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Abstract

In recent years, the development of new techniques for drug screening,
modeling and the investigation of diseases, gene-editing technology, and regener-
ative medicine, has been investigated using cell cultures. The materials used in
these investigations should exhibit specific properties such as the replication of the
microenvironment of cells, cell-cell interactions, cell-substrate interactions, and spa-
tiotemporal distribution of soluble factors. Polydimethylsiloxane (PDMS) is a no-
table material that is used in the field of biology to investigate these properties.
However, it has a low adhesion property for cell-substrate interaction. Therefore,
this material is typically subjected to surface modification processes to improve its
hydrophilicity properties. Given that a low-pressure discharge plasma source in
combination with a mask is used to create patterns on the surface of PDMS, this
process several disadvantages such as the requirement of expensive vacuum pumps,
sealed cascades, and mask charging, which limits its broad applicability.

In this investigation, a novel approach using atmospheric pressure plasma
jet (APPJ) instead of low-pressure plasma for mask-free plasma patterning was
experimentally investigated in cell cultures. In addition, control of the plasma pat-
terning size was also experimentally investigated to determine the parameters of the
electrode configuration, capillary tube diameter, and the use of a mask as a function
of the irradiation time.

The glow discharge APPJs used in this study consist of parallel-electrode
and double-electrode configurations. The double electrode APPJ configuration was
further modified by including an additional grounded pin electrode at the bottom of
the plasma jet. The electrode configuration, electrode polarity, capillary tube diam-
eter, gas flow rate, and applied voltage were investigated using the double electrode
APPJ to determine its impact on plasma jet properties and radical generation and
propagation. The parallel electrode configured APPJ was used to achieve mask-free
plasma patterning whereas the double electrode configured APPJ with and without
an additional ground connected floating pin electrode was used to investigate the
control of plasma pattern sizes.

The interaction between the direction of the applied electric field and the
flow direction of the discharge plasma affects the plasma jet length and the radi-
cal generation. A longer plasma jet length and a high density of radicals can be
obtained using the parallel interaction compared to the perpendicular interaction.
The inclusion of an additional grounded pin electrode at the bottom of the plasma
jet provides a physical potential point in the atmosphere, and results in secondary
radical generation to further improve the jet length and increase the density of the
propagation radicals.
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The behavior of the plasma jet flow depends on the capillary tube diameter
and the gas flow rate. The plasma jets that occurred in the laminar regime exhibited
a longer plasma jet with a cone shape behavior, whereas in the turbulent regime,
the length tends to fluctuate while deviating from the cone shape. The generation
and propagation of radicals along with the plasma jet were also affected by this flow
behavior, as the increase of the flow rate caused an increase of the density in the
laminar regime and a decrease in the turbulent regime. The electric field strength
increased with the density of generated and propagating radicals.

The oxidization of the surface of PDMS was performed using reactive oxy-
gen in a discharge plasma. Hence, plasma etching was performed on the surface
of PDMS using oxygen low-pressure plasma. Optical emission spectroscopy of the
APPJ revealed its presence along with the plasma jet. Its density increased with the
gas flow rate in the laminar regime, and the voltage applied to the double electrode
configuration with an additional grounded pin electrode.

In this work, the author experimentally confirmed the oxidization of the
surface of PDMS due to APPJ irradiation. The contact angle was measured as
a function of the hydrophilicity of fabricated PDMS surfaces. The experimental
results confirm that the irradiation time and the gas flow rate affect the wettability
as the increase of these parameters cause a decrease of the contact angle. The area
of the mask-free plasma pattern increased as irradiation time increased in the order
of a few millimeters. The increase of the gas flow rate affected the increase of the
wetting size for a considered irradiation time. Experimental evidence collected in
this study confirmed human induced Pluripotent Stem Cells (hiPSCs) cultivation on
mask-free plasma patterned PDMS surfaces using APPJ, and its cluster sizes were
similar for respective wetting sizes as a function of irradiation time.

Compared to the parallel electrode, the double electrode APPJ generated
a longer plasma jet with an increase of optical emission from radicals. The addition
of a grounded pin electrode at the bottom of the plasma jet further enhanced these
properties. Mask-free plasma patterning was performed using these sources. The
experimental evidence revealed that the double electrode configured APPJs with or
without a ground connected additional pin electrode facilitated mask-free plasma
patterning for cell cultivation. Although the additional grounded pin electrode con-
figuration improved the plasma jet properties, it did not result in variation of the
plasma pattern size as a function of the irradiation time. A reduction of the capil-
lary tube diameter caused a decrease of the diameter and jet length of the plasma
jet. However, this decrease was also experimentally determined to be ineffective in
reducing the pattern size as a function of the irradiation time. The experimental
results revealed that the use of a mask and APPJ irradiation reduced the pattern
size to less than the mask size for low irradiation times.

Based on the findings of this study, it was confirmed that APPJ can be
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used for mask-free plasma patterning and cell cultivation. Moreover, it can be used
as an alternative approach to low-pressure plasma patterning with a mask. The
plasma pattern size can be controlled down to a few hundred micrometers using
APPJ irradiation for lower irradiation times with a mask.
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Chapter 1

Introduction

This chapter focuses on understanding the physical phenomena related to the atmo-
spheric pressure plasma jet and its applicability to plasma patterning without a mask.
Background, motivation, and the scope of this study are discussed in this chapter in
addition to the introduction of this dissertation.
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The fourth state of matter is known to be “plasma,” which consists of
ionized gases containing charged particles of electrons, positive ions, negative ions,
and excited atoms, in addition to molecules. Thermal energy provided through
electrical circuits or electromagnetic radiation is able to dislocate the bond of neutral
gases to generate highly ionized gases [1] - [2]. Depending on the supplied energy
and the energy transferred to the plasma, its properties are may change. Variation
of the electron density and electron temperature allow the different categories of
plasmas to be distinguished and their classification is as shown in Figure 1.1.

Considering the thermal properties of these plasmas, they are classified
into thermal and non-thermal plasmas. Non-thermal plasma sometimes called “cold
plasma,” possesses the thermal properties of a high electron temperature and a low
gas temperature. Deviation from the thermodynamic equilibrium of these plasmas
defines a category called non-equilibrium plasma. In this type of plasma, the gas
temperature remains close to room temperature, which facilitates its use for ther-
mally sensitive applications, especially in the field of biology. The development
of sources that operate under atmospheric conditions has attracted significant at-
tention in plasma technology, and primarily entails atmospheric pressure plasma
(APP). The absence of the requirement of expensive vacuum equipment, the easy
assemble of the setup, low manufacturing cost, portability, and ability to be modified
according to requirements, provide value addition to these sources. Currently, these
APP sources are used in a vast number of applications such as surface treatment,
nano-particle synthesis, and in the field of biomedicine [3] [4] [5] [6].

Figure 1.1: Classification of plasma (electron temperature vs electron density) [1]
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Dielectric barrier discharge (DBD) is the main technique used to generate
the APP. The application of high voltage pulses between two electrodes separated
by an insulating dielectric barrier filled with air or rare gas at atmospheric pressure
to generate an electrical discharge, results in the ionization of the gases to the
plasma state. Different electrode configurations along with different applied voltage
waveforms in the frequency range from radio-frequency to DC have been investigated
based on the DBD technique to generate APP. Out of all the DBD plasma sources,
atmospheric pressure plasma jet (APPJ) stands out because of its simplicity of
design and convenience of use. The ability to localize and the generation of reactive
species and radicals under atmospheric conditions renders these sources as useful,
especially for surface treatment applications [7] [8] [9]. Such plasma jets can be used
to fabricate biocompatible materials without a mask for the culturing of cells.

Fabrication of biocompatible materials for the culturing of biological cells
is only possible if the fabrication technique satisfies certain conditions. To achieve
these conditions according to the application requirement, the physical character-
istics of APPJs must generally be varied. The characteristics of these plasmas are
affected by various parameters such as the gas flow rate, working gas, arrangement
of the DBD reactor, and the electrode configurations. Variations of these character-
istics affect the generation and propagation of the reactive and excited species along
the plasma jet.

Plasma treatments on biocompatible surfaces can change the hydrophilicity
condition to improve cell attachment for cell culture applications. Polydimethylsilox-
ane (PDMS) is a widely using biocompatible materials for cell culturing, although
the surface of PDMS is hydrophobic. One way to improve the wettability of PDMS
has been reported using low-pressure plasma irradiation with a patterned mask.
However, plasma patterning using low-pressure plasma limits the controllability of
the pattern size. To overcome this limitation, the use of APPJ as a source to pattern
the PDMS surface without a mask needs to be investigated.

Considering the pros of using APPJ for mask-free plasma patterning for cell
culturing, this chapter is focused on understanding the properties of APPJ and its
discharge behavior for the breakdown mechanism. The importance of spectroscopy
in understanding the thermodynamic properties and the identification of radicals
from APPJ sources will be discussed. The properties of biocompatible materials with
modified surfaces for cell culturing with and without a mask will also be investigated.
Finally, the scope of this study and the structure of this dissertation will be discussed
in addition to the motivation for this work.
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1.1 Atmospheric pressure plasma

In this study, non-equilibrium plasmas generated in open systems or under
atmospheric conditions from electric discharge are considered as APP. In such plas-
mas, the application of an electric field transmits electrical energy to the electrons of
the working gas to increase their kinetic energy. As these energetic electrons travel
through the electric field, they undergo elastic and inelastic collisions with neutral
species to generate excited species and ions [10].

The application of a large electric field in short periods in the case of
air or feeding gas can generate plasma between the dielectric coated electrodes.
This mechanism is known as dielectric barrier discharge (DBD) and variation of the
electrode configuration in these models result in different properties of the plasma.
This section discusses the basics of DBD plasma techniques along with the plasma
jet and its use in bio-applications.

1.1.1 Dielectric Barrier Discharge and Plasma jet

DBDs are considered as self-sustaining electric discharges that occur be-
tween two electrodes supported by an insulator medium. Dielectric mediums such as
glass, quartz, and ceramics are widely used in these systems with insulator mediums
of air, rare gases, molecular gases, or a mixture of gases to generate non-thermal
plasma [11]. . As the applied voltage exceeds the breakdown voltage of the in-
sulator medium, it is converted into a conducting medium to generate a discharge
plasma. DBD plasma characteristics depend on the capacitive character of discharge

Figure 1.2: Schematic system of DBD configuration
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alignment and the properties of the voltage source. Figure 1.2 shows the schematic
system of a general DBD configuration.

The breakdown voltage in DBD systems was experimentally investigated
by Paschen and Friedrich as a function of pressure and gap length [12] [13] [14].
The relationship between theses parameters is described by Paschen’s law, which is
expressed as equation (1.1) [14]:

V b =
Bpd

ln[Apd− ln[ln(1 + 1
γ )]]

(1.1)

where, Vb is the breakdown voltage (V), p is the pressure (Pa), d is the
gap distance between the electrodes (m), and γ is the secondary-electron-emission
coefficient. A and B are constants, where A is the saturation ionization of the gas at
a certain E

p
(electric field/pressure) and B is related to the excitation and ionization

energies.

As indicated by the equation 1.1, the breakdown voltage depends on prod-
uct of p and d for a given gas. Figure 1.3 shows the Paschen curves for the helium,
argon, and neon using the equation 1.1.

Considering the DBD sources, atmospheric pressure plasma jet (APPJ)
stands out among the APP sources. Using capillary tubes and electrodes, APPJ
sources were designed. In these designs, one end of a capillary tube was connected to
a working gas, and plasma was generated inside the tube using an electric discharge.
After the plasma is generated inside the tube, the working gas pushes plasma plumes
to the atmosphere through the other end of the capillary tube. As it propagates, it
interacts with the species in the atmosphere to generate excited and reactive radicals
along their path. A unique jet shape and coaxial symmetry along the plasma plume
facilitates the use of these devices in surface treatments on substrates away from
the source. Figure 1.4 shows a typical APPJ configuration used to generate plasma
for biological applications [15] [16] [17].

The main feature of these sources is the ability to propagate plasma as a jet
with properties such as a cone shape in the propagation direction and a circular shape
in the perpendicular plane to the propagation direction. These features allow for
modification at a localized point on substrates without a mask. In addition to these
properties, many studies have demonstrated that these plasma plumes propagate
as plasma bullets and interact with species in the atmosphere [18] [19] [20]. This
leads to the generation of different chemical species according to the plasma bullet
properties.
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Figure 1.3: Paschen curves for helium, argon, and neon [14]

1.1.2 APPJ in bio-applications

Bio-applications are mostly performed in temperature-sensitive environ-
ment since cells and bio-sensitive materials can be decomposed at high tempera-
tures. In these studies, cell detachments, sterilization, and wound healings have
been shown to be affected by the reactive species at room temperature. For such
requirements, it is essential to produce reactive species at room temperature without
affecting the bio-environment. Given that APPJs generate reactive species at room
temperature, these plasma sources are ideal for bio-applications.

The main advantage associated with the use of APPJs for bio-applications
is that they generate excited radicals and reactive species under atmospheric condi-
tions, at near room temperature. Dielectric barrier discharge plasma sources, which
spread plasma equally over a surface, require masks to expose only specific areas.
Compared to such sources, APPJs provide the ability to focus plasma on a localized
point or treatment area without a mask.
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Figure 1.4: Typical plasma jets configurations [15]

1.2 Types of discharge

This section discusses the breakdown mechanism, and features of the dis-
charges obtained from APP. A common approach that is used to generate APP is
the application of an electric field between two electrodes using a dielectric medium
to produce an electric discharge through the non-conductive medium. However, the
electric field strength and surrounding environment affect the type of discharge such
as arc, glow, and corona [21].

As the applied voltage reaches the breakdown voltage, electrons have enough
velocity to be liberated and undergo collision to generate plasma. The generation
of positive and negative ions and their density throughout the discharge process
affect the discharge current waveform characteristics. Sustainability of the plasma
depends on the avoidance of recombination processes. Therefore, it is necessary to
supply enough energy via the voltage waveform to achieve sustainability. This will
be discussed further in the following sections. A summary of these discharges can be
illustrated using the voltage and current characteristics as express in Figure 1.5 [22].
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Figure 1.5: Voltage-current characteristics of an electrical discharge [22]

1.2.1 Arc discharge

Electrical breakdown of the working fluid occurs because the electrical
discharge can cause an increase of thermionic, which is known as an electrical arc [23].
Such a discharge possesses a high current density as presented in Figure 1.5, due
to the generation of additional ions from the thermionic emission. In arc discharge
APPJs, electrons emitting from the cathode undergo collisions with the feeding gas
to generate secondary ions. Positive and negative ions travel along the applied
electric field direction and undergo further collision to increase the density of the
charge ions. As the feeding gas flows to the atmosphere, it carries some of the ionized
particles along with it to generate Arc APPJs, as presented in Figure 1.6.

This breakdown mechanism leads to an increase in the electric field strength
of the plasma along the propagation direction. However, exhaustion of charged ions
to the atmosphere avoids the continuation of ionization to equilibrium, inside the
discharge vessel and causes the density of the ionized particles in the cell to be less

8



Figure 1.6: Schematic of Arc discharge APPJ

than that of the neutral species. In these sources, due to thermionic emission from
the cathode, the density of the ionized particles is high compared to the other APPJ
sources. Hence, its thermodynamic properties are also high. A schematic of the arc
discharge APPJ is illustrated in Figure 1.6.

Arc discharges are widely using in melting, cutting, and welding of con-
densed materials [21] [24] [25] [26]. In these discharge sources, the fabricated material
is normally used as one of the electrodes. When the active electrodes achieve a suffi-
ciently high voltage to discharge the electrons through the working gas with minimal
resistance, the flow of electrons rapidly heat up the fluid to generate plasma.

1.2.2 Glow discharge

As presented in Figure 1.5, when the applied voltage between the two
electrodes reaches the breakdown voltage of the working gas, a glow discharge is
produced. The important feature of this discharge is that the density of the ionized
particles is lower than that of the neutral species. Applying a constant gas flow to
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Figure 1.7: Schematic of glow discharge APPJ

such a discharge maintains the low density of the ionized species compares to the
neutral species between the electrode [27].

In glow discharges, positive ions are accelerated towards the cathode and
release secondary electron emission due to electron bombardment. As electrons
arrive in the plasma, they cause excitation and ionization collisions. Excitation col-
lisions generate subsequent radiative decay to the lower energy levels of the excited
species and emit characteristics light, which is observed as a glow. The optical char-
acteristics changes with the properties of the working gas. Figure 1.7 shows the
schematic of a glow discharge plasma jet.

Ionization collision improves the ion-electron pairs to sustain the plasma
as it propagates through the atmosphere as a plasma bullet [17] [28]. These plasma
bullets have their own electric potential, which is sufficient to react with the neu-
tral species to create excited and reactive species on their way. Given that these
discharges maintain their optical characteristics, they are widely used in sign boards.

1.2.3 Corona discharge

Corona discharge can be considered as Townsend discharge or negative
glow discharge associated with the strong electric field near a conductor [21] [29]
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Figure 1.8: Schematic of corona discharge APPJ

[30]. These discharges appear as a localized bluish luminous glow. The electric
field strength around a conductor is high enough to form a conductive region, but
not sufficiently high for an electrical breakdown to initiate a sustainable plasma
condition.

In corona discharges, large electric potential gradients cause the ionization
of the working gas in a short region, but as it moves further, the electric potential
gradient becomes smaller, thereby diminishing the corona discharge at longer range.
Therefore, these discharges can be observed only over short ranges. For the APPJs,
streamer bullets that carry their own electric potential are propagated. As they
arrive at sharp objects such as pin electrodes over a short range, they can create
a negative corona discharge. In such situations, the creation of secondary ionized
and excited species is expected around the pin electrodes. A schematic of a corona
discharge APPJ is present in Figure 1.8.
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1.3 Breakdown mechanism of APPJs

The importance of APPJ sources has increased in recent years because of
their ability to create reactive species at atmospheric pressure. The investigation
of different electrode configurations has also been performed to improve the per-
formance of APPJ sources according their intended application. An understanding
of the generation of plasma inside a capillary tube and the propagation of plasma
as jet provides valuable information for the modification of these sources for im-
proved performance. In this section we discuss the breakdown mechanism for a
single electrode, double electrode, and parallel electrode configured APPJs.

1.3.1 Single electrode configuration

Single electrode configured APPJs are suitable in terms of attempting to
understand the breakdown mechanism of plasma ignition inside a capillary tube and
its propagation. Figure 1.9 shows a schematic of a single electrode configured APPJ.

As shown in Figure 1. 9, the discharge generated from a single electrode
can be classified into two groups, (I) downstream jet and (II) upstream jet. When

Figure 1.9: Schematic for single electrode APPJ configuration.
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the applied voltage at the active electrode increases and exceeds the breakdown
voltage, this creates a plasma plume in the downward and upward direction in these
configurations. A further increase of the applied voltage beyond the breakdown
voltage increases the jet length in the upward direction compares to the forward jet.
Glow discharge occurs as the emission intensity in the forward direction decreases
compared to the upward direction as the corona discharge and glow discharge further
ionize the working gas inside the capillary tube, which accounts for such a mechanism
[19] [31]. The jet length in these APPJs sources is strongly corelated with the applied
gas flow rates, rather than the applied voltage. A single electrode configuration
generates electrical discharges at the active electrode, which propagates through the
gas to create a glow discharge.

1.3.2 Double electrode configuration

The inclusion of an additional grounded electrode to the single electrode
configuration is defined as a double electrode configuration and its schematic is
shown in figure 1.10.

In the double electrode configured APPJ, discharge can be categorized into

Figure 1.10: Schematic for double electrode APPJ configuration.
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three groups: (I) downstream jet, (II) discharge at DBD gap, and (III) discharge
overfall at upward jet. Similar to the single electrode configured APPJ, electri-
cal discharge starts from the active electrode. Because of the attachment of the
grounded electrode to the dielectric capillary tube, the behavior of the upward jet
changes from the single electrode configured APPJ. Plasma discharge that occurs
inside the capillary tube now experiences the ground voltage at a certain distance,
compared to the virtual ground potential in the single electrode configuration. The
presence of a ground potential affects the charge particles resulting in high conduc-
tivity. This causes the corona discharge at the ground electrode to glow strongly
through the DBD gap. As the applied voltage is increased, the discharge that oc-
curs at the ground electrode tends to generate discharge overfall in the upward flow
direction [31].

1.3.3 Parallel electrode configuration

In this configuration, the active electrode and ground electrode are attached
parallel to the dielectric capillary tube as shown in Figure 1.11.

