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Introduction

1 Einleitung

Plasmen finden aufgrund ihrer speziellen Eigenschaft zunehmend Verwendung in
der biomedizinischen Technik. Anwendungsmoglichkeiten erstrecken sich iiber Oberfla-
chenmodifikation von Implantaten und Instrumenten durch Plasmaaktivierung oder geziel-
te Schichtabscheidung von diamantdhnlichen und biokompatiblen Strukturen zu génzlich
neuen Anwendungsmoglichkeiten im Bereich der Interaktion mit biologischem Gewebe

und einem Plasma selbst.

Plasmen bei Atmosphirendruck haben gegeniiber Niederdruckplasmen den ent-
scheidenden Vorteil, dass sie ohne kostenintensive Vakuumtechnik erzeugt werden kon-
nen. Die physikalischen Eigenschaften dndern sich allerdings signifikant mit zunehmen-
dem Druck, weswegen das Interesse an sogenannte Mikroplasmen in den vergangenen
Jahren stark gestiegen ist. Diese konnen stabil bei Atmosphirendruck ohne Bildung von
Lichtbogen betrieben werden, sind allerdings in ihrer Grofle beschriankt. Lichtbogen kon-
nen Temperaturen von einigen tausend Grad erreichen und sind deshalb unerwiinscht. Das
Zusammenschalten von vielen Mikroplasmen zu Plasmenarrays kann gegebenenfalls die
begrenzte Wirksamkeit einer einzelnen Plasma-Nadel kompensieren. Die niedrige Hinter-
grundgastemperatur bei vergleichsweise hoher Elektronendichte solcher Plasma-Nadeln

eroffnet ein breitgefachertes Anwendungsspektrum.

Ziel dieser Arbeit war die Entwicklung eines Atmosphédrenplasmas, um dessen
mannigfaltigen Anwendungsmoglichkeiten mit Schwerpunkt auf biomedizinischen An-
wendungen zu untersuchen. Aufbauend auf bereits entwickelte Mikroplasmen und Vorver-
suchen wird eine Plasma-Nadel entwickelt, die anschlieend anhand erster Experimenten
charakterisiert und deren Anwendungsmoglichkeiten auf den Gebieten der Schichtabschei-
dung und Oberflichenmodifikation veranschaulicht worden sind. Weiterfiihrende Versuche
zur Interaktion zwischen Plasmen und biologischem Gewebe/Zellen offerieren zukiinftigen

Forschungsbedarf.

Zuniichst wird ein Uberblick iiber den Stand der Technik und Forschung im Bereich
der Mikroplasmen vermittelt und Anwendungsmoglichkeiten im Bereich der biomedizini-
schen Technik erldutert. Die daran anschlieenden Kapitel beschreiben die Grundlagen der
Plasmaphysik sowie den Aufbau und das Funktionsprinzip der Plasma-Nadel. Des Weite-
ren werden die unterschiedlichen zur Anwendungen kommenden Diagnosemethoden dar-
gestellt. Die Prisentation und Interpretation der erzielten Messergebnisse sind Gegenstand

des fiinften Kapitels.
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1.1 Introduction

Due to their unique properties, plasmas have found a broad range of applications in
biotechnology and biomedicine, including surface modification of implants and instru-
ments by plasma activation or the deposition of specific diamond-like- and biocompatible
structures. A completely new field is the investigation of plasma interaction with biological

tissues and the exploration of potential applications.

In contrast to low pressure plasmas, atmospheric pressure plasmas can be operated
more conveniently at ambient air and do not require costly vacuum systems. However, the
physical properties of a plasma alter significantly with increasing pressure. Therefore,
there is a steadily increasing interest in plasma-needles in recent years. These plasma-
needles operate stably at atmospheric pressure without producing (filamentary) arcs, but
are restricted to their size. Arcs can develop temperatures of several thousand degrees Kel-
vin and are therefore undesired. The construction of plasma-needle arrays can compensate
the reduced effectiveness of a single plasma-needle. The low temperature of the back-
ground gas and comparable high electron density of such plasma-needles offer manifold

applications.

The objective of this work is the setup of a new atmospheric plasma device for the
exploration of its diverse applications with focus on biomedical applications. With the help
of comparable work and on the basis of preliminary experiments, a new plasma-needle has
been fabricated. Subsequent, that plasma-needle was initially characterized and experimen-
tally tested for thin film deposition and surface modification and is ready for tests on bacte-

ria inactivation.

At first, a review of the state-of-the-art and current research on plasma-needles and
their biomedical applications is given. The following two chapters deal with the basics of
plasma physics, the experimental setup and the diagnostic tools as well as the principle of
the plasma-needle. The results of the different measurements are presented and discussed

in chapter five.

The following diagram is intended to help understanding the different steps of the
work progress. After an introductory literature review, preliminary experiments with dif-
ferent plasma sources were executed. Thereupon, a prototype was constructed, which then
was characterized and tested on two different possible applications, surface activation and

carbon film deposition.



