured treatment distances we observe 1.6 times higher
results. These changes doesn’t correspond with the changes of peel force nor the SFE or
WCA measurements above.

Distance Reference 300 [um] 450 [um]
Expusure Time - 3s 5s 3s Ss
RMS 0.57 052 140 045 0.68

Table 3.10: The roughness of PC after HDCSBD plasma treatment.

Distance Reference 300 [um] 450 [um]
Expusure Time - 3s 5s 3s 5s
RMS 24.22 37.49 2359 3793 27.26

Table 3.11: The roughness of Pe-Al after HDCSBD plasma treatment.

Morphological changes of PC were further investigated by SEM. Images acquired by this
method can be seen in figure 3.25. Dust particles slightly contaminated the surface due to
the static charge created by removing the protective tape. Small cracks that can be seen
in the images is due to the interaction of high-energy electrons with conductive Au/Pd
coating. PC samples that underwent plasma treatment with exposure time 3 and 5 seconds
at a distance of 300 um show sings of roughness changes. These changes are not see-able
for distance of 450 um. It is also noticeable, that at the distance of 300 um, there are small
”swollen” areas which then join into larger ones after 5s. Small visible particles indicates
contamination from the treatment in ambient air. As with XPS, the changes are more
pronounced for 300 um. Considering the previous work using oxidizing plasma [1, 60],
we considered the changes of the morphology or roughness as insignificant as they have
no contribution to the ink adhesion.
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Figure 3.25: SEM images of PC with 50kx magnification; a) reference, b) 3 s exposure
time, distance 300 pum, ¢) 3 s exposure time, distance 450 um, d) 5 s exposure time, distance
300 um, e) 5 s exposure time, distance 450 um. Scale on images shows 1 um.
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3.6 Cross-Cut test - Ink Adhesion

Samples treated by HDCSBD underwent a Cross-Cut test. To achieve the best result,
plasma source had to be implemented into the UV-printing machine. Due to it’s ro-
bust and compact construction, HDCSBD with implemented cooling without the need of
oil and vacuum system described in section 1.3 was the appropriate plasma source for
the in-line machine. Optimum conditions for testing were set to the exposure times of
1, 3 and 5 seconds at the distance of 300 um. Figure 3.26 shows the patterns that were
printed on polymers. Different colors and templates were use due to the density of pig-
ment.All printed patterns presented proper adhesion. Black and strong red color contain
the highest concentration of pigment and according to the printer manufacturer’s expe-
rience, these colors are challenging when it comes to the adhering to surfaces. Due to
these reasons, these colors were main focus of evaluation for the cross-cut test on treated
and untreated samples. Cross-cut was done immediately after the UV-digital printing and
24 hours later to observe ink adhesion degradation [61].

Figure 3.26: Photographs of color patterns printed on Dibond after plasma treatment for 1
s and after the crosscut test.

Closer look at the black pattern printed on PC is shown in figure 3.27. In this case, we
see the improvement of ink adhesion immediately after 1 s of LTP treatment. The further
increase in exposure time leads to visual improvement. These improvements mirror the
increase in SFE as the treatment affects the droplets of the ink. The shape and diameter
of the droplet can change in time. Detail photographs of samples that were ageing for
24 hours before the cross-cut was done are shown in figure 3.28. It was also established,
that roughness changes discussed above have no dominant effect and doesn’t affect the
UV-ink adhesion. Results showcase a better ink adhesion for samples treated by plasma
after and 24 after UV-digital printing.
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Figure 3.27: Detail photographs of black pattern on PC substrate for (a) reference and
immediately after treatment with exposure time of (b) 1 s, (¢) 3 s and (d) 5 s. [I1].
Photographs have adjusted white color for better contrast.

Figure 3.28: Detail photographs of black pattern on PC substrate for (a) reference and 24
hours after treatment with exposure time of (b) 1 s, (¢) 3 s and (d) 5 s [11]. Photographs
have adjusted white color for better contrast.

Dibond sample proved unique change in contrast after the plasma treatment. A single plate
of dibond underwent a partial plasma treatment, treating just the part of the sample for 1 s.
This can be observed in Figure 3.29. The wettability of the surface plays role in shape of
ink droplets. At beginning of the contact between droplet and substrate, the velocity of
the droplet is non-zero. Immediately after the impact, the velocity starts to decrease and
reaches zero leading to the final shape of the droplet. The final shape doesn’t depend just
on the surface properties, but also on the used fluid [61]. Since the Dibond has a metallic
conductive layer of aluminium underneath the treated Pe layer. This leads to the creation
of VDBD like discharge [3]. Although the treated samples were discharged by conductive
rod, there is a chance of small accumulated charge leading to higher speeds of droplets.
Photographs using confocal microscope in Figure 3.30 shows, the difference between ink
droplets diameter on reference sample and sample treated by HDCSBD for 2 s. Image of
ink droplets on surface of treated Dibond shows two layers. One layer are droplets with
increased diameter after impact with surface of dibond, that underwent plasma treatment.
The diameter greatly increases and the ink fills almost the whole surface. Second layers
are droplets, that impacted with already deposited ink. This effect is shown in Figure
3.31 in more detail at white part of the samples that underwent UV-digital printing. This
layering is most presumably a reason, why the colors are more saturated after plasma
treatment. After conversation with partner from Effetec s.r.o. we came to the conclusion,
that saturation is not a problem during the printing since the ink can be premixed, leading
to usage of less pigmented ink or less ink in general.
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Figure 3.29: Photograph of specific pattern printed on Dibond sample which underwent
a partial plasma treatment. a) reference, b) 1 s plasma treatment. Black line dividing the
fragments was added for better orientation.
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Figure 3.30: Images with 1X magnification made by confocal microscope of ink droplets
on Dibond sample: a) reference, b) 2 s treatment.
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Figure 3.31: Images with 1X magnification made by confocal microscope of ink droplets
on Dibond sample for white background: a) reference, b) 2 s treatment with 1) impact of
droplet on droplet creating second layer and 2) impact of droplet on surface with wider
diameter.