As seen in Figure 1.11, the parallel electrode configured APPJ also has

Figure 1.11: Schematic for parallel electrode APPJ configuration.
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three different discharge regions; (I) downstream jet, (II) discharge at DBD, and (III)
upstream jet. The length of the electrodes in the parallel electrode configuration is
greater than that of the single and double electrode configurations. The attachment
of electrodes parallel to each other act as a DBD plasma generator. In these sources,
it is essential to use large outer diameter capillary tubes to avoid the occurrence of
corona discharge between the two electrodes at the outer surface.

Similar to the previously explained breakdown mechanism, parallel elec-
trode configuration APPJ also followed the same mechanism. Another important
point to consider in these sources is maintaining a gap between the electrodes and
the nozzle exit to avoid arc discharge between them.

1.3.4 Plasma jet propagation velocity and propagation phase

Many studies have investigated the properties of plasma jet and their prop-
agation has been identified to occur as streamers or bullets [32] [33]. Images taken
using high-speed CCD cameras have confirmed that plasma jets propagate as stream-
ers [15] [18] [34]. Such propagations has also been further investigated based on the
polarity of the applied voltage pulse. These studies confirm that a plasma jet can
increase the streamer intensity and its propagation for a positive polarity of the
applied pulse, with a decrease observed for a negative polarity. The intensity of the
streamers plays a major role in the generation of radicals along the jet propagation
direction along, in addition to supplying its own streamer potential.

Studies conducted by Begum et al [35], clearly describe the propagation of
the plasma jet as being divided into three separate categories including the transition
phase, propagation phase, and collapsing phase. The main feature of the transition
phase is an increase of the streamer velocity to its maximum level. In addition,
the study revealed that the streamer velocity is significantly affected by the applied
voltage compared to the flow behavior and the pulse width.

Studies on the plasma jet properties have also identified a relationship
between the streamer velocity and electric field strength [36]. These studies show
that an increase of the electric field causes an increase of the streamer velocity. These
experimental results indicate that there is an increase of the electric field strength
on the streamers due to the applied voltage waveform or an external source causes
an increase of the streamer velocity. Such an increase of the streamer velocity also
increases the propagation phase [35].

Considering a physical point of view, the electric field along the plasma jet
propagation direction affects the drift velocity, mobility, and mean free path. These
parameters will affect in turn affect the plasma jet properties such as the plasma jet
length, as well as the chemical kinetics along the plasma jet. Under the influence of
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an electric field, the drift of electrons can be expressed as equation 1.2 as follows.

ved =
eE

meνea

(1.2)

where, v ed is the electron drift velocity, νea is the collisional rate of electrons
and atoms, me is the mass of the electron, e is the charge of the electron, and E is
the electric field strength along the plasma jet.

The drift of the electrons can also be expressed using the mobility (µe) of
the electrons as shown in the equation 1.3.

ved = µeE (1.3)

where mobility can be expressed using equation 1.4,

µe =
e

meνea

(1.4)

According to the equation 1.4, mobility depends on νea. The collision rate
of electrons and atoms can be express using the mean free path as shown in equation
1.5.

νea =
ve

λea

(1.5)

where, (ve) and λea are electron average velocity and mean free path for
electron-atom collisions, respectively. In addition, the mean free path can be ex-
pressed using the cross-section (σ) and number density (na) of atoms. . Therefore,
equation 1.5 can be rewritten as equation 1.6 a and equation 1.4 as equation 1.7.

νea = σeanave (1.6)

µe =
e

meσeanave

(1.7)

The behavior of the plasma is similar to the behavior of gases. The gas
laws can be used to express the kinetic energies of the electrons as shown in equation
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1.8.

Kinetic energy of electron =
1

2
meve

2 =
3

2
kT e (1.8)

where, k is the Boltzmann constant, and Te is the electron temperature.
Using equation 1.8, average velocity of the electrons can be expressed using thermo-
dynamic parameters. Hence equation 1.7 can be rewrite as follows.

µe =
e

σeana

√
3mekT e

(1.9)

The change in the electron temperature and the number density of atoms
will affect the mobility of electrons along the plasma jet. This will affect the drift
velocity in a given electric field and the kinetic energy of the electrons to change the
plasma jet properties.

1.4 Reactive species generation

The applied electric field acting on the carrier gas results in the generation
of plasma through the ionization process inside the capillary tube or the DBD phe-
nomenon. Electrical discharge is the main contributor to the generation of plasma
and its strength depends on the type of discharge that occurs in the APP system.
Processes such as photo-dissociation, heavy particle excitation, metastable excita-
tion, and recombination of ions and electrons also result in the generation of reactive
species. Different carrier gaseous requires different amount of dislocating energies
to generate positive ions and electrons. Given that this study only used helium as
the carrier gas, this section discusses the theoretical background of reactive species
generation in plasma.

1.4.1 Excitation and ionization processes

The transfer of electrical energy to the electrons and ions increases their
kinetic energy. Elastic and inelastic collisions between kinetic electrons and ions with
atoms and molecules generate excited and ionized radicals. In APP, processes such
as metastable excitation, charge transfer and penning ionization can also produce
excited species [37].Metastable helium has a longer lifetime than the other neutral
species and contribute significantly to the excitation of other neutral species [38].
The transitions that occur from the helium metastable states of 1s3p 3P , 1s2p 3P ,
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and 1s2s 3S generally have enough energy to undergo transitions of N2(X) to a
N2(B) and/or N2(C) levels [39].

Charge transfer reactions generally occur in helium-based APPJs. Mu-
rakami et al [40] listed the possible reactions of charge transfer under the positive-
ion reaction category such as He+ + O −−→ He + O+, He+ + N2 −−→ He + N +

2 ,
and He+2 + N2 −−→ He*2 + N +

2 [40] [41] [42] [43]. Helium metastable level of 1s2s
3S have a large amount of internal energy for its transition, thus penning ionization
possible [37] [39] [40] [44] [45].

1.4.2 Dissociation processes

Electronically excited molecules can be produced through dissociation pro-
cesses such as photo-dissociation, electron induced dissociation, metastable induced
dissociation, and dissociative charge transfer [37]. Photo-dissociation processes are
generally involve the absorption of one or more photons that separate the chemical
bonding of atom or molecules. The bond energies of H2O and H2O2 for OH pro-
duction are on the order of 0.24 eV and 0.14 eV respectively, and the dissociation
process of the bonds are significantly affected by the emission photons energy.

Electrons in the plasma have a board range of energy distribution and
as they interact with the molecules, they transfers some of their kinetic energy
to break chemical bonds. Murakami et al [40], listed possible electron induced
dissociative processes related to the helium APP, such as, e + O2 −−→ O + O + e,
e + N2 −−→ N + N + e, and e + H2O −−→ H + OH + e [40] [46] [47] [48].

Deexcitation of the helium metastable level is associated with a large
amount of energy. As it transfers its deexcitation energy to molecules, it under-
does separation of the chemical bonds to create new radicals [37]. Possible processes
in helium APP are He*+O3 −−→ He+O+O+

2 +e, and He*+N2 −−→ He+N +N++e
[40] [49].

Another dissociation process that occurs in helium plasma is dissociative
charge transfer. In this process, positive helium ions transfer their energy though
via the capture of an electron from their neighboring molecule, causing it to become
unstable and dissociate. Possible reactions of such a process for helium plasma
include, He++O3 −−→ He+O2+O+, He++N2 −−→ He+N +N+, and He++OH −−→
He + H + O+ [40] [42].
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Table 1.1: Possible Penning ionization reactions that occur in helium APP

Reaction Reference

He* + O2 −−→ He + O+
2 + e [40] [49]

He* + N2 −−→ He + N+
2 + e [40] [43]

He* + H2O −−→ He + H2O
+ + e [40]

He*2 + O2 −−→ 2 He + O+
2 + e [40] [49]

He*2 + N2 −−→ 2 He + N+
2 + e [40] [50]

1.4.3 Penning ionization

The Penning ionization process can be defined as the process in which a
metastable atom A collides with another atom or molecule B, to produce an ion B+,
thus deexciting A in the process [51]. For the helium plasma, metastable helium
plays a major role in this process according to the following reactions listed in Table
1.1, due to Penning ionization.

Identification of these radicals through the OES provides experimental ev-
idence that the helium plasma jet used in this study underwent Penning ionization.

The emission lines of the OH (A), and N2 second positive system are widely
using to estimate plasma temperatures. Table 1.2, 1.3, and 1.4 list the possible
reactions and their corresponding rate coefficients for the generation of OH (A), N2

second positive system, and N+
2 first negative system.
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Table 1.2: Possible reactions for the generation of OH and their corresponding rate
coefficients [37]

Reaction Rate coefficient k (m3s-1) Reference

Electron excitation

OH(X) + e −−→ OH(A) + e 3.2 ×10−14 - 7.5 ×10−13 [37] [52]

Electron dissociation

e + H2O −−→ OH(X) + H + e 2.3 ×10−18 - 8.6 ×10−16 [40] [53]

e + H2O −−→ OH(A) + H + e 1.6 ×10−19 - 1.2 ×10−16 [40] [53]

Dissociative attachment

e + H2O −−→ OH(A) + H– 4.8 ×10−18 - 7.8 ×10−17 [53]

Electron-ion dissociative recombination

e + H2O+ −−→ OH(A/X) + H 5.1 ×10−14T
−1/2
e [40] [54]

e + H3O
+ −−→ OH(A/X) + H2 1.05 ×10−13T

−1/2
e [55]

Positive-negative ion recombination

H– + H3O
+ −−→ OH(A/X) + H2 + H 2.3 ×10−13 [55]

Metastable excitation

N2(A) + OH(X) −−→ OH(A) + N2(X) 10−17 [56]

He* + H2O −−→ OH + H + He 4.5 ×10−16 [40]

† Excitation energy of the N 2(C) level is approximately 11 eV and energy
transfer from metastable He∗ is higher than the requirement. Even though, this
process is not investigated through the helium plasma, experimental evidence for
the metastable excitation process involving argon plasma has been studied [37] [59].
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Table 1.3: Possible reactions for the generation of excited N2 and their corresponding
rate coefficients [37]

Reaction Rate coefficient k (m3s-1) Reference

Electron excitation

N2(X) + e −−→ N2(C) + e 1.3 ×10−19 - 2.7 ×10−16 [37] [57]
N2(X) + e −−→ N2(A) + e 5.6 ×10−16 - 2.7 ×10−14 [37] [57]

Dissociative recombination

N +
4 + e −−→ N2(C) + N2(X) 2.6 ×10−12 [40] [58]

Metastable excitation

N2(A) + N2(A) −−→ N2(C) + N2(X) 1.5 ×10−16 [40] [59]
He* + N2(X) −−→ N2(C) + He — †

Table 1.4: Possible reactions for the generation of excited N+
2 (B) and their corre-

sponding rate coefficients [37]

Reaction Rate coefficient k (m3s-1) Reference

Electron excitation

N2(X) + e −−→ N+
2 (B) + 2 e 2.4 ×10−24 - 2.9 ×10−18 [40] [53]

N+
2 (X) + e −−→ N+

2 (B) + e 3.4 ×10−15 - 1.9 ×10−14 [37]

Dissociative recombination

N +
3 + N −−→ N +

2 (B) + N2(X) 0.2 ×10−16 [60]

Metastable excitation

He* + N2(X) −−→ N +
2 (B) + He + e 7 ×10−16 [40]

1.5 Optical emission spectroscopy of APPJ

The important features of the APPJ are its ability to generate charged
particles, excited, and reactive species at atmospheric pressure. These radicals can
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Figure 1.12: Schematic diagram for excitation and deexcitation process

be used in sterilization processes, material fabrication, and surface treatment of
biomaterials [61] [62] [63] [64] [65]. The generation of plasma in an open system
deviates from the local thermal equilibrium because of the imbalance in the density of
ions and electrons. Such deviation results in the different thermodynamic properties.
Radical generation due to discharge varies with position as the jet propagates. These
parameters allow for the development of suitable APPJ devices to satisfy specific
application requirements. This section focuses on the discussion of the basics of
plasma temperature estimation using the optical spectra and the identification of
radical generation and propagation along the plasma jet.

To analyze the thermodynamic properties and reactive species of the APPJ,
optical emission spectroscopy (OES) is widely used. This technique provides a board
range of information about the radicals associated with the discharge plasma. The
basic physical phenomenon used in this OES technique is the determination of the
intensity or the photon count associated with specific wavelengths. Transition of
excited electrons from a higher energy level to a lower energy level results in the
emission of a photon and due to the structure of the energy levels, the wavelengths
of these transitions are discrete. The energy transported by the photon is equal to
the energy difference between two energy levels as shown in Figure 1.12.

As shown in Figure 1.12, excitation can occur from the incident photon or a
discharge excitation. Deexcitation processes emit photons, which carry information
about the electronic structure of the atom or the molecule. The energy of the
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photon is equal to the energy difference between the transition energy levels. Each
element has a unique emission spectrum because its electronic structure defines the
information to identify the possible elements associated with the APP. In addition,
the intensity of the emission spectrum depends on the half-life of the excited energy
levels, which is represented as the transition probability or Einstein coefficient (Aij).
The relationship between the time of spontaneous transition (τij) and the transition
probability (Aij) from the upper level i and lower level j can be expressed using
equation 1.10.

τij[s] =
1

Aij
(1.10)

1.5.1 Plasma temperatures

The thermodynamic properties of plasma are known to be gas temperature
(Tg), excitation temperature (Texc), electron temperature (Te), and electron density
(ne). Equilibrium plasma or thermal plasma in closed chambers generally occur
at the local thermal equilibrium (LTE). The thermodynamic properties of these
plasmas maintain equilibrium of the temperature as Tg = Texc = Te. Cold plasma
or APP, occur at non-local thermal equilibrium (NLTE) and cause deviation of the
thermodynamic properties from it equal values to Tg <Texc <Te [66] [67] [68].

The gas temperature in APP has been widely estimate using rotational
spectroscopy information. The NLTE ion temperature or the gas temperature has
a lower value due to a higher density of neutral species compared to the LTE con-
dition. Transition between the rotational levels of neutral atoms and molecules will
be affected by the gas temperature, resulting in the generation of spectra associated
with the excited levels. Therefore, fitting a temperature dependent simulated ro-
tational spectrum to the experimental observations over a spectrum facilitates the
estimation of the gas temperature. In APP studies, the second positive band of
nitrogen N2 (C-B) is widely used for this purpose where the wavelength of 337.1 nm
corresponding to the transition of N2 (C-B, 0-0) is the primary candidate [69] [70].
However, some studies used the Boltzmann energy distribution of hydroxyl (OH)
to estimate the gas temperature [66] [71].

The excitation temperature provides information about the population of
excited energy levels using the Boltzmann distribution [72] [73]. The optical emission
lines of the excited gas are generally used to estimate Texc. For this estimation, the
Boltzmann plot was used based on the intensities of the observed emission lines
using equation 1.11.
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Iij =
Aijgi
λij

e
−Ei

kBTexc (1.11)

where, Iij and λij are the recorded intensity and correspondence wavelength
of the emission lines, respectively. Aij is the Einstein coefficient for the transition
from the upper level i to lower level j. The statistical weights of the upper level and
its corresponding energy value are represented as gi, and Ei respectively, while kB
is the Boltzmann constant.

The electron temperature provides information about electron behavior in
the discharge plasma. Generally, Te has been estimated based on the modeling
of experimental data using a Maxwellian distribution [72] [74]. Apart from this
approach, the corona balance model is used to estimate the electron temperature
based on OES information for hydrogen emission lines. In this estimation, equation
1.12 is used.

ln(
IijΣi>jAij

Aijhvijblj
) = − Eij

kBTe
+ C (1.12)

where, Σi>jAij is the summation of all the spontaneous radiative emissions,
h is the plank constant, vij is the correspondence frequency, blj is a coefficient, and
C is a constant [74].

In this dissertation, only the estimation of the excitation temperature was
conducted based on experimental observations, considering the resolution of the
spectrometer.

1.5.2 Detection of radicals along the helium APPJ

Plasma discharge generated reactive species plays a major role in the nu-
merous applications including surface treatment, wound healings, thin coating, and
nano particle synthesis using APPJ sources [4] [6] [15] [61]. As these radicals were
created at near room temperature and propagate through the plasma jet, these
sources are of particular importance in the fields of bio-engineering and biomedicine.
Most of these fields can benefit from the ability of these sources to generate reactive
oxygen, nitrogen, and hydroxyl (OH) radicals.

The intensity of reactive radicals created from APPJ sources depends on
the diameter of the capillary tube, the applied voltage, the polarity of the electrodes,
the gas flow rate, and the feeding gas. Many studies have investigated the generation
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of radicals from different APPJ sources using optical emission spectroscopy. In
addition, there are numerous published reports on the use of numerical simulations to
model the production and propagation of these radicals to understand their behavior
[40] [75] [76] [77] [78] [79].

The production of radicals depends on the discharge processes, two-body
or three-body reactions, radiative collisions, and penning ionization. The properties
such as the radiative decay strength of the reactive species affects the intensity of
the peak position along the propagation before a decrease [35] [80].

In this study, helium (He) is used as the feeding gas and identification of
the radical was conducted by investigating the optical emission lines and comparing
them to atomic spectra, and molecular spectra databases [39]. Table 1.5 list the
impactive radicals observed using OES for the APPJ sources used in this study.
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Table 1.5: Basic information on the most impactive emission lines observed using
OES to study the plasma jets

Species Wavelength (nm) Transition

Hydroxyl (OH) 309 A2Σ+ - X2Π

Oxygen ion (O+
2 ) 258; 282; 297; 373 A2Πu - X2Πg

(Second negative system)

Oxygen (O I) 777 3p5P - 3s5S

Nitrogen (N2) 315: 337: 357: 380 C3Πu - B3Πg

(Second positive system)

Nitrogen ion (N+
2 ) 391; 427 B2Σ+

u - X2Σ+
g

(First negative system)

Hα 656 Balmer series
Hβ 486 Balmer series

He I 471 4s3S - 2p3P
He I 587 3d3D - 2p3P
He I 667 3d1D - 2p1P
He I 706 3s3S - 2p3P
He I 728 3s1S - 2p1P

1.6 Importance of surface treatment for

bio-applications

Cell culturing on bio-material surfaces is important in drug screening, gene-
editing technologies, modelling and the investigation of human diseases, and re-
programming of relevant cells [81]. To grow the cell cultures, this require devices
that have similar properties to cells including their microenvironment, cell-cell in-
teractions, and cell-substrate interactions [6] [82] [83]. Devices that possess these
properties are known to be bio-compatible microdevices. These devices should also
be non-toxic, chemically inert, transparent, and gas permeable [82] [83] [84]. In
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addition, biological cells should adhere to the bio-compatible materials.

This section focuses on attempting to understand the developing mecha-
nism of bio-compatible material for cell cultures, its properties, and ability to culture
cells on devices.

1.6.1 Polydimethylsiloxane

Polydimethylsiloxane (PDMS) is one of most widely used bio-compatible
material in the field of bioengineering. These materials are non-toxic, chemically
inert, transparent, and gas permeable properties, which are required for viable cul-
ture cells. However, PDMS is hydrophobic, which prevents cell attachment to this
substrate. Due to the empirical formula of PDMS (C2H6OSi)n, it has the proper-
ties of a liquid (when the number of monomers repetitions “n” is low) and also a
semi-solid (when n is high) [85] [86].

In this study, spin coated PDMS dishes, were used. A previously reported
PDMS (Sylgard 184 Silicone Elastomer Kit, Tokyo, Japan) by Yamada et al [63] [64]
was used in this study and is shown in Figure 1.13. To obtain thorough spread of
the PDMS layer on a dish, a spin-coating method was used. For this purpose, 0.1
mL PDMS was placed on a glass base cell culture dish (35 mm Tissue culture dishes,
93040, TPP, Switzerland) using a 1 mL syringe and spin coated at 1000 rpm for
60 seconds, followed by 3000 rpm for 120 seconds (MSA-100, Mikasa Corporation,
Tokyo, Japan). Then, these dishes were cured in an oven at 60 oC overnight.

Figure 1.13: PDMS sheet
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Although PDMS is a bio-friendly and compatible material, it requires a
surface treatment to improve its hydrophilic properties to improve its applicability.
Generally, surface treatments of these PDMS surfaces for cell culture applications
are performed using low-pressure plasma irradiation with a mask [63] [64].