Introduction

swiy pausodap
Jo sisfjeue-yi14

swUy pausodap
10 s1sAjeue—|
BTN eI L (T e |

=1L e T LT RO
UM SUUJLY WO I —|
1o uoipsodaq

[o0) uoipsodap
se ajpaasu-ewased
10 uoneBisanu]

SaW NSNS
2NN o)

Gurpuneg wayead u
aauanpul ewase)d
Jo uonefinsanu

Al1aus 22ens uo
SIUSNPU eLuse| g

UOGIIEAILSE SIELINS
10) apaau-Ewse] 4

(i yed)
suonedde
a|pasu-rLIse|d

ewased aygy

un uondwnsuos
1amod |

JO UONEINI e}

abeyon UMOopHEa 19—
SIS INSEIW

U2 1IN —
pue aibeyon

Adoassonpads
uoIssuD eando

UGIEZLISEIE IE D UGIEZLISLIe IR

el eansag

{1 1ed)
apaau-vwseil sy
JO UONEZLISYTRe IR

adfyoyond e o
wawidolanap pue
aunbal UuoneEuIND |

JO 20U

uoIEIpoLw
20LNS vlused

sasodimd
[EPSUOI] SnoLIeA—|

a3mos ewsepd
10) S12A0] UOqIeT)

se Asuanbaa-oped
Jum spuswaadxs

sewse|d
Aeunaaag

[ELLLIBL-UOL
1o suonesdde |
a2 nos ewusepd [epawIsg
SE SINEMO I
UM suswadxs |

Aeunuaag

sewsepd s mssaud
susdsowne uo—
Y2 Ieasal S 1Ing

apaasu-ewsed

S 1O UDSIISUGT) Malna1 31N

{1 1ed)
apaau-ewuse]d
e o dnyes
Jeswaddxgy

sasodimnd

[EIPSIDN] 10}
apaasu-ewsed e
JO UCNEZLISDe IR
pue uswdopanag




PART I



Literature review

2 Literature review

2.1 Biomedical applications of plasmas

In recent years, researchers and plasma physicists turned from plasma applications,
like surface modifications and thin film deposition for biomedical applications towards
leveraging the unique properties of the plasma itself. Years of research in plasma physics
led to a considerable expertise in plasma-material processing. The next logical step is util-
izing and expanding this existing knowledge in a new area of research, the biomedical re-
search. Non-thermal plasmas are unique objects that combine high reactivity with non-
destructive characteristics. One important feature is that plasmas act specifically on the
surface, with a minimal penetration depth, and provide active species (radicals, ions, UV-
photons) for specific modification. This properties offer the application of non-thermal
plasmas for non-contact medical treatment. This treatment is local, fast, does not require
toxic substances, does not cause heating damage or produces debris. Plasma-based tools
cannot perform bulk surgery, but they may be extremely useful in therapies, which require
refined action on the outer layers of the tissue. Plasma treatment is fundamentally different
from currently used laser surgery, because laser radiation penetrates the tissue and causes
heating and cell destruction. Due to the flexibility of plasmas, which can be easily confined
within catheters, minimum-invasive treatment of difficult to access places, like blood ves-
sels, dental cavities and intestines can be performed. One can think of numerous processes,
like removal, (de)activation, and changing the functionality of cells or tissues. This may
find application in the treatment of various skin ailments, hair growth restoration by activa-
tion of hair bulbs, etc. Plasma technology also promises a breakthrough in dentistry, as a
novel method of cleaning dental cavities. Unlike the traditional mechanical cleaning using
a drill, plasma treatment is expected to be painless and far less destructive, since no heating
and vibrations, which irritate the nerve, occur. Plasmas can easily penetrate cavities and act
strictly on the surface, so that high-precision cleaning can be performed without excessive
removal of healthy pulp. Apart from plasma applications in external skin- and tooth-
healing, numerous plasma techniques can be introduced in internal medicine, e.g. to induce

cell death in cancer cells.

However, the impact of non-thermal plasmas on organic materials is an entirely
new area of research which is barely explored yet. Fundamentally, challenging problems
are related to the interaction of plasmas with living tissues. Since plasma is essentially a