Results of Cross-cut on Dibond samples done immediately after the UV-digital printing can
be seen in figure 3.32. Same black pattern was used as in case of PC to showcase the results
of LTP treatment. In comparison with PC where the change was slightly less noticeable,
the LTP treatment of Dibond had significant impact on ink adhesion. Pattern printed on
reference plate of Dibond was completely removed during the cross-cut test. Immediately
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after 1 s treatment, we notice great improvement as the ink stays on the sample with a
small delamination. These improves after 3 s of plasma treatment and doesn’t change with
5 s exposure time. Although we didn’t manage to reach a spotless cross-cut, according to
the rating shown in Figure 2.10, the scoring went from worst to the best possible. The
adhesive properties were preserved even after 24 h after the UV-digital printing, with now
slightly better results for longest exposure time of 5 s. Results for cross-cut test after 24 h
can be seen in Figure 3.33.

B

Figure 3.32: Detail photographs of black pattern on Dibond substrate for (a) reference and
immediately after treatment with exposure time of (b) 1 s, (¢) 3 s and (d) 5 s. Photographs
have adjusted white color for better contrast.

Figure 3.33: Detail photographs of black pattern on PC substrate for (a) reference and
24 hours after treatment with exposure time of (b) 1 s, (¢) 3 s and (d) 5 s. Photographs
have adjusted white color for better contrast.



Conclusion

The goal of this thesis was to compare properties of standard configuration dielectric
coplanar surface barrier discharge (DCSBD) with the special configuration with exchanged
cooling system and dielectric barrier for electrodes with technical name half dielectric
coplanar surface barrier discharge (HDCSBD). The main focus of this comparison was to
prove HDCSBD as a exchangeable and compact unit for DCSBD applications.

We calculated efficiency of power supply for DCSBD commonly used in industrial appli-
cations as well as for HDCSBD for the experimental and prototype usage. The efficiency
of the power supply for DCSBD is raising between 200 W and 350 W from 81% to 90%
with an error of approx. 4%. Power losses are expected and the sudden drop at 400 W
shown in Figure 3.3 is due to the maximum coverage of ceramic with micro-discharges,
leading to the loss of efficiency. The efficiency of power supply for HDCSBD is in range
of 85% to 96% depending on the used voltage. We observe two maximums at 150 W and
250 W seen in Figure 3.8. Furthermore, there is a region with lower efficiency at 175 W
to 225 W. Since the measurement is weighted by significant error of used oscilloscope,
we cannot prove or disprove that this is a property of the generator. We also measured
the dependency of efficiency on temperature of ceramic for HDCSBD in range of 50° to
70° at 225 W and 250 W. According to the results shown in Figure 3.11, the change of
temperature is not affecting the efficiency of generator. The power over area for generator
powering DCSBD with commonly used power input of 400 W was calculated to approx.
2.08 W/ cm?, while in case of HDCSBD with power input of 200 W (half of the commonly
used DCSBD input power) reached 2.14 W /cm?. Furthermore for input power of 250 W
(231 W in plasma) that was used for applications in this theses, the power over area is
2.9 W/ecm? showing improved power efficiency in HDCSBD configuration. In the future
work, the measurement could be improved by widening the range of temperatures and us-
ing more stable supply of power or more accurate measurement method, such as repeating
measurements with error taken from statistic calculations.