Plasma irradiation of PDMS oxidize its surfaces to improve its hydrophilic-
ity. Due to the structure of PDMS, plasma irradiation is expected to change the
rotation of the polymer structure. This minimized the absorption of hydrophobic
and negatively charge molecules on the surface. After irradiation, as the relaxation
time increases, the treated surfaces tends to change their hydrophilic properties and
become hydrophobic. The cause of this transition is due to the reformation of the
rotated polymer chains at the irradiation time to their initial conditions.

1.6.2 Hydrophilicity of PDMS surfaces

Low pressure plasma irradiation of PDMS surface using a mask is expected
to oxidize the Si CH3

groups to Si O Si thus forming
a siliceous layer on the unmasked areas as shown in Figure 1.14. Such oxidization
converts the hydrophobic property to hydrophilic on PDMS to facilitate the adhesion
of cells.

Figure 1.14: Oxidization of PDMS surface due to plasma irradiation
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Figure 1.15: Schematic of a water droplet on a flat surface with surface tension
forces and contact angle

The simplest technique to study wettability (hydrophilic condition) on a
surface is the use of the contact angle estimation method. Estimation of the contact
angle on a surface was suggested by Young, using three separate surface tension
forces between a solid and a liquid interface. These three tension force are γSL (at
the interface of the solid and liquid), γLV (at the interface between the liquid and
vapor), and γSV (at the interface of the solid and vapor). The water contact angle
θ is the angle measured through the liquid where the liquid-vapor interface meets a
solid surface as shown in Figure 1.15. Combining these three surface tension forces,
Young expressed the estimation of wettability using equation 1.13.

γSL + γLV cos θ − γSV = 0 (1.13)

The contact angle θ used to determine the hydrophilicity of the surface as
0o<θ <90oindicates hydrophilicity and 90o<θ <180oindicates hydrophobicity. To
estimate the contact angle, the water droplet sessile method was used and the ex-
perimental details are provided in Chapter 3 and 4.

1.7 Plasma patterning

To develop iPSCs in laboratory conditions, this requires a microdevice such
as PDMS. Treating the PDMS surfaces using plasma can improve the hydrophilicity
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and cell culture of these devices. To obtain cell clusters in a certain area, plasma
treatments were carried out using the mask on PDMS surfaces.

Recent studies have investigated the fabrication of surfaces such as PET,
PVC, Silicon, and organic materials using APPJ sources without a mask [87] [88]
[89]. However, the use of APPJ for plasma patterning on bio-compatible materials
has not been investigated. This section discusses the techniques used in plasma
patterning on PDMS surfaces using low-pressure plasma with a mask and APPJ
without a mask.

1.7.1 Mask plasma patterning

The use of sealed cascades to generate low-pressure plasma spreads the
plasma throughout the chamber. To achieve plasma patterning using these plasma
sources, the use of masks is required for bio-compatible materials. Cell culture and
culture facilitating serum mediums were investigated on low-pressure plasma-treated
PDMS surfaces [63] [64]. To obtain the desire results for cell cultures in microdevices,
it is necessary to use a mask to reduce the plasma treated area. Figure 1.16 shows
the patterning of hiPSCs on PDMS surfaces using a low-pressure plasma with a
mask [64].

Although, low-pressure plasma with a mask are used in applications in-
volving iPSCs cell culture and property investigation, this technique cannot be used
to change the pattern size as a function of the plasma parameters, except to change
the mask size. Reduction of the mask or the pattern size using low-pressure plasma
irradiation can be achieved up to certain extent because of mask charging and the
generation of a plasma sheath. In addition, a study by Yamada et al [63] [64] demon-
strated that the wettability or contact angle of the fabricated surface is the same
for different irradiation times.

The plasma sheath that occurs in the mask patterning will be affected by
the diffusion process. The strength of the plasma sheath and the diffusion process
due to the plasma irradiation condition is expected to affect the plasma patterning
size under mask patterning conditions.

1.7.2 Mask-free plasma patterning

Similar to the low-pressure plasma, APPJ also generates reactive and ex-
cited species such as O, which are expected to oxidize the surfaces of PDMS. Op-
erating under atmospheric pressure APPJs provide non-equilibrium plasma that is
suitable for temperature sensitive bio-compatible surface modification. The distin-
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Figure 1.16: Fabricating PDMS surface using low-pressure plasma with mask to
facilitate serum coatings for patterned hiPSCs cell culture [64]

guishing feature of the use of an APPJ source in plasma patterning is that a mask is
unnecessary for treating surfaces. The jet property of a cone shape can be focused
to the desired treated area when using these sources.

Many studies have investigated use of APPJ sources to generate arrays of
patterns without a mask for bio-medicine applications [90] [91]. Compared to the
low-pressure plasma source, APPJ does not spread throughout a large volume and
the properties of APPJ can be changed by varying the parameters as discussed in
chapter 2. A summary of mask-free plasma patterning using APPJ is shown in
Figure 1.17.

The plasma patterning size for mask-free plasma patterning condition is
dependent on the diffusion process. Diffusion of excited species along with the
reactive species on the treated surface will determine the pattern size.
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Figure 1.17: Camera image of APPJ for mask-free plasma patterning [6]

1.7.3 Plasma sheath and diffusion process

As the electrons and positive ions move towards the sample surface, they
tend to generate separate regions of ions when they interact with neutral atoms.
These regions push more of the opposite charge ions for diffuse through plasma
irradiation [92] [93]. This concept is known as the plasma sheath or Debye sheath
in plasma technology. The length of the plasma sheath or the Debye length can be
expressed using the equation 1.14.

λD = (
ε0kBTe
nee2

)
1
2 (1.14)

where, λD is the Debye length, ε0 is the permittivity of the free space, kB
is the Boltzmann constant, Te is the electron temperature, ne is the electron density,
and e is the electron charge. According to equation 1.14, the Debye length or the
plasma sheath depends on the electron temperature and the electron density. Its
relation is express in the figure 1.18.

As illustrated in figure 1.18, the Debye length or the plasma sheath mainly
depends on the density of electrons and the electron temperature. An increase of the
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Figure 1.18: Debye length as a function against electron temperature for different
electron density in (cm−3).

electron temperature causes an increase of the plasma sheath. An increase in the
electron density will decrease the plasma sheath and its dependence on the electron
temperature becomes invalid on and beyond electron densities of 1012cm−3. Such
a mechanism is expected to affect the plasma patterning size, especially in the case
of mask patterning.

In addition to the effect of the plasma sheath on mask patterning, another
important process that affects plasma patterning with and without mask patterning
is the diffusion process. As the reactive and excited species interact with the sample
surfaces, diffusion processes affect the diffusion regions. The diffusion area (diameter
φ of diffusion area) is expected to be affected by the irradiation time (t) and the
diffusion coefficient (α) and its relation is expressed by equation 1.15 as follows.

φ ∝ 4
√
αt (1.15)

Equation 1.15 also can be expanding as equation 1.16 as follows.
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lnφ ∼=
1

2
ln t+ ln 4

√
α (1.16)

1.8 Motivation

The APPJ provides a wide area of applicability and due to its thermal
properties near atmospheric conditions, it is better suited for use in the field of
biotechnology. The production of energetic charged particles such as electrons, and
reactive species can modify the wetting property of bio-compatible materials. This
study focused on the investigation of a novel approach involving the use APPJ in
mask free plasma patterning as an alternative to conventional low-pressure plasma
patterning using a mask.

The use of low-pressure plasma for fabricating bio-compatible material re-
quires expensive equipment such as vacuum pumps and closed chambers. In ad-
dition, these sources require the use of a mask to achieve plasma patterning, and
difficulty is encountered in controlling the pattern as a function of the irradiation
time. Mask charging and plasma sheath on the mask occurred on the scale of a few
tens of microns, thus, these sources are not best suited for plasma patterning of cell
cluster size.

As APPJ is used as an alternative approach to plasma patterning for bio-
compatible materials, it is necessary to identify the parameters such as the inner
tube diameter, electrode configuration, irradiation time, and mask effect to de-
termine the optimum conditions to produce the required plasma patterning size.
Considering the theoretical approach for APPJ plasma patterning as a function of
the aforementioned e parameters, the following hypotheses are proposed;

Hypothesis I: APPJ can facilitate mask-free plasma patterning for cell cul-
tures.

Hypothesis II: The inclusion of an additional pin grounded electrode at the
bottom of the plasma jet is able to reduce the plasma pattern size.

Hypothesis III: A decrease in the tube diameter will decrease the radius of
the plasma jet and its effective treatment area will decrease the plasma patterning
size.

Hypothesis IV: The use of a mask during APPJ irradiation will not affect
the plasma patterning size for different irradiation times.

The investigations of these hypothesizes were conducted using the APPJ
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sources and varying its parameters. The experimental evidence and evaluation of
the hypotheses will be discussed in Chapters 3 and 4.

1.9 Scope and outline of the dissertation

The APP sources such as APPJ and their breakdown mechanisms and
properties have been well-studied. In addition, the wettability of biocompatible ma-
terials and the modification of these materials using plasma sources were studied
to identify suitable environments for cell culture. The ability to generate the ex-
cited radicals and reactive species at the atmospheric condition render these sources
as suitable for bio-applications. The generation of radicals and their propagation
varied according to the electrode configuration of the APPJ and its discharge type.
Modification of biocompatible materials using APPJ irradiation improves the wet-
tability.

The aim of this study is to investigate the properties of APPJ such as
jet length, radical generation, and propagation along the jet for different parame-
ters. The know parameters of gas flow rate, electrode configurations, polarities of
electrodes, applied voltage, and diameter of the capillary tube were investigated to
identify the properties of APPJ. The ability to use APPJ sources in plasma pattern-
ing without a mask was also investigated with pattern size controlling parameters.

This thesis includes five chapters which begin with an introduction of at-
mospheric pressure plasma sources. Discharge of plasma inside a capillary tube
and its breakdown mechanism for different electrode configurations are discussed.
In addition, the spectroscopy results for the detection of reactive species and their
propagation are discussed for APPJ surface treatment.

In chapter 2, the investigation of APPJ properties as a function of the ef-
fective parameters is discussed. APPJ configurations and their behavior for different
parameters are examined based on experimental results.

Chapter 3 focuses on the investigation of the use of APPJ for mask free
plasma patterning and cell cultures on treated surfaces without a mask. This novel
approach successfully achieved plasma patterning without a mask, compared to
conventional low-pressure plasma patterning with a mask.

In chapter 4, investigation of the parameters that affect the control of
the wetting size using the APPJ is discussed. Parameters such as the electrode
configuration, irradiation time, tube diameter, and mask effect are considered as a
function of the irradiation time to identify the controlling parameters. Experimental
evidence is presented expressed to evaluate the effects of the parameters on the
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wetting size.

Finally, an overall summary of the properties of APPJ devices and their
effective parameters is presented. The ability of plasma patterning and the control
of the patterning size is discussed in chapter 5.
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Chapter 2

Investigation of APPJ properties
using radical generation and
propagation against effective
parameters

The aim of this chapter is to investigate the parameters that affect the
properties of the atmospheric pressure plasma jets along with the generation and
propagation of radicals. The investigation considered the effect of the electrode con-
figuration, an additional floating pin electrode at the bottom of the plasma jet, the
polarity of the electrodes, gas flow rate, capillary diameter, and the applied voltage.
The theoretical background of these parameters with respect to the APPJ properties
are discussed in addition to the experimental evidence used to differentiate between
the possible mechanisms.
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2.1 Introduction

Interest in atmospheric pressure plasma sources has increased significantly
over the last few decades because of their ability to operate at room temperature and
ease of use [17] [94] [95]. These sources have numerous uses including nano particle
synthesis [4] [5], mask-free plasma patterning [6], sterilization [95] [96] [97], wound
healing [98] [99] [100] [101], surface treatment [87] [88] [102] [103], and other medical
applications [104] [105] [106]. One of the best known APP source is atmospheric
pressure plasma jet (APPJ). Many configurations of APPJs have been investigated
for different AC, DC, and pulse waveforms for frequencies ranging from the kHz to
GHz scale to generate plasma jets [107] [108] [109] [110].

The applicability of APPJs depends on their jet properties. Properties
such as the jet length, cone shape, and glow discharge throughout propagation are
important parameters for the use of APPJs in localized plasma treatments and
plasma patterning. APPJs with a short jet length tend to generate arc discharges
when the effective gap between the electrodes and the plasma that exit from the
nozzle is small. This can negatively impact the operational conditions and create
hazard situations. To overcome these disadvantages, it is necessary to generate
longer plasma jets. Increasing the gas flow and applied voltage can lead to an
increase of the plasma jet length [31]. However, an increase of the flow rate deforms
the plasma jets as the flow regime change from laminar to turbulent [31] [111]. To
maintain laminar plasma flow at high gas flow rates, it is necessary to increase
the inner diameter of the capillary tube [73] [111] [112]. The increase of the tube
diameter causes an increase of the gap between the electrodes and the discharge
inside the capillary tube, [12] [13] [14] in addition to an increase in the plasma jet
diameter. As such, it is necessary to investigate APPJs and their parameters to
generate plasma jets that are suitable for specific applications.

An in-depth understanding of the breakdown mechanism of these sources
is important to the application of plasma jet to specific situations, based on their
properties. The parallel and double electrodes configured APPJs used in this study
have different plasma properties due to their breakdown mechanism, as is explained
in section 1.3.

The importance of APPJ sources is based on their ability to generate and
propagate excited and reactive species. The improvement of these sources has been
investigated to satisfy application specific requirements by analyzing the proper-
ties of generated species. Optical emission spectroscopy and mass spectroscopy are
widely used techniques for the identification of radicals from APPJ sources [15] [80]
[113] [114]. Due to the complex behavior of the radical generation process and the
difficulty in obtaining experimental evidence from APPJ sources, numerical simula-
tion modelling is widely used to estimate the generation and propagation of possible
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excited and reactive species [15] [40] [76] [77] [78] [115] [116] [117].

Although numerical modelling has the advantage of facilitating the estima-
tion of the densities of the entire set of reactive species, experimental investigation
will provide more reliable information. The radical distribution along the plasma jet
has been investigated in numerous studies, however, the behavior of the distribution
varies according to the experimental condition [35] [80] [110] [118] [119]. Differ-
ences in the electrode configuration alignment affect the properties of the APPJ.
Thus, changes the in APPJ properties also affect the generation of radicals, their
propagation, and their thermodynamic properties.

In this study, experimental data was acquired on the plasma jet proper-
ties along with the generation and propagation of radicals for APPJs with parallel
electrodes, double electrodes, and double electrodes with and without a grounded
floating pin electrode at the bottom of the jet configuration. Parameters such as
the applied voltage, electrode configuration, additional pin electrode at the bottom
of the plasma jet, polarity of the electrode, gas flow rate, and tube diameter were
considered to determine their effect on the plasma jet properties. Experimental
data were evaluated to investigate the properties of plasma jet and to determine
the optimal conditions of APPJs that are suitable for mask and mask-free plasma
patterning, for cell cultures.

2.2 Parameters that define the plasma jet prop-

erties

To investigate the optimal APPJs for plasma patterning, it is necessary to
identify the effect of different parameters on the plasma jet. For this purpose, this
section discusses the influence of parameters on the APPJ.

2.2.1 Electrode configuration and the addition of a pin elec-
trode at the bottom of the plasma jet

Two glow discharge APPJ configurations known as the parallel and double
electrode configurations were considered in this study to investigate the properties
of plasma jets. The fundamental aspects of the breakdown mechanism of these two
plasma jet types were explained in chapter 1.3. This section presents an in-depth
discussion of the effect of the electrode configuration with an additional pin electrode
at the bottom of the plasma jet on the properties of the jet.
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The attachment of electrodes parallel to the capillary tube generate strong
electric fields. The applied electric field in this configuration is perpendicular to the
plasma flow direction. The strong electric field cause the ions in the plasma to flow
to the electrodes instead of propagating through the atmosphere. This results in a
low self-contain electric field for plasma bullets. The mobility and the drift velocity
of the electrons and ions are thus affected by this electric field and cause a decrease
of the plasma propagation velocity at the nozzle exit. This leads to a decrease of
the propagation phase of the plasma jet and its length. Even though these charged
particles propagate through the atmosphere, weak electric potential lines from the
electrodes tend to scatter into the atmosphere, thereby reducing the strength of the
plasma jet. In addition, if the end of the parallel electrodes close to the nozzle exit
generates strong electric field lines, this can cause the charge particles to generate a
reverse cathode fall discharge and inhibit the plasma jet propagation.

In the case of the double electrode configured APPJ, the active and ground
electrodes generate a potential gradient in the same plane as the plasma flow di-
rection. Such an electrode configuration allows the charged particles to propagate
through atmosphere as a jet due to the pressure gradient. Therefore, the plasma
bullets have a higher electric potential compared to parallel electrode configured AP-
PJs. This causes an increase of the mobility and the drift velocity of the electrons
and charge ions, as explained in section 1.3.4. Moreover, this leads to an increase of
the plasma bullet velocity and the propagation phase is comparable to that of the
parallel electrode configured plasma jet. The polarity of the electrodes also affects
the plasma jet in this configuration. Placing the active electrode near the nozzle
exit causes the plasma jet to flow equally for the upstream and downstream direc-
tions, as discussed in the breakdown mechanism for a single electrode APPJ [31].
As the upstream plasma jet reaches the ground electrode, it undergoes cathode fall
discharge to generate a glow inside the capillary tube [31]. A downstream plasma jet
propagates through air without undergoing cathode fall discharge. However, chang-
ing the polarity of the electrode at the nozzle exit to the ground voltage affects the
properties of the plasma jet [31] [35]. As the discharge occur in the active electrode
and flows equally in the upstream and downstream directions, the ground voltage
of the electrode near the nozzle exit causes the charge ions to undergo cathode fall
glow discharge. In this situation, the plasma jet is expected to undergo discharge
overfall at the ground electrode to form a plasma jet with a short jet length because
the plasma bullets are affected by the lower electric potential. Placing an active
electrode near the nozzle exit can cause fall back of the charge ions resulting in
reverse glow discharge at the nozzle exit, thereby reducing the plasma jet length.

In this study, the effect of an additional pin ground electrode at the bot-
tom of the plasma jet in the double electrode configuration was also investigated.
The application of a potential to the additional pin electrode produces additional
potential lines at the bottom of the plasma jet. This modification to the double elec-
trode configuration APPJ is expected to increase the electric field strength along the
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plasma jet propagation direction and the propagation velocity. Moreover, the prop-
agation phase of the plasma jet causes an increase of the jet length [35] [119] [120].
In addition, the plasma jet is expected to undergo a cathode fall discharge at the
additional pin electrode to generate secondary radicals at the bottom of the plasma
jet. Similar to the streamer triggered discharge at the grounded electrode for the
double electrode configuration as described by Jiang et al [31], it is expected that
the bottom of the plasma jet will undergo a streamer triggered discharge in this
study. This will affect the density of the radicals at the additional pin electrode.
The polarity of the electrode also plays an important role in defining the plasma
jet properties. The additional pin electrode without a grounded or voltage connec-
tion will be considered to be the floating pin electrode throughout the study unless
otherwise noted. Placing a floating pin electrode at the bottom of the plasma jet
is expected to be analogous to the APPJ without an additional pin electrode at
the bottom of the plasma jet. However, it is expected to have a slight effect on
the plasma jet characteristics due to the metallic properties of the pin electrode.
However, this situation is not the subject of this study.

Given that the experimental investigation of these APPJs as a function
of the electrode configuration is incomplete, one of the objectives of this investiga-
tion is to obtain experimental evidence to justify the breakdown and propagation
mechanism expressed in this section.

2.2.2 Polarity of the electrodes

The polarity of the electrodes play a critical role in defining plasma jet
properties, especially for the double electrode configured APPJ. As explained in
section 2.2.1, a change in the polarity of the electrodes affects the breakdown and
discharge propagation of the plasma jet. This section will examine the possible ef-
fects associated with the alignment of polarities to the double electrode configuration
with an additional pin electrode at the bottom of the plasma jet.

The inclusion of an additional pin electrode with a ground or potential
connection will cause an increase of the electric field, thereby changing the plasma
jet properties. In this case, the electric field strength along the plasma jet prop-
agation is the main factor that determines the plasma jet length. If the polarity
between the electrode near the nozzle exit and the additional pin electrode is the
same, it is expected that a zero potential gradient will be maintained along the jet
propagation. This will lead to a diminished electric field strength and a reduction
of the propagation velocity of the plasma along with propagation phase, which will
almost eliminate the plasma jet.