gaseous medium, while tissues contain aqueous solutions, the contact between these ob-
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jects must be investigated. Much research effort has been devoted to plasma-solid surface
interactions. However, data on the plasma-liquid interface are rare. The behavior of the
plasma in the vicinity of liquids, the penetration of active plasmas species into organic
matter and the response of the tissues on the cellular level belong to the most intriguing
questions. In plasma processing of solid-state material the action of a plasma is versatile.
Dependent on the chosen plasma type and conditions, many different results, like selective
cleaning/etching, surface activation and deposition of thin layers can be achieved. In proc-
essing of organic matter and tissue, the additional complexity is introduced because of the
yet unknown biochemical response of the treated object. Efficiency and selectivity with
respect to various kinds of material, i.e. tissues have to be investigated. Furthermore, it is
important to understand the role of various active plasma species. Radicals, ions and (UV-)
photons will have different impacts on organic molecules. Although not all plasma-induced
effects are easy to predict, several types of cell modification can possibly be achieved. The
simplest and most drastic one is the cell destruction, which has already been demonstrated
in plasma-assisted coagulation and sterilization techniques. This action can be compared
with non-selective etching in solid-state processing, and this also constituted the first level
of plasma usage in the history of material science. If the analogy between inorganic and
organic material processing retains, one can expect much more sophisticated plasma-tissue
interactions than the mere cell destruction. Thus, it has to be studied whether the cell inte-
rior can be modified selectively without affecting the cell membrane, whether the mem-
brane can be locally removed or modified in order to, for example, alter its permeability
for a given kind of pharmaceutical, and if plasma treatment can be restricted to one cell

layer without affecting the rest of the (healthy) tissue.

Investigating and answering these questions demands the joint expertise of plasma
physicists, cell biologists, cell biophysicists, and medical researchers. Further specialised
expertise is required as soon as it comes to customization of plasmas for special applica-

tions, for example expertise on cardiovascular biology in case of artery treatment.

Concluding, biomedical plasma technology is an unexplored area with a great po-
tential in medical sciences. Due to their unique physical nature, plasmas have the potential
to become a novel medical technique: they will act on the tissue surface with high preci-
sion and minimum penetration whilst providing active species for refined cell modifica-
tion. However, plasmas must satisfy strict requirements in order to be applied on biomedi-
cal purposes. They have to be operated at atmospheric pressure and should not cause any

damage to biological tissue due to an electric shock, thermal damage, or any other yet un-

10
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known effect. The state-of-the-art on plasma sources and plasma generation technology
offers different methods of excitation ((pulsed) DC-, radio-frequency, or microwave-
excitation) and geometric designs (coaxial electrode configuration, a virtual counter-
electrode configuration with the surrounding acting as ground, dielectric barrier discharge)
yielding plasmas with different properties. Each of those approaches has its advantages and
drawbacks. However, in the end, the plasma’s prospective applications require low dimen-
sions, stable plasma generation, sufficient active plasma species production, and the satis-
faction of the safety requirements mentioned above. More and more research groups have
started developing plasma devices and are experimenting on their applications. Examples
of already available plasmas and current research on their medical applications are given

below':

STOFFELS ET AL. [1] have developed a plasma-needle operating at atmospheric pres-
sure that offers a broad range of biomedical applications. Due to the small size of the dis-
charge (approx. 1 mm in diameter) and the comparable low power consumption, the
plasma-needle operates near room temperature causing no thermal damage to biological
tissue. This plasma-needle has already been successfully tested on killing of Escherichia
coli bacteria during in-vitro studies [2]. Samples that were exposed to the plasma showed a
characteristic circular- and sharp-edged void in the bacteria lawn after within less than one
minute. It is assumed that the short-living reactive species (O, OH, HO,") created by the
plasma are responsible for the bacteria deactivation, although the mechanism is not com-
pletely understood, yet. Further studies on Chinese hamster ovarian cells (CHO-K1) and
human cells of lung carcinoma (MR65) have revealed another effect of a plasma-needle on
cell cultures: cell detachment [3]. A plasma-induced destruction of cell adhesion molecules
was made responsible for the temporary loss of the inter-cell-contact and detachment from
the substrate while the cells remained alive. It is believed that this effect could be lever-
aged for future applications in microsurgery and accelerated wound healing. Since the cell
membranes remained undamaged and the detached cells were not necrotic, inflammation®
is prevented. Furthermore, it is proposed that this effect could be used as a complementary
treatment to percutaneous coronary intervention [4].°> At present, the most promising
application of the plasma-needle is the deactivation of dental bacteria. A study on the

effects of plasma on the most significant cariogenic micro organism, Streptococcus
1

The description of this application was written on the basis of E. Stoffels research outline and on the
basis of her talk at the LNL on June 29“’, 2007.

The release of cytoplasm into the interstitium due a damage of the cell membrane would induce an
inflammatory reaction in the tissue.

Percutaneous coronary intervention is an invasive cardiologic therapeutic procedure to treat the stenotic
coronary arteries.

11
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plasma on the most significant cariogenic micro organism, Streptococcus mutans, pro-
duced promising results [5]. In contrast to drilling or using chemotherapeutic agents,
plasma treatment offers certain advantages: it can kill the Streptococcus mutans bacterium,

it is a painless procedure, the treatment is site-specific, and no excess radicals remain.

Other groups used atmospheric pressure plasmas in a closed chamber for successful

deactivation or killing of further bacteria and additionally fungi, viruses, and endospores

[6].