Optical emission spectroscopy (OES) was used to access vibrational and rotational tem-
perature of HDCSBD and DCSBD at its commonly used input power and frequency. For
all achieved measurements, we observe no significant changes of vibrational or rotational
temperature of molecules in plasma created by HDCSBD. These results are shown in table
3.1 and 3.3 respectfully. In case of DCSBD with an input power of 400 W and frequency
of transformer 15 kHz we calculated temperatures:

T, = 2300 £ 270K T, =510+ 80K
and for 30 kHz [9]:

— 60—
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T, =2100+ 150K T, = 540£80K

Where 7, is vibrational temperature and 7 is rotational temperature. Values of these
temperatures for HDCSBD at the half of the DCSBD power input (200W) and approx.
20 kHz transformer,

T, =2530+£270K T, = 550+ 50K,

are higher especially for vibrational temperature. These differences are minimal and almost
within the error in both cases, therefore we don’t expect any significant impact of these
changes. We also measured 7, and 7, for HDCSBD for two power inputs of 225 W
and 250 W in dependence on the temperature of ceramic in range of 50° to 70° C. The
results are shown in table 3.4 and 3.2. The measurements of vibrational temperature are
affected by a large statistical error, therefore we cannot confirm or deny any dependence
on the changing parameters. These analysis confirmed, that plasma created by HDCSBD
is similar to the plasma created by DCSBD and therefore suitable as an exchangeable unit.
For future tests, the homogeneity of the plasma created by HDCSBD could be observed to
prove the efficiency and temperatures at different places of the discharge zone.

Second goal was to introduce both plasma sources for low-temperature plasma (LTP)
treatment of polymers, namely polycarbonate (PC) and Polyethylene aluminium (Pe-Al,
industrial name Dibond) commonly used in UV-digital printing applications. Distance
range of 225-450 um was chosen to fit in-line industrial printing scale. LTP treatment
with chosen exposure time (1-5 s) proved to enhance the surface properties for all process
variables. The samples wettabilty and SFE didn’t drop to the reference value even after
72 hours, showing just small hydrophobic recovery. Dibond shows different trend in
dependence on plasma source showing higher values of SFE for longer treatment times
by HDCSBD. This changes are minimal. Measurements of the peel force also shows
improvement for all the treated samples and while aging affect after 24 h is significant, the
values never reached back to the reference point.

PC x-ray photoelectron spectroscopy (XPS) shown increase of oxygen-containing polar
groups onto the surface, which is indicated by the increase of SFE polar component. No
significant increase in dispersive component was observed. Due to the implementation of
oxygen and plasma’s decontaminating properties, we observe increase of O/C ratio for all
the treated PC samples and implementation of oxygen led to creation of C=0O group and
increase in O-C=0 groups.

In case of the Dibond, XPS shows high implementation of O and N after the treatment.
The plasma treatment of polyethylene on the sourface of the sample led to creation of
oxygen polar groups, that lead to increase of polar component. Implementation of O
and the cleaning process almost doubled the O/C ratio of all treated samples. Noticeable
implementation is for O-C=0 group. Nitrogen implementation in such a concentration led
to increase of C-NH; and creation of N=0O, group. In deconvolution of C 1s peak, there is
a noticeable increase of C=0O/C=N peak.

Atomic force microscopy (AFM) was used to observe roughness changes on both treated
samples. Although there are noticeable changes depending on the treatment time, espe-
cially of Dibond, we consider these changes for minimal and they should have no significant
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effect on ink adhesion. Scanning electron microscopy (SEM) was used to visualize a sur-
face of PC after being treated by HDCSBD. Images show to no significant damage of the
sample. Photos of ink droplets were taken by confocal microscope for samples of Dibond
due to the significant saturation of colors printed on treated materials. From the confocal
images, it is noticeable, that the ink droplets form two layers, one with wide diameter of
the droplet due to the interaction with treated sample and the second one with smaller,
reference like diameter due to the interaction with the first layer of droplets. This behaviour
is not unwanted, as the ink can be premixed by manufacturer and prepared upfront.
Crosscut test widely used in industry was used for final tests of the samples. For this
purpose, we determined HDCSBD as the only suitable source for in-line printing process
due to its compact form and the distance of 300 um was chosen as optimal for this process.
Even after 1 s treatment we observed substantial increase of ink adhesion. This can be
most observed at the samples of Dibond, where crosscut test on reference sample leads
to complete detachment of black color while after 1 s the color holds almost intact. This
adhesive property slightly increases with exposure time up to 5 s. All the samples also
shown no degradation of the improved adhesion even after the 24 h after the printing
process.

One of the goals of this thesis was to compare HDCSBD with industrially used DCSBD
and prove the usability of HDCSBD. Measurements of electrical properties of both plasma
unit shown similarity of used power supplies and the power per area comparison shows
HDCSBD more efficient. The vibrational and rotational temperature calculations shows
small deviations with no significant proving the similarity of the plasma units. Furthermore,
application of DCSBD and HDCSBD on surface of polymers PC and Dibond shown very
similar result where in both cases LTP treatment led to improvement of the materials
surface properties. The HDCSBD shown its advantage in compactness to be implemented
into the UV-digital printing unit. As of these reason, HDCSBD was considered to have
similar properties as DCSBD and can be used for the same applications.

A subset of results of this thesis was published in impacted journal. The measurement also
led to the invention of legally protected and certified technology Czech utility model "A
device for plasma modification of large-area planar substrate before UV-digital printing”
(no. 35867, PUV2022-39679) and certified technology “Technology for ink adhesion
improvement of large-area printing on glass and polymer substrates by atmospheric pressure
plasma activation” available at https://www.isvavai.cz/riv.
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