The application of opposite polarities between the electrode at the noz-
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zle exit and the additional pin electrode is expected to increase the electric field
strength along the jet propagation direction. Such an increase in electric field is ex-
pected to result in an increase of the propagation velocity of the plasma, along with
propagation phase, leading to an increase of the jet length. For opposite polarity
configurations, an active electrode near the nozzle exit and a grounded connection
at the additional pin electrode will lead to an increase of the plasma jet length
compared to the floating pin electrode configuration.

Moreover, changing the polarities of the two electrodes to the grounded
voltage at the electrode near the nozzle exit and the high-voltage waveform at the
additional pin electrode can generate an electric field along the plasma jet prop-
agation direction. This is expected to increase the electric field along the plasma
jet propagation direction, thereby increasing the plasma jet length. Given that the
additional pin electrode acts as the active electrode at the bottom of the plasma
jet, the streamers with excited radicals are expected to undergo a discharge in the
atmosphere. Therefore, in this study, it is expected that the plasma jet length will
be increased using this polarity configuration.

Such changes in the electrode polarity in the double electrode configura-
tion with an additional pin electrode is also expected to change the generation and
propagation of the radicals along the plasma jet. However, since plasma patterning
is investigated using the APPJ in this study, the application of a high voltage at
the bottom can create hazardous conditions in addition to damaging the treated
samples. Therefore, an investigation of the properties of plasma as a function of
polarity will be conducted to determine the effect of the plasma jet length.

2.2.3 Diameter of capillary

The reduction of the plasma patterning size can benefit from the use of
micro plasma jets. To achieve micro-scale APPJ, it is necessary to reduce the
diameter of the capillary tube. A study conducted by Wu et al [120], revealed that
a decrease of the tube diameter causes a decrease of the plasma jet length. Moreover,
the electric field of the streamers tends to decrease rapidly along the direction of
the plasma jet propagation as the tube inner diameter decreases. However, there
is a limit to the decrease of the diameter of the capillary tube due to the Debye
length (λD). To generate and propagate plasma from the nozzle exit, it is necessary
to maintain a larger capillary diameter compared to the Debye length. The electron
density (ne) and the electron temperature (Te) are the most important parameters
that affect the Debye length as shown in equation 1.13.

A decrease of the tube diameter reduces the rate of gas flow to the system
and causes a decrease of the plasma jet length. A study conducted by Cheng et
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al [121] demonstrated that a decrease of the tube diameter results in a decrease of
the electron density of the streamers and causes a decrease of the reaction along the
plasma jet propagation direction. This causes a decrease of the plasma jet length. In
addition, it causes a larger deviation in the thermodynamic behavior as the DBD gap
is reduced [6] [73]. In numerous prior studies, this variation has been investigated
based on experimental and theoretical work [15] [31] [75] [76] [77] [78] [113] [115]
[122] [123] [124]. A decrease of the tube diameter causes a reduction of the electron
density and this is expected to decrease the density of radicals generated along the
plasma jet. In this study, the effect of the tube diameter will be investigated based
on experimental observations to confirm these concepts.

2.2.4 Flow behavior

Sustainability of plasma discharge inside the capillary tube depends on the
applied gas flow rate (GFR). If the GFR is too low or too high, this can cause a
decrease of the plasma jet length and lead to damage of the DBD capillary walls
due to the thermodynamic and discharge properties.

The gas and plasma flow are governed by fluid dynamics. Therefore, the
behavior of plasma jets needs to be considered when defining a suitable APPJ for
specific applications. In fluid dynamics, the definition of the laminar flow and tur-
bulent flow regimes considers flow behavior. Several studies have demonstrated that
the APPJ length increase as the GFR increase in the laminar regime, whereas the
jet length decreases as the GFR increases in turbulent regime [73] [111] [112] [125].

Generally, regime classification was performed based on estimation of the
Reynolds number. The Reynolds number (Re) was estimated using equation 2.1 as
follows [73] [125].

Re =
ρgasDtubeVflow

µgas
(2.1)

where, ρgas is the density of the gas, which depends on the temperature,
Vflow is the flow velocity, Dtube is the capillary diameter, and µgas is the dynamic
viscosity of the gas, which, depends on the temperature. The flow velocity was
calculated using the balance of the input and output volume per second, as shown
in equation 2.2;

Vflow =
GFR
πD2

tube

4

(2.2)
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As shown in equation 2.1 and 2.2, an increase in GFR increases the linear
flow velocity and causes Reynolds number to increase.

The electrode configuration and the type of gas defined the limit of the
Reynolds number to classify the different regimes [126]. For the helium plasma jet
with a double electrode configuration, a Reynolds number of 200 is expected as the
benchmark for classification of the regimes [73] [125]. Therefore, in this study, the
investigation of the flow behavior for APPJs with Re < 200 is consider to be in the
laminar flow regime and Re ≥ 200 to be in turbulent flow regime [125].

The flow velocity of the feeding gas and the diameter of the capillary affect
the plasma flow behavior according to the estimated Reynolds number. Many studies
have investigated APPJ propagation as plasma or streamer bullets [95] [119] [120]
[127]. Propagating plasma bullets have three phases known as the transition phase,
propagation phase, and collapsing phase [35]. The transition phase starts from the
nozzle. The bullet accelerates until it reaches the maximum velocity, then continues
to propagate at this velocity in the propagation phase. Subsequently, the velocity
decrease rapidly during the collapsing phase.

An increase of the feeding gas flow velocity does not affect the jet velocity
during the transition phase. However, an increase of GFR causes an increase of the
propagation length of the plasma streamers due to an increase plasma jet velocity
in the propagation phase before the collapse of the streamer. The density of the
electron, positive ions, and excited species of the plasma streamers is expected to
increase with the increase of GFR. Therefore, an increase in the propagation length
and density of the streamer heads is expected to cause an increase of the intensity of
the reaction of plasma and atmospheric molecules as the jet propagates. An increase
of the GFR also causes an increase of the flow velocity. This is expected to shift
the intensity of the emission lines along the plasma jet, considering their emission
lifetimes.

A decrease of the tube diameter results in a reduction of the jet length,
which causes a decrease of the length of the bullet propagation [120]. The admixture
of air molecules increases with plasma as the feeding gas flow increases, causing a
change of the reaction and decay rates of the emission. These changes affect the
intensity of the radicals along the plasma jet.

2.2.5 Application of voltage

The application of high-voltage waveforms using the electrodes facilitate
the generation of electrical discharge to produce plasma. Several studies have in-
vestigated the generation of APPJs using different waveforms such as pulsed low
frequency DC [95] [98] [107], low frequency AC [18] [128] [129] [130], radio frequency
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driven [21] [131] [132], and microwave driven [133] [134] voltage pulses.

In this study, the generation of APPJ using low frequency AC waveforms
is investigated. Generally, the breakdown of rare gaseous molecules occurs at high
voltages (in kilovolts). To obtain a high-voltage waveform with a low frequency
in the kilovolt range, an inverter transformer connected to the primary DC or AC
source was considered.

The working gas for the APPJ configuration requires a specific breakdown
voltage to generate glow discharge, as explained in sections 1.1 and 1.2. An applied
voltage higher than the breakdown voltage will cause an increase of the electric field
to break down the working gas to form a discharge plasma in the DBD capillary.
The behavior of the discharge plasma can be understood by observing and analyzing
the discharge current waveform. For the APPJs generated in the capillary DBDs,
the discharge current waveforms can be estimated using a method proposed by Oh
et al [114]. In this method, the discharge current was estimated using the difference
between the displacement current waveforms for the plasma on and off conditions.

There are several important features of the applied voltage waveform used
to generate plasma including; (I) provides a peak voltage that is larger than the
plasma ignite voltage, and (II) maintains the duty cycle with frequency change
to sustain the plasma in the capillary. These properties of the applied voltage
waveform are expected to influence the type of discharge in addition to the plasma
jet properties. An increase in the peak-to-peak voltage is expected to cause an
increase of the electric field of the streamers, thereby increasing the propagation
velocity. It has been shown in several studies that an increase of the applied voltage
causes an increase of the plasma jet length [31] [35] [111] [135]. In this study, one of
the objectives is to investigate this phenomenon to determine its impact on APPJ.

Based on the results of several studies on the impact of the applied voltage
on the plasma jet, it has been determined that this parameter affects the propagation
of plasma bullets and the radical distribution [35] [110] [135]. An increase of the
applied voltage causes an increase of the plasma bullet velocity and its propagation
length, which causes an increase of the jet length [31]. An increase of the jet length
and the propagation phase of the plasma bullets results in an improvement of the
reactions that occur along the plasma jet, leading to an increase of the intensity of
the radicals. Moreover, a study conducted by Xiong et al [110] demonstrated that
an increase of the applied voltage causes an increase of the discharge current. This
will cause an increase of the density of radicals along the plasma jet. A temporal
investigation of the spectra revealed that an increase in the applied voltage causes
a shift in the intensity peak to lower time values, and an increase of the intensity
[110] [135].

An increase of the pulse width causes a decrease of the jet velocities and a
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shift of the peak of the temporal distribution to a larger time value [135]. Further
investigation on the spatial distribution of the jet velocity also revealed that an
increase in the pulse width results in a decrease of the peak values of the jet velocity,
in addition to an increase of the propagation length. The frequency of the waveform
pulse also affected the jet velocity distribution in temporal studies. Specifically, an
increase in the frequency caused a decrease in the time at which the peak occurred.
However, this does not affect the peak value of the jet velocity and the distribution
length. The spatial evaluation of the jet velocity distribution in terms of frequency
variance is similar for all frequencies [135].

Considering the parameters that affect radical propagation, this study will
investigate the spatial distribution of radicals along the double electrode plasma jet
as a function of the feeding gas flow rate and applied voltage.

2.3 Properties of reactive species generated in he-

lium plasma

Electric discharge occurred in the capillary tube, whereby energy was trans-
ferred to helium to generate excited and ionized helium, in addition to electrons. As
the plasma jet propagates it goes through a different process, causing the generation
of reactive and excited species. The generation of species along the plasma jet can be
classified into two different phases according to the radical generation mechanisms
as, (I) inside the capillary, and (II) at the atmosphere.

In phase (I), the discharge process causes the generation of helium ions,
excited helium, in addition to electrons. Propagation of these radicals along the
electric field cause a collision reaction process that increases their density. In phase
(II), the streamer contains excited helium, helium ions, and electrons that propagate
through via an interaction with ambient air. This results in chemical and collision
reactions to generate different set of radicals containing nitrogen, hydroxyl (OH),
and oxygen atoms [40]. These reactions affect the generation of reactive and excited
species along the plasma jet.

Helium plasma jets generally contain helium ions, electrons, excited helium,
and neutral helium inside the capillary tube [66] [110]. These energetic helium ions,
electrons, and excited helium interact with the atmosphere to generate reactive
species of hydroxyl (OH), nitrogen, and oxygen, which are notable in the emission
spectra of the helium plasma jets shown in Figure 2.1.

As shown in this figure, the optical emission spectra of the excited transi-
tions were recorded in the UV-visible-near IR range (200 – 900 nm). The emission
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Figure 2.1: Helium APPJ spectroscopy for the range of 200 – 900 nm

lines are associated with the nitrogen second positive system (SPS), OH (A-X), N+
2

first negative system (FNS), O+
2 second negative system (SNS) and several He I and

O I lines indicate their strong presence.

2.3.1 Helium

Studies on the properties of helium have revealed that it exhibits both
orthohelium (triplet) and parahelium (singlet) arrangements, resulting in two sepa-
rate series of emission lines [38] [136]. The first state of orthohelium is obtained at
19.8196 eV and has the configuration of 1s2s 3S, whereas parahelium at 20.6158 eV
has the configuration of 1s2s 1S [39]. The emission transition between the orthohe-
lium levels of 389, 471, 587, and 706 nm exhibits a strong intensity compared to the
667 nm and 728 nm parahelium lines in the helium spectrum. In addition, the first
excited level of helium of 1s2s 3S has an energy of 19.81 eV and a lifetime of 7862 s,
making it the longest-lived metastable level for neutral atomic species [38] [39] [136].
The transfer of energy from the long-lived energy levels of helium affects the break-
ing of the molecular bonding of water, nitrogen, and oxygen to generate excited
molecules, and to separate the molecules as well as molecule ions. As a result of
these properties, excited helium serves as an important source for the storage of
energy for discharge plasma. Table 2.1 summarize the first 10 levels of helium and
its properties.

As shown in Table 2.1, the orthohelium states tend to have a longer lifetime
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compared to the parahelium states. As a result, a higher density of excited helium
is maintained in these states compared to the orthohelium states. Therefore, the
deexcitation process from these states tends to result in the emission of high intensity
lines. The most intense helium emission lines also depend on the lifetime of the
upper level and transition. The properties of these lines in the helium APPJ are
also summarized in Table 2.2 [39].

Table 2.1: First 10 helium excited levels and their properties

Configuration Energy Wavelength (nm) Einstein A Lifetime
of Energy (eV) [39] of transition to coefficient Aij

level ground state (1
s
) [39]

1s2s 3S 19.8196 62.56 1.272E-4 7862 s
1s2s 1S 20.6158
1s2p 3P 20.9641 59.14 1.764E+2 5.66 ms
1s2p 1P 21.218 58.43 1.80E+9 55.6 ps
1s3s 3S 22.7185
1s3s 1S 22.9203
1s3p 3P 23.0071 53.89 1.21E-1 8.26 s
1s3d 3D 23.0737
1s3d 1D 23.0741 53.73 1.30E+3 0.7 ms
1s3p 1P 23.087 53.70 5.66E+8 1.77 ns

Table 2.2: Summary of the properties of the most intense helium emission lines in
APPJ

Configuration [39] Energy (eV) [39] Einstein A
Wavelength Upper Lower Upper Lower coefficient Lifetime

(nm) level level level level Aij (1/s) [39]

389 1s3p 3P 1s2s 3S 23.0071 19.8196 9.47E+6 106 ns
471 1s4s 3S 1s2p 3P 23.5939 20.9641 3.17E+6 315 ns
587 1s3d 3D 1s2p 3P 23.0737 20.9641 4.20E+7 23 ns
667 1s3d 1D 1s2p 1P 23.0741 21.2180 2.12E+7 47 ns
706 1s3s 3S 1s2p 3P 22.7185 20.9641 9.28E+6 108 ns
728 1s3s 1S 1s2p 1P 22.9203 21.2180 1.83E+7 54 ns
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Transition between energy levels in the orthohelium (triplet states) also
tends to have a longer lifetime compared to parahelium (singlet states) transitions as
shown in Table 2.1. A longer lifetime in the upper levels of emission transitions and
its 1s2s 3S metastable level means that helium can improve the penning ionization
on radicals of oxygen and nitrogen along the plasma propagation.

2.3.2 Hydroxyl (OH)

The hydroxyl (OH) radicals are generated in the helium APP via dissocia-
tion processes. The emission lines of OH (A2Σ+ - X2Πi), that appear approximately
at 309 nm in APP are due to water vapor in the atmosphere. Due to the lower
bonding energies of 0.24 and 0.14 eV for H2O and H2O2 respectively, dissociation
processes such as photo-dissociation or photo-ionization cause the generation of OH
radicals. However, the excitation process of OH (X-A) require energies of 4.01 eV
or higher. The kinetic energy of the electron distribution is large at the nozzle exit,
causing the generation of a vast amount of excited OH (A) [37] [46]. Along the
jet propagation direction, the decrease in the electron energy distribution function
(EEDF) and the increase in the air fraction cause a decrease in the production OH
(A) [46].

The rotational band energy levels in the excited and ground state energy
bands utilize with the OH emission lines to estimate the gas temperature using
high resolution spectroscopy. In addition, the effective lifetime of the OH (A-X)
transitions decrease at approximately 1 ns, causing a vast decrease in the OH (A)
population along the propagation direction.

2.3.3 Nitrogen

The nitrogen second positive system (SPS) N2(C
3Πu – B3Πg), often exhibit

strong emission in APP because of the presence of N2 in the atmosphere and the
emission lines of this system are in the range of 268 nm to 546 nm. Direct electron
impact excitation, metastable excitation, and dissociative recombination cause the
generation of the nitrogen SPS system. The systematic alignment of the energy levels
of nitrogen tends to contain rotational energy structures [137]. In many studies, the
emission lines of the nitrogen SPS system were used to estimate the gas temperature
using the band head (0,0), vibrational transition at 337 nm, and (0,2) vibrational
transition at 380 nm, because of their symmetrical rotational levels in the transition
bands [37] [73].

Penning ionization is a dominant process in helium plasma because of the
energies of the metastable states. Nitrogen in air affects the penning ionization pro-
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cess and generates a vast amount of ionized nitrogen molecules (N+
2 ). The energies

associated with the ionized nitrogen account for the emission lines observed in many
spectra of nitrogen. The first negative system (FNS) of nitrogen N+

2 (B2Σ+
u – X2Σ+

g )
is often observed in such spectra, with the dominant band head of 391 nm associated
with the transition between the 0,0 vibrational levels.

2.3.4 Oxygen

Reactive oxygen species (ROS) play a major role in development of APPJ
sources for plasma medicine because they can be used for sterilization purposes,
including inactivation or the killing of cancer cells. Dissociation of O2 molecules in
air generates ROS. The density of the atomic oxygen produced from helium plasma is
affected by the admixture of molecule of O2 [15]. Murakami et al [40] observed that
the generation of ROS involved negative ions, positive ions, and the recombination
of electron-positive ions. The optical spectra of ROS are dominated by the emission
line at 777 nm, which is due to the transition from the upper level 3p 5P (10.74 eV)
to lower level 3s 5S (9.14 eV) [39] [80].

2.4 Experimental conditions

The investigation of the parameters that determined the APPJ properties
was experimentally conducted. In this section we present the experimental proce-
dures.

2.4.1 Low-frequency AC voltage sources

Since low-frequency AC waveforms were used to drive the APPJ in this
study, we investigated two types of voltage sources. For both sources, we used an
inverter transformer to amplify the primary input voltage to obtain a secondary
voltage waveform, which was used to generate plasma discharge inside capillary
tubes.

The primary AC source used in this study was a household voltage source
with 100 V operated at a frequency of 50 Hz. The primary DC source (AK400W-SV-
110) was powered using a household AC source to obtain a DC pulse. These sources
were connected to a neon inverter transformer (NEON M-5) to obtain high-voltage
waveforms. Variance in the peak-to-peak voltage was achieved from the primary AC
source using a high-voltage controller connected at the output. However, the DC
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Figure 2.2: Output high-voltage waveform from neon transformer connected to; (a)
primary AC source, and (b) primary DC source

power supply source facilitated the variation of the amplitude of the DC pulse to
vary the amplitude of the peak-to-peak voltage. Examples of the output waveform
of these two sources are shown in Figure 2.2.

As shown in Figure 2.2 (a), the primary AC source generates a high-voltage
pulse with amplitude varying pulses at two different frequencies. The envelop of the
pulse waveform at 100 Hz contains a high-voltage waveform at 11 kHz. As shown
in Figure 2.2 (b), the connection of a DC source to the neon transformer generates
a sinusoidal high-voltage waveform at 16 kHz.
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A comparison between the parallel electrode and the double electrode AP-
PJs, and mask free plasma patterning (in chapter 3) was conducted using the power
source shown in Figure 2.2 (a). A modified double electrode APPJ with an addi-
tional pin electrode that facilitated controllable plasma wetting (in chapter 4) was
used in combination with the power source shown in Figure 2.2 (b).

2.4.2 Parallel electrode configuration

A schematic of the parallel electrode APPJ set up is shown in Figure 2.3.
Two copper wires of length 60 mm each were insulated and connected parallel to
the quartz capillary tube. The ends of the electrodes were placed 2 mm above the
nozzle exit to avoid arc discharge. The inner diameter of the capillary tube was 2
mm, and the outer diameter was 4 mm. Helium with a purity of 99 % was used as
the carrier gas because of its low breakdown voltage.

Figure 2.3: Schematic diagram of parallel electrode experimental setup
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The low-frequency, high-voltage waveform obtained for the power source
shown in Figure 2.2 (a) was applied to one of the electrodes and the other electrode
was grounded. Using a manual mass flow meter, (YR-90) helium was allowed to
flow to the capillary tube and the GFR was varied between 1 L/min to 5 L/min in
1 L/min steps. Images of the APPJs were collected using a digital camera (Nikon
D3100, with Micro-Nikkor-lens and 2x multiplier) to analyze the APPJ properties.

2.4.3 Double electrode configuration

A schematic diagram of the double electrode APPJ configuration is shown
in Figure 2.4. Two copper foils with a width of 10 mm and a thickness of 2 mm
were attached to the capillary tube with a gap distance of 60 mm. Low-frequency,
high-voltage waveforms from the power sources shown in Figure 2.2 (a) and 2.2 (b)
were applied to active electrode, and the other electrode was grounded.