FRIDMAN ET AL. [7] reported the successful killing of Melanoma skin cancer cells
by means of a dielectric barrier discharge operating at ambient air. Depending on the
treatment dose, cells were killed by necrosis* or apoptotic’ behaviour that was initiated by
the plasma treatment leading to cell death after 12 to 24 hours. This initiation of apoptosis
is of high value for cancer treatment, since “cancer cells frequently have acquired the abil-

ity to block apoptosis and thus are more resistant to chemotherapeutic drugs” [7].

2.2 Surface modification

The presence active species (ions, electrons, radicals, and metastables) in a plasma
and the emission of UV-light allows surface modification. The energetic species in a
plasma bombard a surface that is in contact with the plasma. Their energy is transferred to
and dissipated within the substrate by a variety of chemical and physical processes. Surface
functionalization, adhesion promotion, molecular immobilization, enhanced surface
wettability, and improved biocompatibility are some of the possible and desired results of
those processes. The great advantage of plasma surface modification is that plasma
treatment only modifies the nearby substrate and does not change the bulk material.
Furthermore, almost every substrate geometry can be treated. Plasmas operating near room
temperature do not damage the biomaterials, which are in most cases heat-sensitive. The
broad range of possible plasma processes varying in treatment power and treatment time,
gas type, and pressure allows customized application in biomedicine. Hydrophilic and hy-
drophobic surfaces can be created on polymers through interaction with plasma. Hydro-
philicity refers to the physical property of a molecule or surface that can bond with water

or other polar solvents through hydrogen bonding. Hydrophobic molecules or surfaces tend

Necrosis is the death of cells in an organ or tissue, caused by disease, physical or chemical injury, infec-
tion, or inflammation.
Apoptosis is a type of cell death in which the cell uses specialized cellular machinery to kill itself.

12
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to be non-polar and thus prefer other neutral molecules and non-polar solvents. Hydropho-
bic molecules often cluster together in water, e.g. a drop of grease. Using oxygen to create
hydrophilic functionality increases the wettability of a surface. Furthermore, the active
oxygen species combined with UV-energy create a chemical reaction with the surface con-

taminants, resulting in their volatilization and removal from the surface.

BRINEN ET. AL [8] reported that contact lenses and intraocular lenses have been suc-
cessfully modified by plasma treatment to decrease bacterial adhesion and improve wet-

tability while enhancing patient comfort.

Improving adhesion between two surfaces is another common application. Good
adhesion requires strong interfacial forces. Plasma treatment has been employed to modify
the surface of metal implants for adhesion promotion to bone cements or to enhance cell

attachment and growth [9].

The surfaces of culture substrates, for example petri dishes, micro-carriers and
membranes can be modified by plasma treatment to improve cell growth, protein binding
or non-binding, improve hemocompatibility and cell-specific attachment by controlling the
chemical structures of the surfaces. Adding amine functional groups to a biomaterial which
encounters blood can improve hemocompatibility. The amine groups are attached by am-
monia plasma treatment. They act as hooks for anticoagulants, such as heparin, and thereby

decrease the thrombogenicity [10].

2.3 Carbon film deposition

Another potential application for plasma-needles is the deposition of thin films.
With emphasis on material coatings for biomedical applications, diamond-like carbon coat-
ings have drawn a lot of attention in recent years [11]. The term diamond-like carbon
(DLC) is often misused. It is an umbrella term referring to different forms of amorphous

carbon materials that display some of the properties of natural diamond.

2.3.1 Carbon layers for biomedical purposes

Carbon is the first element of the fourth group in the periodic table. It exhibits four
valence electrons and is the smallest atom of the fourth group. The four valence electrons
of the carbon atom can contribute to forming a crystal lattice in different ways. Depending

on whether all four, three, or just two electrons are hybridized, different lattice characteris-

13
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tics are obtained. sp’-hybridization (as in diamond) consists of four strong covalent G-
bonds in a tetragonal arrangement. The atoms arrange in a spatial lattice as shown in figure
1, giving diamond its high hardness. A sp’-hybridized carbon atom (as in graphite) has
three trigonal arranged G-bonds and one 7t-bond, which is based on van-der-Waals forces
and therefore significantly weaker. The atom network appears as a plane structure as seen
in figure 1. Although the bonds within a graphite layer are stronger than in diamond, the
forces between two graphite layers are comparably weak (m-bonds). Therefore, graphite
layers can slip over each other, making them smooth. Due to their electrical conductivity,
graphite layers are used in the electrical industry and for the sample preparation of scan-
ning electron microscopy. sp’ -Hybridization (as for example in polyethylene) means bond-

ing with two 6-bonds and two 7t-bonds, forming a linear chain.

© Fraunhofer IST

© Fraunhofer IST

Fig. 1: Crystal lattice of diamond (left) and crystal lattice of graphite (right)®

However, it is rather difficult and expensive to create pure diamond layers artifi-
cially and in many cases not necessary. Adding of hydrogen or metals reduces production
expenses but also alters the properties of the layer. Depending on its sp’, sp°, and hydrogen
content, coatings have a wide range of properties. In general, one can say that if the sp -
type is predominant the film will be softer, if the sp -type is predominant, then the film

will be harder. Figure 2 shows the ternary phase diagram of amorphous carbon.

By courtesy of Fraunhofer-IST, see appendix.
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GLCH

sp

Fig. 2: Ternary phase diagram of amorphous carbon’

The three corners correspond to diamond, graphite, and hydrocarbons, respectively.
Depending on the sp’ -content and H-content, DLC can be classified as summarized in

table 1.

Tab. 1: Classification of different diamond-like carbon films

Abbr. Name sp’- content | Hydrogen-
content
ta-C Tetrahedral amorphous carbon >60% 0%

PLCH | Polymer-like hydrogenous amorphous carbon film >40% Up to 70%

DLCH | Diamond-like hydrogenous amorphous carbon film <70% 20-40%

GLCH | Graphite-like hydrogenous amorphous carbon film <20% <20%

ta-C:H Tetrahedral amorphous carbon with hydrogen Up to 70% 25-35%

Bioimplants require a lot of special material properties: they should not cause infec-
tions or inflammations, prevent uncontrolled cell growth, maintain integrity inside the
body, avoid formation of debris, and be non-toxic and non-carcinogenic. Some applica-

tions also require hardness, wear resistance, and a low friction coefficient. These require-

! Graph and its description taken from Cinzia Casiraghi, John Robertson, and Andre C. Ferrari. Diamond-
like carbon for data and beer storage. In: Materials Today Jan-Feb 2007 / Vol. 10 / Number 1-2.
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ments can be conformed with special surface properties, since ultimately it is the implant’s
surface interacting with the surrounding cells and body fluids. Common materials that are
used for biomedical applications are titanium, 316 stainless steel, titanium nitride, cobalt-
chromium alloys, and nitinol alloys. However, there are some drawbacks that these materi-
als suffer from, for example, release of metal ions, corrosion, cytotoxicity, and wear. Since
the metal ions and other particles released from implants are suspected to trigger allergic
reactions, there is growing interest in less corrosive and inert biomaterials. Owing to its
tribological and mechanical properties, its high wear- and corrosion resistance, biocom-
patibility, and hemocompatibilityg, DLC has emerged as a promising material for ortho-

paedic, cardiovascular, dental, opthalmological, and urological applications.

LAUBE ET AL. [12] reported that covering of urological indwelling catheters with an
amorphous hydrogenous carbon (a-C:H) film reduced urinary tract infections significantly,
improved the handling, and caused less pain during replacement. Furthermore, in contrast

to uncoated stents, no encrustations of crystalline bacterial biofilms’ were observed.

There are publications discussing the impact of different DLC-coatings on contact
lenses [13, 14]. Depending on the kind of DLC-coating results comprise enhanced stabil-
ity, minimized UV-transmission, elongated lifetime, reduced antibacterial activity and
inflammatory processes, and a higher refractive index, which enables the reduction of the
lenses’ thickness.

Besides coating of artificial heart valves and pacemakers, which require hemocom-
patible, and in case of pacemakers also conductive surfaces for the leads, the main cardio-
vascular application is the modification of (coronary) stents. A stent denotes a metal tube
permanently inserted into an artery. It is used to reopen an artery suffering from atheroscle-
rosis and sustain sufficient blood flow. The main side effect of a stent-implantation lies in
its release of metal ions and its thrombogenicity. Both effects can be diminished with a
DLC-coating. It should be noted that the DLC-coating has to maintain its integrity during
expansion of the stent [15].

Orthopaedic applications include coating of the articular surface of prosthetic
joints. These surfaces must bear comparable high loads giving rise to wear and corrosion
due to exposure to synovial fluid. The debris formation as a consequence of the wear can

cause inflammation and finally lead to loosening of the implant. DLC with its high hard-

Hemocompatibility refers to the compatibility of non-physiological surfaces in contact with blood.
These biofilms can cause severe complications and microbial infections.
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ness, corrosion resistance, low frictional coefficient and biocompatibility offers a possible
solution for improving the present situation [16].

Current research focuses on the effects of incorporation of various elements to
DLC-coatings in order to obtain further improvements of the film’s properties. For exam-
ple, the incorporation of fluorine in a-C:H films that significantly reduced the throm-
bogenicity. Furthermore, the addition of silicon increased the substrate adhesion and re-

duced the film cracking [11].
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3 Plasma fundamentals

3.1 Plasma

Plasma is an electrically conductive gas containing charged particles. In general,
plasmas are generated by supplying energy to a neutral gas giving rise to the formation of
charge carriers. Electrons and ions are produced in the gas phase when electrons with suf-
ficient energy collide with neutral atoms and molecules in the carrier gas. This and other
collision processes occurring in a glow discharge will be discussed in chapter 3.1.1.
Plasmas can be divided into local thermodynamic (or thermal) equilibrium (LTE) plasmas
and non-local thermodynamic equilibrium (non-LTE) plasmas.