Figure 2.4: Schematic diagram of double electrode experimental setup
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Capillary tubes with a tube inner diameter of 2.0 mm and an outer diameter
4.0 mm were used to generate the APPJ for comparison with the parallel electrode
configured APPJ. Using a manual mass flow meter (YR-90), helium with a purity
of 99 % was allowed to flow to the capillary tube and the GFR was varied between
1 L/min to 5 L/min in 1 L/min steps. Images of the APPJs were collected using a
digital camera (Nikon D3100, with Micro-Nikkor-lens and 2x multiplier) to analyze
their properties.

2.4.4 Double electrode configuration with an additional float-
ing pin electrode

To investigate the properties of APPJ as a function of the electrode configu-
ration, polarity, and tube diameter, the double electrode configuration was modified
to include an additional floating pin electrode at the bottom of the plasma jet as
shown in Figure 2.5. Plasma discharge was obtained in this experimental set up
using the low-frequency high-voltage waveform presented in Figure 2.2 (b).

Figure 2.5: Schematic of the experimental setup for the double electrode APPJ; (a)
with a floating pin electrode, and (b) with an additional grounded pin electrode at
the bottom of plasma jet
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To investigate the effect of the additional pin electrode, tube diameter,
gas flow, applied voltage, and polarity with respect to the properties of the APPJ,
capillary tubes with an outer diameter of 2.0 mm and inner diameters of 1.4 mm
and 1.0 mm, and inhouse produced capillary tubes with nozzle exit inner diameters
of 120 µm, and 60 µm, respectively, were used. To produce the inhouse capillary
tubes, one end of a capillary tube with an outer diameter of 2.0 mm and an inner
diameter of 1.0 mm was gradually tapered to form a capillary tip. These capillary
tubes with micro-scale inner diameters were similar in shape to those used by Kim
et al [90] without an angled nozzle tip.

Tungsten wire with a diameter of 50 µm was attached to the bottom of
the APPJ as the additional pin electrode, through a Petri dish. The additional pin
electrode with (grounded pin electrode) and without (floating pin electrode) ground
connections was used for all the experimental conditions except for the investigations
on polarity.

The capillary tubes with inner diameters of 1.4 mm and 1.0 mm were fed
with 99 %pure Helium using a manual (YR-90) gas flow meter ranging from 1 – 5
slm in 1 slm steps. In comparison, the micro-capillaries with inner tube diameters
of 120 µm and 60 µm were fed at 100 – 350 sccm in 50 sccm steps using a digital
flow meter (SEC-E40). These flow rates were used to study the behavior of APPJ
during the transition from the laminar to turbulent regime, in addition to the tube
diameter.

The length of the plasma jets was estimated using a binarization method
by converting the images acquired using a digital camera (Nikon D3100, with Micro-
Nikkor-lens and 2x multiplier) into a data.

2.4.5 Procedure for APPJ parameter evaluation

To estimate the APPJ length, the captured digital images were converted
into a binary format using an inhouse program. The parameters of the program were
adjusted until the estimated inner diameter based on the binary image was closed
to the actual size of the capillary tube. The estimated diameter and jet length were
then used to analyze the APPJ parameters. The procedure for determining the
APPJ length and its diameter is shown in Figure 2.6.
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Figure 2.6: Procedure for determining APPJ length and its diameter

2.4.6 Optical emission spectroscopy system

A spectrometer (HAMMAMATSU: PMA12) with spectral resolution ∆λ
∼ of 0.7 nm was used in this study to collect the spectra of the APPJs in the region
of 200 – 800 nm. To obtain localized spectra along the plasma jet, a single slit with
a diameter of 1.0 mm was placed between the plasma jet and the optical sensor (φ
= 1.0 mm) at distances of 90 mm and 30 mm. A schematic of the spectral system
is shown in Figure 2.7.

As shown in Figure 2.7, a single slit was used to obtain the localized spectra.
The width of these spectra was estimated using equations 2.3 and 2.4 as follows:

tan θ =
y1
x1

=
y2
x2

(2.3)

y1 =
y2
x2
x1 =∼ 3mm (2.4)

The optical emission spectra for the APPJ configurations used in this study
were obtained by placing a single slit between the plasma jet and the optical sensor
to obtain localized spectra.
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Figure 2.7: Schematic of localized spectra acquisition OES system

2.5 Results and discussion

The acquired experimental data discussed in section 2.4 were evaluated
to analyze and determine the impact of the different parameters on the properties
of APPJ. In this section, the experimental results are discussed in addition to the
theoretical background, in terms of the effects of the different parameters on the
properties of APPJ.

2.5.1 Comparison between parallel electrode and double elec-
trode configurations

Figure 2.8 shows digital images of the APPJ for parallel and double elec-
trode configurations. A capillary tube with inner and outer diameters of 2.0 mm
and 4.0 mm respectively, was used for both APPJ configurations.

As shown in Figure 2.8, the plasma discharge inside the capillary tube had a
low intensity violet color for the parallel electrode configuration and a high intensity
near-white color for the double electrode configuration. In addition, APPJ in the
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Figure 2.8: Digital image of the APPJ; (a) parallel electrode configuration, and (b)
double electrode configuration

atmosphere also exhibited a high intensity color for the double electrode compared
to the parallel electrode configuration. As discussed in chapter 1.3 and section 2.2.1,
the electric field in the plasma jet propagation direction affects the plasma bullet
velocity. Moreover, in the double electrode configuration, the upstream plasma jet
undergoes a cathode fall discharge to increase the intensity of glow discharge inside
the capillary tube compared to the parallel electrode configured APPJ.

Considering the images acquired for the APPJs for different gas flow rates
for both electrode configurations, the jet length was estimated using the procedure
described in section 2.3.4. These estimated jet length values are plotted against the
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flow rate in Figure 2.9.

As shown in Figure 2.9, the double electrode APPJ generated a longer
plasma jet than the parallel electrode configuration for the same applied voltage,
gas flow, and tube diameter. The larger variance of the jet length is due to the
effect of the electric field direction, which caused an increase in the drift velocity
and the mobility of the plasma bullets. The strength of the external electric field
due to plasma bullet propagation was low for the parallel electrode configuration,
and decreased the propagation phase of the plasma jet. This behavior affects the
reaction of the plasma plume with ambient air, thereby reducing the intensity of the
emission lines of excited and reactive species. In contrast, for the double electrode
configuration, the external electric field strength was high and caused an increase in
the energy of electrons and charge ions. This increase in energy caused an increase
in the cross-section of the reactions and the intensity of the emission lines of excited
and reactive species. Therefore, the variance of the electrode configuration affects
the plasma jet length due to the strength of the external electric field in the plasma
jet propagation direction.

Figure 2.9: Jet length comparison between parallel electrode and double electrode
configurations
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2.5.2 Effect of an additional floating pin electrode in the
double electrode APPJ

A double electrode configured APPJ generates a longer jet length due to
its electrode alignment. To investigate the impact of the electrode configuration, an
additional floating pin electrode was attached to the bottom of the plasma jet and
digital images were acquired with and without a grounded additional pin electrode
as shown in Figure 2.10.

Figure 2.10: Digital images of the double electrode APPJ; (a) with the additional
floating pin electrode, (b), and (c) with the additional grounded pin electrode
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Figure 2.11: Comparison of jet length between APPJ with and without an additional
floating pin ground electrode

The impact of the additional floating pin electrode on the APPJ length was
analyzed using the digital images and compared to the double electrode configured
APPJ without the additional floating pin electrode, as shown in Figure 2.11.

As shown in Figure 2.11, the additional pin electrode connected to the
ground voltage increased the jet length compared to the floating electrode config-
uration. Given that the streamers experience the effect of the higher electric field
strength at the bottom of the plasma jet, this causes an increase of the propaga-
tion velocity and propagation phase. As such, there is an increase of the plasma
jet length for the additional grounded pin electrode configuration. Moreover, the
plasma jet undergoes discharge at the additional grounded pin electrode, as shown
in 2.10. To confirm this discharge, a discharge current waveform at the additional
grounded pin electrode was obtained and is shown in Figure 2.12.

As shown in Figure 2.12 (c), there is a triggered discharge at the additional
grounded pin electrode. Similar to the cathode fall discharge at the grounded elec-
trode in the double electrode configuration presented in the chapter 1.3, a discharge
is expected at the additional grounded pin electrode.

Triggered discharge at the additional grounded electrode is expected to
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Figure 2.12: (a) Applied high voltage (blue) at a frequency of 16 kHz, (b) discharge
current waveform at active electrode/electrode 2 (green), and (c) discharge current
waveform for an additional floating pin grounded electrode/electrode 3 (red)

undergo secondary radical generation at the bottom of the plasma jet [138]. To con-
firm this phenomenon, localized OES was collected in the vicinity of the additional
grounded pin electrode as shown in Figure 2.13.
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Figure 2.13: OES of the APPJ at the additional grounded pin electrode and 9 mm
above

The optical spectra shown in Figure 2.13 confirm that the intensity of the
emission lines of nitrogen radicals along with OH, oxygen, and helium are enhanced
at the additional grounded pin electrode. These results confirm the prediction that
the plasma jet undergoes a triggered glow discharge to produce secondary radicals
at the bottom of the jet. The secondary radical generation is expected to undergo
collision ionization, and photoionization at the additional grounded pin electrode
when triggered glow discharge occurs.

The water molecules in air are expected to undergo a photoionization pro-
cess to increase the density of OH radicals at the additional grounded pin electrode.
The bond energies of H2O and H2O2 for OH generation are 0.24 eV and 0.14 eV re-
spectively, and it is expected that they will be affected by the energy of the emission
lines of excited He, nitrogen, and oxygen, to increase the OH density.

Optical emission spectra were collected for the three different electrode
configurations of APPJs discussed in this study. The identification of radicals and
their intensities are shown in Figure 2.14 for the same conditions used to generate
the plasma jet.
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Figure 2.14: Optical emission spectra for the (a) parallel electrode, (b) double elec-
trode with additional floating pin electrode, and (c) double electrode with additional
grounded pin electrode configured helium APPJ at 3 mm below the nozzle exit for
a capillary with a tube diameter of 2.0 mm and a flow rate of 3 L/min
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As shown in Figure 2.14, all three types of electrode configured helium
APPJs indicate the presence of excited helium, oxygen, nitrogen, and hydroxyls.
Comparing the parallel electrode and double electrode configurations, the intensity
of the emission lines is higher for the double electrode configured APPJ relative
to the parallel electrode configuration. These results confirm that the increase in
electric field strength along the propagation direction causes an increase of the cross-
section of the reactions and the intensity of the emission lines. The most notable
differences in the spectra presented in Figures 2.14 (a) and (b) are the increase of
OH (A-X) and the emission lines of penning ionization.

These results confirm the assertion regarding the increase of discharge using
the double electrode configuration at a high electric potential via the streamers and
the increase in the production of radicals due to the increase in the density of excited
and charged species.

Considering Figures 2.14 (b) and (c), the additional grounded pin electrode
configuration resulted in an improvement of the properties of the APPJ and an in-
crease of the intensity of the emission lines. The additional grounded pin electrode
caused an increase of the propagation velocity and the propagation phase because
the high electric field strength is expected to result in an increase in radical produc-
tion. As the additional grounded pin electrode undergoes a triggered discharge, the
production of secondary radicals will affect the upstream direction of the plasma jet
in air, similar to the breakdown mechanism of APPJs discussed in chapter 1.3. This
is expected to increase the collision and photoionization processes along the plasma
jet, thereby increasing the intensity of the helium lines.

Experimental observations confirms that a change in the electrode config-
uration affects the plasma jet properties.

2.5.3 Effect of electrode polarity

The polarity of the electrodes is expected to have a significant effect on the
properties of the plasma jet. Changes of the polarity are ineffective in the parallel
electrode configuration because both electrodes are parallel to each DBD capillary.
As discussed in chapter 1.3, in the double electrode configuration, discharge occurs
at the active electrode (connect to HV waveform). A change in the polarity will
change the position of the active electrode, and thereby affect the discharge process
at the capillary tube. The properties of the plasma jet at the ground electrode at
the nozzle exit was discussed for the double electrode configuration in a study by
Begum et al [35],In a separate study, the position of the active electrode near the
nozzle exit was discussed by Jiang et al [31]. Therefore, the effect of polarity on the
APPJ with double electrode configurations without an additional pin electrode will
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not be investigated in this study.

To examine the overall coverage, the polarity of the electrodes was inves-
tigated for APPJs with an additional pin electrode for a grounded or high voltage
waveform. Figure 2.15 shows the electrodes polarities and the digital images of the
APPJs. The parameters involved in the investigation of the APPJ properties were
kept the same for all the setups except for the investigation of the polarity of the
electrodes.

Figure 2.15: Digital images of the APPJ for different polarities of electrode config-
urations: (a) Setup A, (b) Setup B, (c) Setup C, and (d) Setup D (Electrode 1, 2,
and 3 in Figure 2.4 (b) identified as 1, 2, and 3 respectively)
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As shown in Figure 2.15, APPJs occurred in setups A, and C in which elec-
trodes have opposite polarities along the jet propagation. Comparing setup, A and
C, the observed APPJs are similar. However, this study did not consider in-depth
observation of the plasma jet by reducing the imaging exposure time. Therefore, it
was difficult to identify significant differences between these two setups.

Although, the investigation did not involve the collection of data to dif-
ferentiate between these two conditions, it is expected that they will be affected by
the electron density generated at the active electrodes of the plasma jet. Reverse
cathode fall glow discharge in setup C from the setup A can also be considered to
have an impact on the plasma jet properties.

For the similar electrode polarity at electrodes 2 and 3 in setup B and D,
there was a decrease of the APPJ length at short distances based on the experimental
data. Compared to setup B, the visible intensity and length of the APPJ obtained
using setup D is smaller. In setup B and D, the presence of an active electrode
and a grounded electrode near the nozzle exit affects the discharge in the upstream
and downstream jet. In setup D, charged ions go through a cathode overfall at
the grounded electrode, which is expected to reduce the intensity of the energetic
electrons, thereby affecting the plasma jet properties compared to setup B. It is
expected that this will decrease the plasma jet length and its visible intensity. As
the plasma jet propagates in air, the strength of the electric field is expected to
be reduced because the polarity at the additional pin electrode and that near the
nozzle exit is the same. Based on studies to investigate the relationship between the
electric field strength and the propagation velocity, a decrease in the former causes
a decrease of the latter. It is possible to reduce the propagation phase of the APPJ
to decrease the plasma jet length.

2.5.4 Effect of the capillary tube diameter and flow behavior
on APPJ

A change of the flow behavior from the laminar to turbulent regime affects
the plasma jet length as discussed in the section 2.2.3 and 2.2.4. To investigate this
phenomenon, a capillary tube with an inner diameter of 1.0 mm and outer diameter
of 2.0 mm was used to generate the APPJ for the additional floating pin electrode
and the grounded additional pin electrode configurations,. Figure 2.16 shows the
digital images of the APPJs as a function of the flow rate, for which the other
parameters are of the same order.

As shown in Figure 2.16, an increase in the GFR affects the behavior of
the plasma jet. Figure 2.16 (a), and (b) show the APPJs in the laminar regime and
Figures 2.16 (c), (d), and (e) present results for the turbulent regime according to
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Figure 2.16: Digital images of the APPJ without an additional grounded electrode
(left) and with an additional grounded electrode (right) for gas flow rates of (a) 1
L/min, (b) 2 L/min, (c) 3 L/min, (d) 4 L/min, and (e) 5 L/min

estimated Reynolds number. The increase of the GFR in the laminar regime caused
an increase of the APPJ length while maintaining the cone shape of the plasma jet.
However, as the flow regime shifted from laminar to turbulent, the APPJs exhibit
instability and an increase of the GFR in the turbulent regime led to a reduction of
the plasma jet length [31] [111] [139].

Given that the occurrence of a smooth and stable plasma jet depends on the
flow behavior, it was observed that the flow behavior depends on the inner diameter
of the capillary tube and the GFR. In this study, the highest APPJ occurred in the
laminar region for mask free plasma patterning.

To understand the effect of the capillary tube diameter, different capillary
tubes were used in this study is indicated in section 2.3.4. Figures 2.17 and 2.18
show the APPJ length for different inner diameters of the capillary tubes and the
GFR. As shown in Figures 2.17 and 2.18, the jet length varied as a function of
the GFR, irrespective of the additional floating pin electrode connection that was
used. In addition, the jet length exhibited an increase up to a specific GFR, then
subsequently decreased with a further increase of the GFR. Therefore, to establish
the flow regime shift as the cause of this deviation, an estimation of the Reynold
number was performed using equation 2.1 for each of the capillary tubes as a function
of their feeder GFR. A summary of the results is shown in Table 2.3.

As shown in the Table 2.3, the flow rates identified in red have the highest
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Figure 2.17: APPJ length for 120 µm, and 60 µm inner diameter capillary tube as
a function of the gas flow rate for an additional grounded pin electrode identified
as WGE, and with an additional floating pin electrode identified as WOGE at 16
kV(p−p) waveform

Figure 2.18: APPJ length for 1.4 mm and 1.0 mm inner diameter capillary tube as
a function of the gas flow rate for an additional grounded pin electrode identified as
WGE, and an additional floating pin electrode identified as WOGE at 16 kV(p−p)
waveform

APPJ in the laminar regime. Estimation of flow behavior and the observed APPJ
exhibit coincidence, thereby confirming that the APPJ length is affected by GFR
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Table 2.3: Summary of the Reynold number estimation using equation 2.1 for dif-
ferent inner diameters of the capillary tubes as a function of the feeder GFR

Tube diameter (µm) Gas flow rate (L/min) Reynolds number

1 72.75
2 145.51

1400 3 218.26
4 291.02
5 363.78
1 101.85
2 203.71

1000 3 305.57
4 407.43
5 509.29
50 42.44
100 84.88
150 127.32

120 200 169.76
250 212.20
300 254.64
350 297.08
5 363.78
50 84.88
100 169.76
150 254.64

60 200 339.53
250 424.41
300 509.29
350 594.17

and inner diameter of the capillary tube. These experimental results confirm that
the double electrode helium APPJ is consisted with the theoretical Reynolds number
of 200, as the benchmark for the classification of flow regimes.

Emission spectra of the plasma were collected using the OES system at
the nozzle exit to analyze the production of radicals. Figure 2.19 shows the opti-
cal emission spectra for the double electrode configured APPJ with an additional
grounded pin electrode for different capillary tubes.

As shown in Figure 2.19, the optical emission spectra for all the capillary
configurations have a similar shape, but exhibit a decrease in intensity of the excited
radicals at the nozzle exit as the tube diameter decreases. This occurs because a
reduction of the inner tube diameter results in a decrease of the electron density of
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Figure 2.19: Optical emission spectra for the double electrode with an additional
grounded pin electrode configured helium APPJ at nozzle exit for capillary tubes
with diameters of 1000 µm, 120 µm, and 60 µm

the plasma jet [121], leading to a decrease of the cross-section of the reactions.

As expected, the highest emission intensity was observed for the OH (A-X)
line. The low dissociation energy of water vapor tends to generate a high density of
excited OH (A) and due to its lifetime of 1 ns, the emission intensity of OH (A-X) is
highest at the nozzle exit. Notably, the information in Figure 2.19 is low or missing
for parahelium energy state transitions.

The lifetime of the excited levels and the jet velocities define the emission
intensity of the radicals along the plasma jet. Figure 2.20 shows the distribution of
radicals at 0, 3, and 6 mm from the nozzle exit for the double electrode APPJ with
a grounded additional floating pin electrode configuration and a tube diameter 1.0
mm.

Based on the optical spectra shown in Figure 2. 20, the optical emission
intensity of the radicals varies with position. The OH and He I lines have the highest
intensity at the nozzle exit and tend to decrease with jet propagation. Near the active
electrode, the breakdown of helium gas, which is electropositive, favors the formation
of electron avalanches [31] [140]. Similarly, water vapor is electronegative and favors
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Figure 2.20: OES of the APPJ with an additional grounded pin electrode at 0 mm,
3 mm, and 6 mm from the nozzle exit along the jet propagation direction: (a) for
the wavelength range 300–400 nm, and (b) for the wavelength range 640–800 nm

the addition of an electron. Thus, at the nozzle exit, accelerated electrons tends
undergo the reaction e + H2O −−→ H + OH + e and generate a large concentration
of excited OH due to the low bond energy of e water vapor [40]. The lifetime of
the half-life of the OH (A-X) transitions are on the order of 1 ns and the addition
of air to the plasma changes the shape of jet via interdiffusion processes that occur
along the jet, resulting in a rapid decrease in the emission intensity of OH in the
propagation direction. The half-lives of the upper-state of 3s3S (∼80 ns) and the
lower-state 2p3P (8000 s) of He I (706 nm) are higher compared to other He I
transitions, in addition to their population densities, Thus, their emission are the
most intense according to the spectra shown in Figure 2.20(b) [38] [39].

As the plasma jet propagates through the atmosphere, it reacts with more
N2 and O2 to generate excited and reactive species of nitrogen and oxygen. However,
the N2 second positive transition decay life of the upper level and lower level (C-
B) are 36 ns and 8 µs, respectively [137]. As a result, a large emission of excited
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nitrogen is generated as the jet propagates. Studies from Lukas et al [141] and Paris
et al [142] have revealed that at the start of the interaction of N2 with the plasma
jet, the maximum lifetime tends to decrease with time, resulting in an increase
of the peak intensity of the emission lines at different positions along the plasma
jet. Similar to nitrogen, the non-radiative decay of oxygen singlet states tends
to have a longer life-time, resulting in large intensities along the jet propagation
direction [143].

Several studies have shown that the gas flow rate is important for main-
taining a stable plasma jet. However, there is limited experimental evidence for
radical generation and propagation along the plasma jet as a function of variation
of the gas flow for the double electrode configuration. Variations of the gas flow
rates cause the plasma jet to vary its flow from laminar to turbulent, and the es-
timated Reynolds number can characterize this behavior based on theoretical and
experimental investigations [111] [112] [125] [144]. According to the Reynolds num-
ber estimation method in reference [125], flow rates of 1.0, 1.5, and 2.0 L/min are
laminar whereas 2.5 L/min, and 3.0 L/min were turbulent for the helium double
electrode plasma jet.

Flow behavior is also expected to affect the spatial distribution of the
plasma jet. In this respect, we investigated the distribution of the emission lines
of radicals for He I (3s3S – 2p3P) at 706 nm, OH (A-X) at 309 nm, N2 (C-B, 0-0)
at 337 nm, and O (3p5P – 3s5S) at 777 nm along the plasma jet for flow rates in
the range of 1.0 – 3.0 L/min in steps of 0.5 L/min. The APPJ with and without
grounded additional pin electrode configurations and its distributions are presented
in Figure 2.21.

The radical distribution shape along the plasma jet (Figs. 2.21 (a) and
(b)) is similar for the both configurations. However, the emission intensity of the
radicals is high for the plasma jet with the grounded pin electrode configuration
in the laminar regime. As the flow regime changes from laminar to turbulent, the
instability of the plasma affects the radical distribution and this is evident in the
emission lines of OH and N2. Considering the distributions of OH and helium along
the plasma jet as shown in Figures 2.21 (I) and (II) respectively, their intensities tend
to be the highest at the nozzle exit in the laminar regime. In this regime, the excited
He has a stable thermal equilibrium for generating higher population densities at
the nozzle exit, which decreases spontaneous emission as the jet propagates for both
configurations. For OH, the generated hydroxyl radicals have a higher intensity
at the nozzle exit for three reasons: (I) the low energy required to generate OH,
(II) the increase of electron avalanche at the nozzle exit due to helium and the
propensity of water vapor for electron attachment, and (III) a half-life of 1 ns. As
such, there is a decrease of the density of OH as the jet propagates. However, when
the flow regime changes from laminar to turbulent, the intensity of the excited
He and OH decrease from the nozzle exit and peak at approximately 3 mm away,
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Figure 2.21: Distribution of I: OH (309 nm), II: He I (706 nm), III: N2 (337 nm),
and IV: O (777 nm) along the plasma jet for different gas flow rates (a) with floating
electrode, and (b) with grounded pin electrode configuration. 1.0, 1.5, 2.0 L/min
flow rates are in the laminar regime whereas 2.5 L/min and 3.0 L/min gas flow rates
are in the turbulent regime according to estimated Reynold number

again exhibiting a decrease. Several studies have investigated APPJ propagation as
streamer bullets [31] [35] [135], and it has been shown that flow regime variance from
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laminar to turbulent incorporates air into the streamer bullets, leading to instability
in plasma propagation [18] [31].This instability of streamer bullets at the nozzle exit
is expected to reform as it propagates through air, causing a shift of the position of
the peak intensities at the nozzle exit.

The distribution of excited N2 and O along the jet propagation in this
study is similar to that reported by Uchida et al [80], and Begum et al [35]. The
intensity of the peak position increases as the flow velocity increases in the laminar
regime, as shown in Figures. 2.20 (III) and (IV). The peak position also shifts
along the jet propagation direction, and it is evident that the additional grounded
pin electrode configuration shifts this peak position more in the plasma propagation
direction compared to the floating electrode configuration. As observed in the earlier
referenced studies [35] [137], the plasma jet velocity is a maximum near the transition
phase and also increases as the electric field strength increases [36]. This study
assumes a similar framework for the peak position of the radicals and the shifting
of their position along the plasma jet.

The excitation and deexcitation lifetimes of the N2 B2Σ+
u level is approx-

imately 8 ms, causing the streamer bullets to emit a large amount of photon flux
away from the nozzle exit. Figure 8 (III) shows that the peak position of the second
positive system of N2 (C-B,0-0) tends to shift from 3 mm to 9 mm in the laminar
regime, whereas there is an increase of the intensity of the peak position for the
grounded pin electrode configuration. However, as the flow regime changes from
laminar to turbulent, the intensity of the peak position decreases because of the
instability of the plasma bullet and the admixture of nitrogen, causing a decrease in
the nitrogen density [15]. In the case of oxygen, the propagation of the plasma jet
through air causes an increase of the O2 admixture. Such a variance is effective at
a peak concentration of O, i.e., for 0.6 % O2, before decreasing with an increase of
the admixture percentage [15].

2.5.5 Effect of applied voltage

Several studies have shown that an increase in the applied voltage increases
the length of the APPJ [76] [111] [145] [146]. Figures 2.22 and 2.23, show the
variation of the jet length with the GFR and applied voltage for the double electrode
configuration with an additional floating pin electrode and a grounded additional
pin electrode configurations, respectively.

As shown in Figures 2.22 and 2.23, the jet length increases with the applied
voltage only in the laminar regime. In addition, the effect of the applied voltage
on the length of APPJ is limited during the transition from laminar to turbulent
regime.
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Figure 2.22: APPJ length versus gas flow rate and applied peak-to-peak voltage
for 1.0 mm inner diameter capillary tube with an additional floating pin electrode
configuration

Figure 2.23: APPJ length versus gas flow rate and applied peak-to-peak voltage
for 1.0 mm inner diameter capillary tube with grounded additional pin electrode
configuration

The applied voltage waveform has an effect on radical propagation. The
distribution of the jet velocity is affected by the applied voltage but does not result in
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a shift of the peak position of the radicals along the propagation direction. A study
conducted by Xiong et al [135] revealed that an increase of the applied voltage causes
a shift of the temporal evolution of the radical distribution to lower time values,
while increasing the emission line intensity. Moreover, the propagation velocity also
increased with the increase of the applied voltage, causing the plasma jet to travel
further. These two conditions are expected to maintain similar patterns of spatial
evaluation of radical distribution along the plasma jet with an increase in intensity.

To confirm this effect for the double electrode configured helium APPJ,
the propagation of the emission lines of the radicals of He I (3s3S – 2p3P) at 706
nm, OH (A-X) at 309 nm, N2 (C-B, 0-0) at 337 nm, and O (3p5P – 3s5S) at 777 nm
were investigated along the plasma jet for applied voltages of 15 – 18 kV in steps of
1 kV, as shown in Figure 2.24. The capillary tube with an inner diameter 1.0 mm
was used for a flow rate of 2 L/min.

Figure 2.24: Distribution of (a) OH (309 nm), (b) He I (706 nm), (c) N2 (337 nm),
and (d) O (777 nm) along the plasma jet for different applied voltages in the range
15 kV to 18 kV for APPJs with a grounded pin electrode configuration, a tube
diameter of 1.0 mm, and a gas flow rate of 2 L/min
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As shown in Figure 2.24, the intensity of all the radicals emission lines
increases as the applied voltage increases. However, the peak position of the radicals
does not shift along the jet propagation direction as the applied voltage increases.
These observations confirm that the double electrode configured APPJ is affected
by the applied voltage during the increase of the production of radicals along the
plasma jet.

2.5.6 Propagation of excitation temperature along the jet

The population density of the excitation levels of the working gases deter-
mine the intensity of the emission lines. Identification of these emission lines and
the determination of their intensities can be performed using low-resolution spec-
troscopy systems. The resolution of the OES system used in this study was low.
Therefore, the use of this system for the estimation of thermodynamic properties is
limited. However, the estimation of the excitation temperature using experimental
readings acquired from the OES system is possible, as stated earlier.

Therefore, in this study, the aim was to estimate the excitation temperature
using the helium emission lines obtained for the excited levels shown in Table 2.1.
The helium emission lines were used for the observed wavelengths and intensities
to obtain the Boltzmann distribution plot of ln(Iijλij/Aijgi) versus the energy (eV)
of the upper level i of the transmission. The parameters Iij and λij represent the
optically obtained intensity and wavelength respectively, for helium transition from
the upper level i to the lower level j. The Einstein coefficient Aij and statistical
weight gi were obtained from the NIST database for the respective helium emission
lines. Figure 2.25 shows the distribution of the excitation temperature along the jet
propagation direction for different configurations of helium APPJ based on three
different diameters of the capillary tubes for two different electrode configurations.

As shown in Figure 2.25, the helium excitation temperature Texc inside the
capillary between electrode 1 and electrode 2 is the same for all the inner diameter
configurations. As the plasma jet propagates in the direction of the exit nozzle from
electrode 2, Texc exhibited a sudden decrease and the values changed depending
on the diameter of the inner tube, and the effect of the additional grounded pin
electrode. An increase of orthohelium transitions at the nozzle exit causes a change
in the distribution of the excited helium levels, and a decrease of the excitation
temperature.

In addition, APPJs with an additional grounded pin electrode configura-
tions caused an increase of Texc when compared to APPJ with an additional floating
pin electrode as soon as the plasma interacted with the atmosphere molecules at the
nozzle exit. As the plasma jet propagates from the exit nozzle, the He excitation
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Figure 2.25: Distribution of the excitation temperature estimated based on the
Boltzmann plot at various positions of the plasma jet for different configurations.
Measurements were acquired for maximum APPJ in the laminar regime and for 0
mm and 20 mm below the electrode 1: (WGE: additional grounded pin electrode
and WOGE: additional floating pin electrode configuration)

temperature Texc decreased for all APPJ configurations. The additional grounded
pin ground electrode caused Texc to increase compared to the additional floating pin
electrode configuration.

2.6 Conclusion

In this chapter, the effect of different parameters on the properties of APPJ
was investigated, in addition to radical generation and distribution. These parame-
ters including the electrode configuration, additional pin electrode at the bottom of
the plasma jet, polarity of electrodes, gas flow rate, diameter of the capillary tube,
and the applied voltage were investigated to better understand their effect on the
properties of APPJ. The theoretical basis of these parameters was also considered
in the investigation of the effect of the parameters, in addition to experimental data.

In the parallel electrode configuration, the strength of the external electric
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field in the propagation direction is lower than that of the double electrode configu-
ration. This affects the drift velocity and the mobility of the plasma bullets. In addi-
tion, the reaction cross-sections of the electrons and charge ions with neutral species
are also affected. Moreover, the electron density of the streamers or the plasma
bullets is affected, causing a change in the electric potential along the propagation
phase. The propagation velocity is expected to be affected by the electric potential
of the streamers, resulting in an increase of the propagation phase of the plasma jet
for the double electrode configuration compared to the parallel electrode configu-
ration. Experimental results for the visible plasma jets confirmed that the plasma
jet length was affected by the electrode configuration. Although experimental data
on the electron density distribution and propagation velocity along the plasma jets
were not acquired in this study, it was expected that these two aspects would also
be affected by the interaction between the direction of the applied electric field and
the flow. An increase in the reaction cross-section due to the electrode configuration
affected the reactions, and the spectroscopic experimental results confirmed that the
intensity of the emission lines increased for the double electrode configuration com-
pared to the parallel electrode configuration. These results indirectly suggest that
a change in the electrode configuration affects the electron density of the plasma
bullets.

The inclusion of the additional grounded pin electrode to double electrode
configuration at the bottom of the plasma jet provided a physical potential at a
fixed distance from the plasma jet. This modification was expected to increase the
electric field strength along the plasma jet and to increase the propagation veloc-
ity and propagation phase. Digital images of the plasma jets confirm that APPJ
with an additional grounded pin electrode increased the plasma jet length com-
pared to the additional floating pin electrode configuration. The discharge current
obtained at the additional grounded pin electrode confirmed that the plasma jet
undergoes a triggered streamer glow discharge at the bottom of the jet. This is
expected to generate secondary radicals at the bottom of the plasma jet. Optical
emission spectra obtained at the bottom of the plasma jet for the configuration
with additional grounded pin electrodes confirmed that the secondary generation
of radicals enhanced the intensities of the emission lines. Moreover, the additional
grounded pin electrode was expected to increase the electron density and the re-
action cross-sections along the plasma jet compared to the additional floating pin
electrode configuration. The experimental emission spectra confirmed that the in-
tensity of the emission lines was enhanced for the electrode configuration with an
additional grounded pin electrode compared to the floating pin electrode.

Flow dynamics clearly affect the APPJ properties. This was confirmed by
the experimental results obtained for this study. In the laminar flow regime, APPJ
tends to have a smoother and longer plasma jet length compared to the APPJs in
turbulent regime. The capillary diameter and the flow rate defined the flow behavior,
as the jet length in the laminar flow regime increased as the flow rate increased. The
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change from the laminar regime to the turbulent regime caused the generation of
scattered APPJs before decreasing as the flow rate was further increased.

A decrease of the tube diameter was expected to cause a decrease of the
electron density of the plasma jet. Experimentally obtained optical spectra con-
firmed the decrease of the tube diameter resulted in a decrease of the intensity of
the emission lines due to a reduction of the reaction cross-sections, even though the
shape of the spectra are similar to each other. In addition, it was expected that
a decrease in the flow rate would cause an increase of the time of the peak in the
temporal distribution, while decreasing the intensity value of the peak emission. Ex-
perimental observation confirmed that these two phenomena can lead to a decrease
of the intensity of the emission lines as the tube diameter is decreased.

Helium exhibits strong triplet transitions compared to singlet transitions
due to its energy level alignment. Experimental results for helium plasma con-
firmed that the parahelium emission line of He I at 706 nm has the highest intensity
among all the helium transitions in this study. It was also expected that the lifetime
and energy levels of the excited levels would affect this behavior in helium APPJs.
The visual distribution of helium based APPJs as a function of the tube diame-
ter exhibited a similar pattern, but the intensity of the plasma jet and the length
of propagation decreased as the tube diameter decreased. The experimental data
collected for all the helium APPJs revealed that the excited radicals are associated
with helium, oxygen, nitrogen and hydroxyls (OH).

As demonstrated in numerous studies, the APPJ properties were affected
by the applied voltage. Moreover, the two APPJ configurations used in this study
followed the same path. However, the inclusion of an additional grounded pin elec-
trode caused a greater increase of the plasma jet length compared to the applied
voltage, as shown in Figure 2.26.

As shown in Figure 2.26, the use of an additional floating pin electrode
with the ground voltage connection can further enhance the properties compared to
the applied voltage.

Propagation of the excited species depends mainly on the applied voltage
and the gas flow rate as determined by the experimental results The flow behavior
of the plasma jet is critical to the propagation of the excited species as the jet
velocity depends on the flow rate and flow behavior. The intensity of the excited
species and their peak position depend on the spatial distribution of the jet velocity
in the laminar regime. The shift of the flow behavior from the laminar regime to
the turbulent regime affects the admixture of nitrogen and oxygen in the reaction,
causing a decrease in the intensity of the emission lines associated with the excited
species. An increase of the applied voltage caused an increase of the peak position
of the jet velocity but a similar shape was maintained throughout the propagation,
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Figure 2.26: APPJs length versus the peak-to-peak voltages for 2 L/min gas flow
rate for the double electrode configuration with floating pin electrode identified as
WOGE and an additional grounded pin electrode identified as WGE

thereby causing an increase of the intensity of emission lines. However, a similar
shape was maintained as shown in the experimental results.

As discussed in this chapter, low resolution spectroscopy can be used to
estimate the excitation temperature based on the emission lines of the feeding gas.
The estimated excitation temperature distribution along the plasma jet had a similar
shape for all the APPJ configurations. However, a decrease of the tube diameter
caused a decrease of the excitation temperature along the propagation direction.
This behavior occurred because a decrease of the tube diameter caused a decrease
of the jet length of the APPJ.

Experimental data on the parameters that affect the properties of APPJ
revealed that carrier gases should exhibit laminar flow to obtain smooth, stable, and
long plasma jet, considering the diameter of the capillary tube. The addition of an
additional grounded pin electrode at the bottom of the plasma jet improved the jet
properties and radical generation along the jet propagation direction. These results
confirm that the double electrode configured APPJ with an additional grounded pin
electrode at the bottom of the plasma jet is suitable for plasma patterning.
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Chapter 3

Mask-free plasma patterning using
APPJ

In this chapter, the use of atmospheric pressure plasma jet was investigated
without a mask for plasma patterning and cell cultivation on the surface of treated
polydimethylsiloxane as an alternative approach to conventional plasma patterning
using low-pressure plasma with a mask. The contact angle was used to determine the
change of the hydrophilicity of the treated surfaces. The diameter of the mask-free
plasma patterned areas was investigated as a function of the irradiation time and the
gas flow rate. Cell culturing was also performed on the mask-free plasma patterned
areas.
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3.1 Introduction

In recent decades, the field of bio-medicine has attracted increasing atten-
tion in the area of animal and human cell culturing [82] [83] [147]. The ability to
grow cells on bio-compatible materials provides several advantages and has proven
to be important in regenerative medicine, modelling and investigation of diseases,
drug screening, and the development of gene-editing technology [81] [148] [149]. The
materials used in cell culturing should possess similar properties to cells including
the microenvironment, spatiotemporal distribution of soluble factors, cell-cell inter-
action, and cell-substrate interactions [82] [83].

Bio-compatible materials such as polydimethylsiloxane (PDMS) that is
used in microdevices, are suitable for cell culturing applications [82] [83]. The
properties of PDMS materials were discussed in the chapter 1 (1.7.1). Although
PDMS is a suitable bio-compatible material for cell cultures, it is hydrophobic,
which limits the cell-substrate interaction. Surface modification or PDMS was con-
ducted using a plasma treatment to improve the hydrophilicity to facilitate cell-
substrate interactions for cell culturing applications [91] [150]. Plasma treatments
are used on the surface of PDMS for various purposes such as cleaning, improved
PDMS-PDMS and PDMS-glass bonding, and to facilitate the coating of surfaces for
cell-adhesion [65] [150] [151] [152].

Low-pressure plasma treatment of the surface of PDMS using a mask was
conducted to modify the property from hydrophobic to hydrophilic for selected areas
[63] [64] [149] to promote cell culture. Plasma treatment of this surface using low-
pressure plasma to oxidize the surface to form siliceous layers for cell adhesion was
discussed in chapter 1.7.2 [63] [64] [153]. Although the use of low-pressure plasma
and a mask facilitates treatment of the surface, it has several disadvantages. For
example, low-pressure plasma sources require special conditions such as, vacuum
equipment, sealed cascades, and a significant preparation time is required before
and after plasma treatment to maintain chemical equilibrium [62] [153] [154].

To address these limitations associated with plasma patterning using a
mask and employing low-pressure plasma, this study investigated the use of an
atmospheric pressure plasma jet without a mask. Operation occurred under non-
equilibrium conditions, resulting in the generation of excited species that induce
surface modification. Moreover, the necessary equipment can be easily assembled
under laboratory conditions, and the properties of APPJ can provide a platform for
surface treatment on PDMS surfaces without a mask.

Considering the advantages of APPJ over low-pressure plasma, the hypoth-
esis of this study is that mask-free plasma patterning and cell culture on treated
PDMS surfaces can be achieved using APPJ. In this chapter, the properties of cell

84



cultures, and microdevices are investigated. In addition, the possibility of mask-
free plasma pattering for cell culture applications using a novel approach for the
generation of low-pressure plasma is examined.