The temperatures of electrons, ions, and neutrals are not inevitably equal. If elec-
trons and ions have the same temperature, i.e. they are in thermal equilibrium, the plasma
is classified as thermal. The temperatures of the electrons and the heavy particles can reach
some thousand degrees Kelvin and high electron densities of 10*'-10*® m™ are observed
[17]. A typical example for such a LTE-plasma is an atmospheric arc. At lower pressure,
the electrons can gain much more energy than the ions and neutrals because of the greater
mean free path. Due to the low frequency of elastic collisions between electrons and atoms,
the electrons do not have much possibility to convey their energy to the background gas
atoms. In contrast to the electrons, which typically have an energy of several electron volts,
the temperature of the background gas does not exceed ambient temperature significantly.
Hence, these plasmas in non-thermal equilibrium are of specific interest for technological
applications. Typical applications for material processing are, for example, etching, clean-
ing, or coating. With increasing pressure the mean free path decreases, leading to more
frequent collisions between electrons and the heavy particles. Therefore, the electrons gain
less energy during their acceleration between the collisions but can convey this energy
more easily to the heavy particles. Figure 3 [18] illustrates this dependence between elec-
tron- and heavy-particle-temperature and pressure.

In order to generate non-thermal plasmas for technological applications the pressure
has to be reduced, which is achieved by using comparatively expensive vacuum technol-
ogy. Since reducing instrument and operating costs is always desirable, another approach
to generate non-thermal plasmas at high pressure is to decrease their size. If the discharge
volume is kept small, the comparable high surface can conduct the heat more easily to the

outside, and the gas heating is limited.
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Fig. 3: Dependence between plasma temperature and pressure

Furthermore, the choice of discharge gases influence the thermal properties of the
plasma since they differ in their specific heat conductivity. Table 2 lists the heat conductiv-

ity of the most common discharge gases.

Tab. 2: Heat conductivity of different gases

Gas Hydrogen | Helium | Oxygen | Nitrogen | Argon

Heat conductivity[W/(m - K)] 0.18 0.144 0.023 0.02 0.016

In order to ignite the plasma, the gas has to be ionized. When atoms of a gas are ex-
cited above a gas-specific energy level, the atoms loose hold of some of their electrons and
become ionized. This ionization can be achieved by applying an electric field to the gas.
Other options are the supply of thermal energy by use of an exothermic chemical reaction,
beams of neutral particles or adiabatic compression until the gas contains enough energy to
generate a plasma [18]. Plasma generation by means of an electric field can be divided into
direct current (DC) -, pulsed current -, radio-frequency (RF) -, and microwave discharges.
In case of an electric discharge, the necessary breakdown voltage is described by Paschen’s
law:

V=B p-d=const. (1)
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With V being the breakdown voltage, p the pressure, d the distance between the

electrodes and B a gas-specific parameter, which contains the ionisation energy.

4
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Fig. 4: Paschen’s curves for different gases

Figure 4 shows the Paschen graphs for the most commonly used carrier gases he-
lium, nitrogen, argon, neon and hydrogen. The minimum of each Paschen graph is of par-
ticular interest, since the breakdown voltage is smallest at this condition. With decreasing
pressure or electrode gap the breakdown voltage is increasing rapidly due to the higher
mean free path way of the electrons. This diminishes the probability of collision and thus
the creation of new charge carriers. With increasing pressure or electrode gap the break-
down voltage is also increasing. But in that case the mean free path way of the electrons is
reduced giving rise to much more collisions. However, the electrons are not able to gain

enough energy between two collisions that is necessary for further ionization.

3.1.1  Collision processes in plasmas

In principle, collisions between all possible pair permutations are occurring in a

discharge, i.e. all particles in a discharge collide with each other, regardless whether both
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or only one collision partner are positively or negatively charged or charge-less. Since the
collisions involving electrons are dominant in determining the behaviour of the discharge,

the discussion is focused on these processes.

Elastic collisions: If an electron is accelerated between two points of potential dif-

ference x Volts, then by definition it gains x electron volts or x eV of kinetic energy with e

being the electron charge of 1.609-10"" Coulomb. In case of an elastic collision, the ki-
netic energy of the colliding particles is conserved. Since the mass of an electron compared
to the mass of any atom is some degrees of magnitude smaller the transfer of energy is
negligible. Hence, the colliding atom is unaffected and the electron just changes direction

without changing its speed significantly. All other types of electron collisions are inelastic.

Ionization: The most important collision process in sustaining the glow discharge
is electron impact ionization. The external electric field accelerates a primary electron

which then collides with an atom, removing one of its electrons:
¢ +He —2e¢ +He" 2)
Both electrons can then be accelerated repeatedly until they can produce new ioni-

sation. In order to remove the most weakly bound electron of a gas atom a minimum en-

ergy level is required. This ionization potential differs from gas to gas.