3.1.1 Induced pluripotent stem cells (iPSCs)

John Gurdon discovered that differentiated somatic cells can be repro-
grammed to generate pluripotent stem cells (PSCs) to generate new organisms [81]
[155] [156]. The development of this concept and the associated techniques in the
late 20th and early 21st centuries, facilitated the preparation of PSCs in a labora-
tory environment [81] [157] [158] [159] [160]. Yamanaka et al [147] [161] discovered
that mouse and human somatic cells under pluripotent conditions can be externally
reprogrammed to generate induced pluripotent stem cells (iPSCs).

Such innovative research was able to redefine the field of bio-medicine via
applications such as drug screening, and genetic modification of stem cell for disease
treatment [162]. Figure 3.1 shows the scientific concept of using iPSCs in the field
of biomedicine [81].

Figure 3.1: Scientific concept associated with human induced pluripotent stem cell
(hiPSCs)-based treatments
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3.2 Experimental conditions

The ability to use APPJ sources without a mask as an alternative approach
for low-pressure plasma with a mask for plasma patterning and cell culturing was
investigated in this study. The condition of the APPJ source used in this study,
methods used to determine the wettability of treated PDMS surfaces, and hiPSCs
cultivation on treated surface is discussed in this section.

3.2.1 Experimental setup

A parallel electrode atmospheric pressure plasma jet was used. Two copper
wires with a length of 60 mm each were attached parallel to a quartz capillary
tube. The inner and outer diameters of the capillary tube were 2 mm and 4 mm,
respectively. A schematic of the experimental setup is shown in Figure 3.2.

Figure 3.2: Schematic of the experimental setup [6]
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This configuration allowed for a uniform parallel electric field along the
tube axis and perpendicular to the feeding gas direction. The two copper wires were
insulated, and the ends were kept approximately 1 mm above the tube nozzle exit to
avoid a corona discharge from the nozzle to the electrodes. Helium gas was chosen
as the carrier gas because of its low breakdown voltage and its ability to provide a
homogeneous, uniform plasma.

A purpose-built high-voltage and low-frequency power source was used to
generate the plasma. The voltage applied to generate the APPJ was kept at 20
kVp-p with a frequency of 11 kHz. Using a mass flow controller, the gas flow rate
was varied between 1 L/min to 5 L/min in 1 L/min increments to generate the
APPJ.

3.2.2 Contact angle estimation

The hydrophilicity of the surface can be determined using the wettability
parameters. Attraction of a liquid to a surface can be used to quantify this property.
In this study, the contact angle was used as an indicator to determine the wettability
as a function of the irradiation time and gas flow rate. The adhesion of proteins such
as iPSCs to bio-compatible materials depends on the wettability condition and this
can be expressed as the contact angle as a function of different parameters [9] [91]. .
The changes in wettability after APPJ irradiation were analyzed by measuring the
contact angle in air using the sessile drop method as shown in Figure 3.3.

Figure 3.3: Schematic of contact angle measurement setup
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Figure 3.4: Manual estimation of contact angle using a digital image

As shown in Figure 3.3, 2.0 µL of distilled water was deposited onto the
plasma treated PDMS surface. Droplets were formed on the PDMS surface and
they were imaged using a digital camera. The angles were then estimated manually
using the acquired digital image, as shown in Figure 3.4.

As shown in Figure 3.4, the contact angle was defined using the simple
expression shown in equation 3.1;

Contact angle = θ = 2θ’ (3.1)

where Θ is the contact angle and Θ’ is the angle between the vertical plane
and the maximum point in the horizontal plane for the contact point of a water
droplet [64] [153]. Given that the contact angle changes with the storage time, the
irradiated PDMS surfaces were undisturbed for 30 min to stabilize the molecular
bonding of the treated surfaces before using the sessile method [64] [153].

The Sessile method was used for all the fabricated PDMS surfaces for
different gas flow rates and irradiation times to investigate their effect on wettability.
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3.2.3 Wetting area estimation

Plasma patterning without a mask does not limit the wetting area. There-
fore, it is necessary to identify the dimensions of the wetted area as a function of
the investigated parameters such as the gas flow rate, and irradiation. In this study,
estimation of the wetting size was performed using digital image of the moistened
PDMS surface. The plasma treated PDMS surfaces were exposed to the water vapor
produced by a humidifier, and it was imaged to estimate the diameter of the wetting
area as shown in Figure 3.5.

All the irradiated PDMS surfaces were investigated for different gas flow
rates and irradiation times using the aforementioned procedure to better understand
the factors that influence the dimensions of mask-free plasma patterning.

Figure 3.5: Digital image of moistened PDMS surface using humidifier [6]
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3.2.4 HiPSC’s cultivation

To confirm iPSCs cultivation on plasma treated PDMS surfaces, a cell
cultivation procedure was performed. A spin-coated PDMS dish was irradiated at
four points using APPJ without a mask and human induced pluripotent stem cell
(hiPSCs) were seeded with serum medium to facilitate adhesion. A mixture of
vitronectin and bovine serum albumin (BSA) dissolved in phosphate buffered saline
solution was used in this study as the media for cell cultivation under laboratory
condition [63] [64].

BSA serum was absorbed onto the hydrophobic surface whereas the un-
treated surfaces prevent cell adhesion. Vitronectin mediated cell adhesion on the
plasma treated surfaces [63] [64]. A concentration of 20 µg/mL of vitronectin and 10
mg/mL of BSA was used, in addition to the gene-transferred hiPSCs (201B7) to seed
the treated PDMS surfaces. Serum coated and hiPSCs seeded dishes were kept for
two days to allow for cell cultivation before observation were made. Given that the
cell-adhesion and non-adhesion surfaces are transparent, fluorescence spectroscopy
was used to observe cell cultivation on the plasma treated surfaces.

3.3 Results and discussion

In this section, the observations of the hydrophilization properties of the
treated PDMS surfaces for mask-free plasma patterning using APPJ and cell cul-
turing on fabricated surfaces are discussed. The experimental procedures described
in section 3.2 were used to obtain the experimental results.

3.3.1 Hydrophilization on PDMS surfaces using APPJ

In this study, the wettability of treated PDMS surfaces was expressed using
the contact angle, as described in section 3.2.2. Figure 3.6 shows the contact angle
for different irradiation times and gas flow rates.

As shown in Figure 3.6, an increase of the plasma irradiation time of the
PDMS surface caused a decrease of the contact angle. Similar to the low-pressure
plasma treatment on PDMS surfaces, APPJ irradiation on the surface of PDMS fa-
cilitated oxidization and improved the hydrophilicity. Compared to the low-pressure
plasma treatment, APPJ irradiation allowed for quantitative evaluation of the im-
pact of the irradiation time on the improvement of hydrophilicity [64].

An increase of the gas flow rate caused a decrease of the contact angle for
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Figure 3.6: Contact angles on PDMS surfaces against irradiation time for different
gas flow rates [6]

a given irradiation time. The increase of the gas flow rate increased the density of
excited and reactive species as discussed in chapter 2. This is the reason for the
drastic decrease of the contact angle. Oxidation of PDMS surfaces is impacted by
the reactive oxygen and the increase of the gas flow rate will increase the density of
reactive oxygen, thereby increasing the rate of oxidation.

The dimensions of the mask-free pattern sizes were estimated using the
procedure described in section 3.2.3. The distribution of the wetting area diameter
on the irradiated PDMS surface as a function of the irradiation time for different
gas flow rates is shown in Figure 3.7.

As shown in Figure 3.7, the diameter of the wetted area increases as the
irradiation time increases. The increase of the irradiation time increase the density
of the excited or reactive species on the treated surface. Given that the reaction rate
of oxidation is lower than the reaction rate for the production of reactive species on
the treated surface, this results in the spread of an excess of reactive species over
the irradiation point and an increase of the oxidization area.

The increase of the gas flow rate increases the size of the wetted area for a
given irradiation time as shown in Figure 3.7. Similar to the explanation given for
the decrease of the contact angle as a function of the gas flow rate, the increase of
the gas flow rate increases the density of the reactive species of oxidization. This is
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Figure 3.7: The diameter of wetted areas on treated PDMS surfaces versus irradia-
tion time for different gas flow rates [6]

Figure 3.8: Logarithmic plot for the diameter of the plasma pattern as a function
of the irradiation time and the fitted function (dash-line) for different gas flow rates
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expected to increase the diffusion distribution of reactive species over the irradiation
point, thereby increasing the diameter of the wetted area.

The spread of reactive species over the irradiation point follows a diffusion
distribution. This limits the effective spreading area of oxidization, and causes
saturation of the wetted area, as shown in Figure 3.7.

To evaluate the effect of the diffusion process on the size of the mask-free
plasma patterns, the theoretical concepts presented in chapter 1.7.3 were investi-
gated. The experimental data presented in Figure 3.7 were used in a logarithmic
scale as defined by equation 1.16 and the analysis is shown in Figure 3.8.

As shown in Figure 3.8, the tangent of the fitted lines represents the effect
of the irradiation time on the diffusion process. The expected theoretical value for
diffusion as determined using equation 1.16 is 0.5 for ideal conditions. However, in
the conducted experiments, the tangent values varied between 0.56 and 0.40, which
is close to the expected value.

The experimental conditions generally deviated from the ideal conditions,
and a shift of the tangent lines can generally be expected. This deviation can occur
due to errors in the measurement of the wetting size, errors in time recording, and
the non-effect of diffused radicals on surface modification.

3.3.2 Mask-free plasma patterning

HiPSC cultivation on the PDMS surface that was treated for 30 s using
APPJ without a mask was performed as described in section 3.2.4. Figure 3.9 shows
an overhead view of the cell culture dish and fluorescence image of the hiPSCs that
were cultivated after two days of cell seeding.

As shown in Figure 3.9, mask-free plasma patterning of cell cultures is
possible using the APPJ. The diameter of the cell culture area that was irradiated
for 30 s was similar to the wetted diameter of approximately 5 mm, which was
obtained for a gas flow rate of 3 L/min. These results confirm that APPJ produced
reactive species that are similar to that of the low-pressure plasma for the oxidization
of PDMS surfaces and hydrophilicity of the treated surfaces facilitated the adhesion
of iPSCs.
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Figure 3.9: Overhead view of the hiPSCs cultured PDMS surface after two days;
(a) patterned dish, and (b) fluorescence image of a single irradiation point [6]

3.4 Conclusion

The use of APPJ with mask-free plasma patterning compared to conven-
tional low-pressure plasma patterning with a mask will lead to new opportunities in
the field of cell culturing. Cell culturing on bio-compatible materials in laboratories
is normally performed using low-pressure plasma patterning with a mask. Given that
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low-pressure plasma systems are expensive and the ability to change plasma param-
eters to investigate the effects of different parameters is limited, the use of APPJ as
an alternative source can address these limitations. Therefore, in this chapter, the
possibility of using atmospheric pressure plasma jets for plasma patterning without
a mask was investigated for cell culturing on treated bio-compatible surfaces, as
an alternative to conventional low-pressure plasma patterning. Cell culturing was
investigated under laboratory conditions, with and without a mask for plasma pat-
terning. The wettability of the plasma irradiated PDMS surfaces was investigated
using the contact angle and the diameter of the mask-free plasma patterned area
was estimated for different irradiation times and gas flow rates. Mask-free plasma
treated PDMS surfaces were seeded with hiPSCs to cultivate cells using the APPJ
source.

The experimental results presented in this chapter demonstrate that the
hydrophilization changes of the treated PDMS surfaces using APPJ depend on the
irradiation time and the gas flow rate. The increase in the irradiation time of the
PDMS surfaces decreased the contact angle, which implied improvement of the hy-
drophilic property. The diameter of the wetted area also increased as the irradiation
time increased.

In addition, the increase in the gas flow rate shifted the curve of the wetting
area diameter as a function of the irradiation time upwards, while the contact angle
curve was shifted downwards. The increase of the reactive species due to the increase
of the gas flow rate was responsible for these shifts, and their distribution caused an
increase of the wetted areas and saturation at a certain limit.
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Chapter 4

Controllability of plasma
patterning using APPJ

In this chapter, the use of a double electrode atmospheric pressure plasma
jet was investigated with and without a ground connected additional floating pin elec-
trode at the bottom of the plasma jet for plasma patterning and cell cultivation on
treated polydimethylsiloxane surfaces. The effect of the electrode configurations, tube
diameter, and the use of a mask for different irradiation times was investigated to
better understand the parameters that control plasma patterning.
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4.1 Introduction

In recent years, the applicability of plasma sources for biomedicine applica-
tions has attracted significant interest [3] [6] [9] [62] [99] [100] [102]. Plasma sources
operating at room temperature known as atmospheric pressure plasma (APP) are
among the main sources used for biomedicine applications [6] [9] [90] [98] [101] [102]
[163]. To ability to generate radicals that facilitate biomedical applications at room
temperature and obviate the need for complex vacuum systems results in notable
advantages of APP compared to the other plasma sources. An example of a well-
known APP technique is atmospheric pressure plasma jet (APPJ), which is widely
used for biological applications due to its properties such as its cone shape, genera-
tion and propagation of reactive and excited particles along the jet, and its ability
to focus the plasma jet to a localize position [8] [15] [73] [90] [154]. The investigation
and improvement of the properties of APPJs have generated much interest in its
application, especially in biomedicine fields.

Cell cultivation is an important area of medical application studies, as it is
often the basis of patient-specific drug screening [147] [149] [164] as discussed in chap-
ter 3. This process requires the use of culturing devises, of which the most notable
biocompatible material for these devices is polydimethylsiloxane (PDMS) [84] [150].
PDMS has several useful properties including non-toxicity, chemical inertness, trans-
parency, and gas permeability, which renders it as a suitable biocompatible material
for many applications [82] [83] [84]. Although the surface of PDMS is hydrophobic,
it can be hydrophilized using plasma irradiation [6] [63] [64] [149] [151] [153].

Generally, surface modification of PDMS is easily performed using low-
pressure plasma with a mask for cell culturing [63] [64]. In this approach, the control
of the size of the plasma-treated areas depends on the size of the mask, however,
the effect of the irradiation time has not been considered [63] [64]. As discussed
in chapter 3, these issues were addressed using an APPJ source without a mask
as an alternative approach to plasma patterning and cell cultivation [6]. However,
the effectiveness of APPJ with and without a mask for plasma patterning and cell
cultivation requires further investigation.

Chapters 1 and 2 discussed the modification of the electrode configurations
via the inclusion of an additional floating pin electrode connected to the ground
voltage at the bottom of the plasma jet. This increased the length of the APPJ and
the properties of the radical along the jet propagation direction [7] [144] [145]. These
changes of the APPJ with respect to plasma patterning and cell cultivation must
be investigated to better understand their effects, to improve the controllability of
APPJ in plasma patterning.

In this chapter, several parameters that vary the wetting size due to plasma
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irradiation are investigated. The effect of electrode modification in the APPJ setup
on PDMS surface fabrication and cell cultivation was investigated as a function of
the irradiation time for different conditions. The tube diameter and the use of a
mask in plasma patterning for cell cultivation were also investigated for different
irradiation times to better understand the possible controlling parameters.

4.2 Methodology

In to investigate the controllability parameters for plasma pattern size, the
parameters that affect the jet properties and the generation and propagation of rad-
ical needs to be considered. The parameters of electrode configuration, and tube
diameter were considered to determine their effect on plasma patterning. In addi-
tion, the use of a mask instead of mask-free patterning was also investigated. The
previous chapters in this dissertation discussed the effect of those parameters on the
APPJ and its properties in the case of mask-free plasma patterning. In this sec-
tion, the experimental methods and conditions used to investigate the controllability
parameters are discussed.

4.2.1 Experimental condition

As discussed in chapter 2, a change in the electrode configuration caused a
change in the properties of the plasma jet. Therefore, in this investigation, we used a
double electrode configured APPJ with and without a ground connected additional
floating pin electrode to generate a plasma jet (Figure 2.5). Helium with a purity
of 99 % was used as the working gas and a 15 kVP-P voltage with a frequency of 16
kHz was used to generate the plasma jet. As discussed in chapter 2, the increase
of the jet length associated with the voltage is small compared to the configuration
effect of the additional grounded pin electrode. Therefore, the investigation of the
effect of the applied voltage as a controlling parameter was excluded in this study.

Plasma jet was generated using a commercially available quartz capillary
tube with an outer diameter of 2.0 mm and an inner tube diameter of 1.0 mm
(Hilgenberg GmbH). In addition, quartz capillary tubes with inner tube diameters
of 120 µm and 60 µm at the nozzle exit were also used to generate plasma jets in
this work. To fabricate quartz capillary tubes with micron-scale inner diameters,
commercially available quartz capillary tubes with outer and inner diameters of
2.0 mm and 1.0 mm respectively, were used. Using these tubes, the outer and
inner diameters were gradually reduced to develop inhouse capillaries, similar to the
microcapillary tube reported by Kim et al [90], without an angled nozzle tip. In
this work, the maximum plasma jet obtained in the laminar regime was used for
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the plasma treatment because the highest density of radicals is expected from these
APPJs, as discussed in chapter 2.

Plasma irradiation was performed on spin-coated PDMS dishes in this
work. The details of the PDMS (Sylgard 184 Silicone Elastomer Kit, Tokyo, Japan)
used in this study has been previously reported by Yamada et al [63] [64]. To create
PDMS coated dishes, approximately 0.1 mL PDMS was placed on a glass base cell
culture dish (35 mm Tissue culture dishes, 93040, TPP, Switzerland) using a 1 mL
syringe and spin coated at 1000 rpm for 60 seconds, followed by 3000 rpm for 120
seconds (MSA-100, Mikasa Corporation, Tokyo, Japan). The dishes were cured in
an oven at 60 oC overnight.

4.2.2 Wettability of PDMS

In this work we used the sessile method, which was discussed in chapter
3.3.2, to measure the water contact angle of the irradiated PDMS surfaces as previ-
ously reported [6] [63] [64] [163]. Digital images of the droplets were acquired using a
digital camera (Nikon D3100, with Micro-Nikkor-lens and 2x multiplier), and their

Figure 4.1: (a) Digital image of a water droplet and (b) digital image of ImageJ
analyzed water droplet
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contact angles were estimated using the ImageJ software [165]. Figure 4.1 shows
a digital image of a water droplet on the treated PDMS surface and the resulting
ImageJ analyzed image.

Plasma irradiation was conducted on the PDMS surfaces for 30, 60, 90, and
120 s using capillary tubes with different inner diameters and an additional floating
pin electrode with and without a ground connection to estimate the contact angle.
Water droplets were imaged after 5 mins after irradiation and measurements were
performed for up to 96 hours (4 days) to analyze the hydrophilicity of the irradiated
PDMS surfaces with against time.

4.2.3 Mouse cell cultivation

For this work, cultures and subculture of cells were produced using mouse
osteoblast cells (MC3T3-E1) [166]that were obtained from the RIKEN BRC Cell
Bank (RBRC-RCB1126, Tsukuba, Japan). The cells were cultured in serum medium
composed of Dulbecco’s modified Eagle’s medium (043-30085, D-MEM High Glu-
cose, FUJIFILM, Osaka, Japan), supplemented with 10 % fetal bovine serum and 1
% penicillin streptomycin (P4333-100ML, SIGMA-ALDRICH, Missouri, USA). For
sub-culturing, the cells were washed 3 times using 1 mL PBS (Ca2+ - and Mg2+

- free phosphate buffered saline), then digested with 500 µL/well TrypLE select
(12563-011, Life technologies, Carlsbad, USA). These cells were collected in a 15
mL centrifuge tube and centrifuged at 300 rpm for 3 minutes. The cells were then
resuspended and inoculated in 2 mL of growth medium on 6-well culture plates
(353046, FALCON, Cagno, Italia).

In this study, the coating procedure described by Yamada et al [63] [64]
was utilized with a serum coating on treated PDMS surfaces for the cell cultures
[164] [167]. Figure 4.2 shows the details of the procedure that was adopted for cell
culturing after irradiation.

Figure 4.2: Procedure used for ell culture after fabrication of spin coated PDMS
surfaces without a mask
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Spin-coated PDMS dishes were used for surface treatment for cell culturing
using the APPJ with and without additional pin grounded electrodes for irradiation
times of 1, 3, 5, 7, 10, 30, 60, 90, and 120s. The plasma treated surfaces were used
for the cell culture from 30 minutes to 1 hour after plasma treatment, during which
the hydrophilicity of the PDMS surface was stable due to charging effect and the
relaxation rate of the contact angle was low. The cells were inoculated at 1X10 4

cells/cm2 with serum medium for each plasma irradiated position.

After 3 days of cell culturing, Calcein AM (C3100MP, Life technologies,
Carlsbad, USA), a green fluorescent dye that can be transported into living cells,
was added to the growth medium at a final concentration of 1 µM and incubated
at 37 oC for 20 minutes. Living cells were observed with a fluorescence microscope
(BZ-8100, KEYENCE, Osaka, Japan). To estimate the plasma patterning area,
fluorescence images of the adhered cells stained with calcein AM after cell cultivation
were investigated.

4.3 Results and discussion

The effect of the tube diameter, electrode configuration, and the use of a
mask to control the plasma patterning and cell cultivation will be discuss in this
section. The experimental results for the contact angle and plasma pattern sizes
using cell cultivation were obtained using the experimental procedures described in
section 4.2 to determine the relevant parameters.

4.3.1 Hydrophilicity on plasma treated surfaces

Hydrophilicity gives valuable information about the adhesion property of
the plasma treated PDMS surfaces for cell culturing. To quantify the hydrophilicity
of the plasma treated surfaces, the contact angle was estimated using the procedure
described in section 4.2.2. The effect of the capillary tube diameter on the contact
angle as a function of the irradiation time was investigated, and Figure 4.3 shows
the estimated contact angles after 5 minutes of irradiation for different capillary
tube configurations.

As shown in Figure 4.3, the hydrophilicity of the PDMS surfaces improved
as the irradiation time increased, as reflected by the decrease of the contact angle. In
addition, the contact angle tended to saturate at an angle of 15ofor long irradiation
times. The figure suggests that the behavior should be similar, irrespective of the
inner tube diameter, except for an inner tube diameter of 60 µm This anomaly is
expected due to the smaller wetted area, which is not able to contain the 2 µL water
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Figure 4.3: Variation of the contact angle for different irradiation times after 5
minutes of irradiation using the double electrode APPJ with an additional grounded
pin electrode for different tube diameters

Figure 4.4: Contact angle versus time for irradiation of 120 s and 30 s for an in-
ner tube diameter of 1.0 mm APPJ with (WGE) grounded pin electrode and with
(WOGE) additional floating pin electrode

droplet in the irradiated area.

Plasma treated PDMS surfaces change their hydrophilic state to hydropho-
bic as relaxation occurs. Therefore, the expiration time of the hydrophilic condition
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Figure 4.5: Relaxation of the contact angle as a function of time for irradiation of
30, 60, 90, and 120 s using capillary with an inner tube diameter of 1.0 mm for
APPJ with a grounded additional pin electrode

of an irradiated PDMS surface was also investigated in this work. Figure 4.4 show
the contact angle for a relaxation time of four hours, and for 120 s and 30 s irra-
diation time for the double electrode APPJ with and without a ground connected
additional floating pin electrode, for an inner tube diameter of 1.0 mm.

As shown in Figure 4.4, as the time increases, the hydrophilic state changes
to hydrophobic for the irradiated PDMS surfaces. An additional grounded pin elec-
trode improved the hydrophilic property for a lower irradiation time (30 s) compared
to a longer irradiation time (120 s).

Further observation of the relaxation of the hydrophilic state was conducted
for four days. Figure 4.5 shows the relaxation of the hydrophilic condition for 96-
hour rest time for 30, 60, 90, and 120 s irradiation time using APPJ with a ground
connected additional floating pin electrode and a tube diameter of 1.0 mm.

As shown in Figure 4.5, the relaxation rate is approximately constant
throughout the time scale of 1 hr and beyond. However, the relaxation rate of
the contact angle is low during the first hour after irradiation. Further investiga-
tions were conducted for all the APPJ configurations used in this work to identify
their impact on the relaxation time in the first two hours. A summary of the first
two-hour relaxation is presented in Table 4.1.
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As shown in Table 4.1, the variation of the contact angle is reduced between
30 minutes and 1-hour. This indicates that the wettability of the treated surface is
stable between 30 minutes and 1 hour for cell seeding.

4.3.2 Cell culture on mask-free plasma patterning

Similar to the discussion in chapter 3 and the procedure explained in section
4.2.4, cell cultivation was conducted on an irradiated PDMS surface. Fluorescence
images of the cell cultivation for 0, 1, 3, 5, 7, 10, 30, 60, 90, and 120 s irradiation
time are shown in Figure 4.6.

As shown in Figure 4.6, the mask free plasma pattering for cell cultivation
is possible using the double electrode APPJ configuration. Increasing the irradiation
time facilitated an increase of the area of the cell culture.

The results shown in section 4.3.1 indicate that an increase in the irradia-
tion time causes a decrease of the contact angle, whereas Figure 4.6 shows that the
plasma pattern size increases. The relationship between the contact angle and the
size of the plasma pattern as a function of the irradiation is shown in Figure 4.7.

Figure 4.6: Fluorescence images of the Calcein AM induced mouse cells (MC3T3-E1)
for 0, 1, 3, 5, 7, 10, 30, 60, 90, and 120 s irradiation time
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Figure 4.7: Diameter of cell culture and contact angle as a function of the irradiation
time

The effect of the irradiation time on the PDMS surface increases the hy-
drophilic condition and its effective area as the irradiation time increases. Surface
modification of the PDMS was expected due to the charged and excited electrons (e),
hydroxyl (OH), nitrogen (N), and oxygen (O) [168] [169] [170]. Akishev et al [171]
demonstrated that radicals of N, NO, and O are distributed along the surface of a
substrate. Therefore, as the irradiation time increases, the density of the radicals
increases and affects the PDMS surface modification process, causing the size of the
wetted areas to increase, as explained in chapter 3.

4.3.3 Effect of additional floating pin electrode on cell cul-
turing

The additional floating pin electrode connected to the ground voltage can
improve the plasma jet properties as described in chapter 2. Therefore, in this study,
we hypothesize that placing an additional grounded pin electrode at the bottom of
the culture dish would cause an increase of the density of the species, in addition to
focusing of the plasma plume at a localized point, leading to a decrease of the cell
culturing area. Figure 4.8 shows the diameter of the cell culturing area for different
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irradiation times, for APPJ with and without a ground connected additional floating
pin electrode.

For lower irradiation periods (less than 10 second), the additional pin
grounded electrode caused an increase in the cell culturing area diameter compared
to the area without the additional pin grounded electrode. As expected, the addi-
tional pin grounded electrode attracts a large number of radicals along the plasma
jet to focus on the APPJ treated areas [172], causing an increase of the wetting
diameter. The increase of irradiation time in both configurations is expected to in-
crease the density of the species. The increase in the concentration of the species is
expected to cause a saturation of the reactions for surface modification, and excess
amounts of species to be distributed along the surface via diffusion distribution,
to increase the wetting size. These phenomena need to be further investigated to
confirm the proposed explanation for the increase of the wetting area as a function
of the increase of the irradiation time for both the APPJ configurations.

Figure 4.8: Diameter of cell culture as a function of irradiation times for 1.0 mm
inner diameter capillary tube APPJs with (WGE) and without (WOGE) grounded
connected additional pin electrode
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4.3.4 Effect of tube diameter on cell culturing

A decrease in the tube diameter resulted in the generation of lower diameter
visible APPJs. Therefore, the hypothesis of this study is that a decrease of the
tube diameter for the double electrode APPJ configuration with plasma irradiation
without a mask will cause a decrease of the plasma pattern size. Figure 4.9 shows
the diameter of the cell culture areas as a function of the irradiation time for APPJ
configurations with different diameters.

Although the smaller inner tube diameter reduces the radius of the visible
APPJ, the spread of the radicals over the fabricated substrate was similar. This may
be due to the spread of the radicals all over the surface, which is consistent with the
results published by Akishev et al [171]. However, for lower irradiation times, the
effect of the tube diameter caused a decrease of the diameter of the wetted area as
the tube diameter decreased.

In addition, the decrease of the tube diameter caused a decrease of the
effective plasma jet length and required the adjustment of the effective irradiation
point to be closer to the nozzle exit. These conditions suggest an increase of the

Figure 4.9: Diameter of cell culture as a function of the irradiation time for double
electrode APPJ with (WGE) and without (WOGE) ground connected additional
pin electrode configurations for different tube diameters
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density of the species from the plasma at the fabricated surface of the PDMS and
an increase of the diffusion process. Therefore, as shown in Figure 4.9, an increase
of the cell culture area is expected. The irradiation required to obtain a certain
pattern size decreases, irrespective of the diameter, as shown in Figure 4.9. This
may be due to the effect of the density of the species generated at the surface of the
PDMS. Similar to the discussion in the previous section (4.3.3), at longer irradiation
times, the radicles are able to spread along the substrate, and thus the effect of the
tube dimeter becomes ineffective as a function of the irradiation time in controlling
the wetting size.

4.3.5 Mask effect on cell culturing

In conventional plasma patterning using a low-pressure plasma with a
mask, due to the thorough spread of the plasma in the plasma chamber, the di-
ameter of the wetted size is similar to the hole size of the mask [63] [64]. Such
patterns were obtained using spin-coated PDMS dishes with a mask to pattern
PDMS surfaces for cell culturing. The 0.5 mm thick PDMS sheets were cured in
an oven at 60 oC overnight and these sheets were punched with 15 holes using 25
mm and 2 mm diameter belt punches (H.H.H. MANUFACTURING Corporation,
Osaka, Japan) to produce masks. Masks with hole sizes of 1.0 mm and 2.0 mm
were used in this study to investigate the effect of q mask on plasma patterning
using APPJ. Given that the mask free plasma patterning sizes are on the order of
millimeters, we hypothesize that the use of a mask facilitates plasma patterning on
the order of the mask hole size. The process of irradiation and cell cultivation is
similar to that described in section 4.2.4, except for the use of a mask during the
irradiation process, as shown in Figure 4.10.

The microscopy and fluorescence images of the cell culture for different
irradiation time using APPJ with

Figure 4.10: Procedure used for cell culture after fabrication of spin coated PDMS
surfaces with a mask

109



Figure 4.11: Phase-contrast microscopy images (A-D) of cell culture and fluorescence
images (E-F, green color) of Calcein AM stained MC3T3-E1. The PDMS surfaces
were irradiated by plasma using a mask with a hole size of 1.0 mm. A and E images
are for 5 s; B and F images are for 7 s; C and G images are for 10 s; and D and H
images are for 120 s irradiation

an additional grounded pin electrode for 1.0 mm inner diameter capillary
tube with 1.0 mm mask size were captured and are shown in Figure 4.11.

As shown in Figure 4.11, the diameter of the cell culture increases as the
irradiation time increases for lower irradiation times. When a specific irradiation
time is exceeded, saturation of the pattern size to the limit of the mask size is
observed. Charged particles that propagate through the APPJ are expected to
be trapped in the mask holes resulting in shielding. This causes a decrease of the
effective wetting size for shorter irradiation times. However, this temporary shielding
is expected to be ineffective for irradiation times in excess of 30 s as the density of
the charged particles increase, thereby diminishing the shielding effect via charge
recombination. Such phenomena are expected to saturate the diameter of the cell
culture to the same order of the mask after an irradiation time of 30 s or longer.

Further analysis was conducted to investigate the variation of the plasma
patterning for different mask sizes. Figure 4.12 shows the diameter of the cell culture
as a function of the irradiation time for masks with hole sizes of 1.0 mm and 2.0
mm.

As shown in Figure 4.12, an additional grounded pin electrode in the APPJ
configuration and changes of tube diameter are ineffective compared to the mask
effect. It was expecting that temporary shielding (Debye shield) occurred at shorter
irradiation times around the masks, which reduced the wetting size to be less than
the mask size. Decreasing the mask size causes a decrease of the plasma wetting
size, and plasma patterning can be achieved for a size of a few hundred micrometers
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Figure 4.12: Diameter of the cell culture as a function of the irradiation time using
the masks with hole sizes of 1.0 mm and 2.0 mm

Figure 4.13: Formation of Debye sheath around the mask at shorter irradiation time
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using a shorter irradiation time.

The illustration shown in Figure 4.13 depicts the expected events as mask
patterning proceeds. As shown in Figure 4.13, a temporary shield is present for
short irradiation times. An increase in the irradiation time causes an increase in
the diffusion process, as discussed in chapter 3. Therefore, as the irradiation time
increases, the diffusion process largely overcomes the shield that occurs during the
mask patterning process. Hence, an increase in the irradiation time increases the
pattern size.

The effect of the tube diameter on plasma patterning using a mask with a
hole size of 1.0 mm was also investigated and Figure 4.14 shows the diameter of cell
culture as a function of the irradiation time.

As shown in Figure 4.14, the decrease of tube diameter does not result in
a decrease of the plasma patterning size for short irradiation times. The ability to
decrease the wetting size is expected to mainly depend on the temporary shield that
occur in the mask, due to the charge particles.

Figure 4.14: Diameter of the cell culture as a function of the irradiation time for
different APPJ configurations using a mask with a hole size of 1.0 mm
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4.4 Conclusion

Control of plasma patterning provides value to researchers in the culturing
of cells on bio-compatible surface. In addition, the use of APPJ for plasma pattern-
ing addresses many of the limitations associated with current plasma patterning
using low-pressure plasma. Chapter 3 discussed the possibility of using APPJ for
the fabrication of bio-compatible materials for cell culturing. Given that this is a
novel approach for plasma patterning, the control of the plasma pattern size was
investigated. This chapter focused on the investigation of the use a double electrode
APPJ for plasma patterning for cell culturing, and considered the parameters that
affect the control of the plasma pattering size. The parameters of electrode config-
uration, tube diameter, and the use of a mask were investigated to better analyze
the wettability of the treated surfaces and cell culturing.

Double electrode APPJ facilitates the improvement of the adhesion proper-
ties of PDMS for cell culturing. The hydrophilicity of the fabricated PDMS surfaces
increased as the irradiation time increased along with the diameter of the cell cul-
turing area. In this study, the experimental results indicate that the controllability
of plasma patterning mainly depends on a shorter irradiation time. The use of a
mask with the APPJ caused a decrease of the wetting size to a lower order than the
mask hole size for a short irradiation time. It is expected that temporal shielding
occurred in the mask because a short irradiation time facilitates the control of the
wetting size. However, this phenomenon needs to investigated further to confirm its
occurrence. The additional floating pin electrode connected to the ground voltage
for the double electrode APPJ configuration and the inner tube diameter slightly af-
fected the control of the wetting size, but its size was in millimeter range. Compared
to the mask effect, the tube diameter and the inclusion of an additional grounded
pin electrode were determined to be ineffective.
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Chapter 5

Overall conclusions

This chapter summaries the conclusions of all the investigation conducted
as part of the background and experimental work in this study in addition to potential
future investigations.
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A novel approach for mask-free plasma patterning of cell culture using
atmospheric pressure plasma jet was investigated. In addition, parameter investiga-
tion was also conducted to identify the controllability of the plasma patterning size.
To achieve these objectives, a background study was conducted on the properties
of plasma jet such as the jet length, radical generation, and propagation along the
jet, and the thermodynamic distribution. These properties were investigated for
the effective parameters of electrode configuration, electrode polarity, capillary tube
diameter, gas flow rate, and applied voltage to better understand the suitability of
a plasma jet for mask-free plasma patterning.

The different chapters of this dissertation cover the background of possible
mask-free plasma patterning for cell culture, the effect of different parameters on
the jet properties, and the achievement of mask-free plasma patterning using APPJ.
Chapter 1 in this study was focused on understanding the breakdown process of
APPJ’s, plasma spectroscopy in the identification of radicals, and the properties of
microdevices used for cell culture. Chapters 2 to 4 was focused on the experimen-
tal investigations for the effective parameters of plasma jet length, generation and
propagation of reactive species, the possibility of mask-free plasma patterning, and
control of the pattern sizes.

Atmospheric pressure plasma jets used in this study exhibit low-frequency
AC glow discharge. Parallel electrode and double electrode configured APPJs have
been used for plasma irradiation of bio-compatible PDMS surfaces for cell cultur-
ing. Experimental results for both the plasma jets reveal that the double electrode
configured APPJ has a longer plasma jet compared to the parallel electrode con-
figuration because of the increase in the external electric field strength along the
plasma jet propagation direction. The generated reactive species are also changed
by the alignment of electrodes, as the double electrode is able to increase the reac-
tion cross-section to generate dense reactive species when compared to the parallel
electrode configuration.

The addition of the pin electrode at the bottom of the double electrode
plasma jet improved the jet properties. The experimental evidence revealed that
the additional grounded pin electrode caused an increase of the plasma jet length as
well as the density of the species. Similar to the breakdown process in the double
electrode configuration, the additional grounded pin electrode caused the plasma jet
to undergo a streamer triggered glow discharge. A change in the ground connection
with a high voltage for the additional pin electrode revealed similar jet properties.
Hence, considering the safety of the experimental conditions for the intended ap-
plication, this study considers the use of a double electrode configured APPJ with
an additional grounded pin electrode at the bottom of the plasma jet. The in-
vestigation of radical generation and propagation and the controlling parameters
of the pattern size was performed using the double electrode with an additional
grounded pin electrode configured APPJ. The optical emission from the radicals
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was enhanced compared to the ordinary APPJs and the floating one. From the
experimental results, it is expected that the additional grounded pin electrode can
improve the plasma jet properties according to the electric field strength at the end
of the plasma jet. It might increase the propagation velocity and the jet length. In
addition, the spectra for the N+

2 and O+
2 species were observed in the vicinity of the

pin electrode. This may be because penning ionization occurs on the pin electrode.

The plasma jet properties were found to be affected by the capillary tube
diameter and flow rate. The change in the flow behavior from the laminar regime
to the turbulent regime caused a change of the plasma jet properties in terms of
the jet length as well as radical generation and propagation. The jet length and the
densities of the radical were maximized when the plasma jet laminar flow regime
reached its upper limit. Capillary tubes with diameters of 1.4 mm and 1.0 mm
generated the longest plasma jets in the laminar regime. An increase in the gas flow
rate in the laminar regime caused a shift of the peak position of N2 (337 nm) and
O (777 nm) along with the plasma jet, because the plasma jet velocity affects the
radical’s temporal and spatial distributions.

Many studies have shown that an increase of the applied voltage affects
the plasma jet properties. This confirms its effect on the plasma jet. Considering
the effect of the additional grounded pin electrode on the plasma jet properties, the
impact of the voltage on the plasma jet properties is less based on the experimental
results. The generation and propagation of radicals along with the plasma jet in the
laminar regime for voltage effect show similar shapes, although they shift to higher
densities as the voltage is increased.

Optical spectra from the APPJ revealed the presence of reactive oxygen
species, which caused oxidization of the PDMS surfaces to improve the hydrophilic
property. To identify the effect of reactive oxygen on the surface modification of
PDMS, a parallel electrode configured APPJ was used. The result indicated that
the wettability improved as the contact angle decreased when the irradiation time
was increased. In addition, the APPJ treated PDMS surfaces were used to cultivate
hiPSCs. The results reveal that the cells were cultured on the mask-free plasma
patterned area.

Investigation of mask-free plasma patterning was performed by using a
double electrode configured APPJ with and without a ground connected additional
pin electrode. It was determined that jet properties were improved. Similar to the
parallel electrode, the double electrode APPJs was also able to demonstrate mask-
free plasma patterning for cell culturing. Although, the double electrode configured
APPJ improves the jet properties, the diameter of the cell culture for both the
electrode configurations tended to increase as the irradiation time was increased.
Such a tendency was observed for all the APPJ configurations used in this study.
The behavior of the diffusion process can be considered as a candidate to account for
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such behavior. As the irradiation time increased, the density of the reactive radicals
for surface modification will increase and spread throughout the irradiate point to
increase the wetting areas.

Plasma jet in the highest laminar flow due to different capillary tube diame-
ters also exhibit similar plasma wetting sizes for different irradiation times. However,
the use of a mask in the vicinity of the irradiation point decreased the diameter of
the wetting area at shorter irradiation times. For shorter irradiation, it is expecting
to generate a temporal Debye sheath around the mask due to charge particles for the
interaction of reactive radicals with the surface of PDMS. As the irradiation time
increases, the diffusion process overcomes the Debye shield to increase the plasma
patterning size.

Finally, in this work, mask-free plasma patterning using APPJ was success-
ful compared to the conventional low-pressure plasma patterning with a mask for
cell cultivation. Plasma pattern sizes can be reduced to a few hundred-micrometer
for APPJ irradiation with a short irradiation time using a mask. Regarding future
work, the investigation of the spread of reactive species around the PDMS surface,
the shielding effect that occurred in the mask for a low irradiation time, and the con-
tact angle variation around the surface of the irradiation point can be investigated
based on experimental and numerical studies.
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