Excitation: If the colliding electron does not have sufficient energy for ionizing the
atom, the collision may end up with what is termed excitation. Absorbing just a quantum
of energy, an electron is enabled to jump to a higher energy level within the atom. As
expected, the threshold for excitation, the excitation potential, is somewhat smaller than for
ionization since the electron is not able to completely loose hold of the atom. The
excitation potential differs from atom to atom. The excited atom is conventionally

represented by an asterisk superscript:

e +He— He +e” 3)

The primary electron looses energy equal to the excitation potential. Some excited

atoms have very long lifetimes and are therefore termed metastables excited atoms ore just
metastables.

The inverse process of excitation is called relaxation. The excited state of an atom

is rather unstable. Therefore, the electron configuration soon returns to its initial state by
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emission of a photon. The energy difference between the excited and the initial state corre-
lates linearly with the frequency of that emitted photon according to the following equa-
tion:
E=h-f @
with E being the energy, i the Planck quantum of 4 =6.626-10""Jsand f the fre-
quency. Since the quantum level of energy is different for each atom, optical emission
spectroscopy is very useful for detecting and determining the presence of various atoms in
the glow discharge.

The inverse process of ionization is recombination. An electron reunites with a
positive ion forming a neutral atom. It is essential for sustaining the glow discharge that the
ionization rate is higher than the recombination rate.

Dissociation is the breaking apart of a molecule. A nitrogen-molecule, for example,
can be dissociated into two nitrogen atoms. Dissociation can occur by electron impact with

energy in excess of the bond strength in the molecule.

e +N,—>e +2N &)

The reaction products are generally more reactive than the parent molecule. Thus,
dissociation results in an enhancement of chemical activity of the plasma. This mechanism
is utilized for the deposition of thin films via plasma-enhanced chemical vapour deposi-
tion. The hydrogen and carbon containing precursor gas molecules are dissociated and the
new formed species eventually deposit on the substrate forming a thin layer.

In contrast to the noble gases which already have a completely filled outer electron
shell, halogens have high electron affinities. Therefore, there is a possibility that an elec-
tron colliding with a halogen atom might form a negative ion. This process is termed elec-

tron attachment.

3.1.2 Common regimes for driving a plasma

As mentioned in chapter 3.1 there are several methods for the generation of plas-
mas. However, the most commonly used method is applying an electric field to a neutral
gas. The following chapter comprises a further detailed description of two different ap-

proaches.
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3.1.2.1 Microwave regime

The frequency in the microwave range that has been reserved by the International
Telecommunication Union (ITU) is 2.45 GHz with a corresponding wavelength in vacuum

of A =12.24 cm . In order to minimize distortion of broadcasting signals, specific frequen-

cies have been reserved for scientific, technical, and medical purposes. Other than 2.45
GHz are, for example, 13.56 MHz and its higher harmonics (27.12 MHz, 40.68 MHz, and
54.24 MHz). In contrast to RF, the microwaves are not transmitted by means of a coaxial
cable but by (rectangular) waveguides. These allow a higher power transmission. One di-
mension of the cross-section has to be shorter than the wavelength of the frequency that
has to be transmitted. Hence, the electromagnetic waves only match the waveguide when
propagating in a zigzag movement directing towards the tube to the load. Due to the
quickly changing electric field the amplitude of the electron oscillation is very small. High

energy densities are achievable with microwave discharges.

During this work preliminary experiments with microwave-generated plasmas were
performed. The figures (5-7) below depict different development stages. The initial device
consisted of an approximately 8 cm long stainless steel cylinder with an inner diameter of
10 mm. The cylinder acted both as ground and as shield against the microwaves. The de-
vice was driven by a Switching Power Generator SM 445 by Alter Power Systems. A cop-
per antenna with a diameter of 3 mm was inserted and connected to the microwave port.
Helium was flooded into the inter-electrode space. To prevent excessive heating the cylin-

der was water-cooled.

Fig. 5: Preliminary experiments with microwaves
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With an additional insulation of the copper electrode arcing was prevented and

thereby the device could be operated with more forward power giving rise to the formation

of a plasma jet as seen in figure 6.

Fig. 6: Microwave driven plasma-jet formation at higher power

A stainless steel rod protruding from the grounded cylinder, which was surrounded
by a Plexiglas tube to channel the helium flow, enabled the generation of the plasma out-

side of the cylinder as presented in figure 7.

Fig. 7: Microwave generated plasma protruding from the cylinder

However, due to the protrusion from the shielding cylinder the electromagnetic ra-
diation increased significantly. Therefore, it was decided to use radio-frequency as excita-
tion source due to the fact that radio-frequency is less dangerous and more easily manage-

able than microwaves.
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3.1.2.2 Radio-frequency (RF) regime

RF-driven plasmas can be divided into capacitively coupled plasmas (CCP or
‘E’-discharges) and inductively coupled plasmas (ICP or ‘H’-discharges). The simplest
way to accomplish an ICP is by surrounding the discharge volume with a coil. The chang-
ing magnetic field of the RF-current induces an electric field in which the plasma electrons
are accelerated. ICPs can achieve electron densities in the range of n, = 102 ¢cm™ [18] One
of the advantages of ICP-discharges is their ability to operate with insulated or external
electrodes avoiding reactive processes with metal electrodes. Furthermore, RF-sources can
be operated over a wide range of pressure. Typical applications are thin film deposition

and plasma etching.

Type ‘E’-discharges are capacitively coupled electrodes carrying a high-frequency
signal. The neutral gas between the electrodes acts as a dielectric. The electrodes may be in

direct contact with the discharge or can be insulated from it by another dielectric. Electron
densities of about n, =10’ —10""cm ™ [18] are usual. A specific characteristic of CCPs is

the self-biasing, a negative dc potential between the powered electrode and the plasma. In
many applications the chamber of the recipient acts as grounded electrode and is therefore
larger than the powered electrode. But the currents from the plasma to both electrodes have
to be equal. The higher current density at the smaller electrode requires a higher voltage.

Hence, the asymmetrical configuration of the electrodes’ surfaces results in a bias voltage.

Above certain frequencies in the Megahertz range the transmission line becomes of
comparable dimension to the signal wavelength. Thus, matching networks are necessary in
order to match (or tune'®) the output impedance of the generator to the load. A matching
network consists of variable capacitances and inductances. Depending on their spatial con-
figuration (connected in series or shunt) they can be divided into ‘L’-type, ‘m’-type, and

“T’-type networks.

If the load is perfectly matched, the generator will work at highest efficiency lead-
ing to a maximized power coupled to the load. The term load encompasses everything
physically arranged in-line downstream the matching network, i.e. cables, the (vacuum)
chamber, and the plasma itself. A mismatch of load impedance to the characteristic imped-
ance Z causes reflected power. A common misconception about power reflection is that

the reflected power bounces back to be absorbed by the generator. In fact, reflected power

' Tuning implies impedance matching by varying the frequency.
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is just the phase shift between the generator’s output voltage and output current. Due to
this phase shift the generator has to excite additional voltage and current in order to deliver
the same load power as in a matched situation. Usually, the output impedance Z of a gen-
erator is set to 50 Q which is equal to the characteristic impedance Zj of common transmis-
sion lines / coaxial cables. A coaxial cable consists of an inner current carrying conductor
and a grounded outer conductor acting as return path and shield. Both are separated by a
dielectric. In RF-applications the electromagnetic waves propagate in the transverse elec-
tric and magnetic mode (TEM). This implies that the electric and magnetic field lines are
perpendicular to each other and to the direction of propagation. Like every real element in
a circuit, coaxial cables exhibit a certain resistance R’, inductance L’, capacitance C’, and
conductance G’ per (infinite) unit length. Figure 8 illustrates the schematic of these ele-

mentary components of a transmission line.

L R’
o—il

Fig. 8: Equivalent circuitry of a coaxial cable

When R’ and G’ are negligible small it can be shown that Zyis given with

I
Zy= \/g (6)

Typical values for L’ are 125 nH/m and 50 pF/m for C’, respectively. Calculating

Zy for these values results in:

L 125-10°H -1m
ZO(Iength:lm) = E = \/ 501012F 1Am =50Q (7)

Thus, the characteristic impedance Z, of a transmission line is not dependent on its

length but on its internal dimensions.

In order to achieve a matched situation the reactive part X of the load impedance

Z1= R+jX has to be cancelled out by adding its conjugate complex Z = R-jX, which is done
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by the matching network. It transforms the load impedance to 50 Q. It should be men-
tioned that the input impedance Z;, seen by the matching network depends on the cable
length between matching network and vacuum chamber. The input impedance Z;, of the
Z, + jZ, tan(fl)

matching network is given asZ, =Z, :
Z,+ jZ, tan(fl)

with Z, as characteristic imped-

ance, Z; load impedance, [ the cable length and /3 the imaginary part of the propagation
constant. Thus, the electromagnetic waves can travel down the complete transmission line
from the generator to the load without experiencing any change of impedance that would
cause reflections, similar to an acoustic wave that is partly reflected leading to an echo

when it changes the medium.
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PART 11
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4 Experimental procedures and tools

4.1 Experimental setup

Preliminary experiments have been conducted in order to attain a better understand-
ing of the mechanisms and the behaviour of atmospheric pressure plasma devices. The
initial device consisted of an approximately 8 cm long stainless steel cylinder with an inner
diameter of 10 mm connected to ground. Copper antennas of various diameters were in-
serted into this cylinder and were supplied with a RF-signal. Helium was inserted to the
inter-electrode space. It was observed that the gap due to the different antenna diameters
influenced the impedance of the setup significantly. The coaxial configuration acts as a
capacitance: decreasing the inner diameter reduces the capacitance, but increases the reac-
tance. Thus, the impedance of the device exceeded the range of the matching network. Us-
ing an antenna with a diameter of 8 mm (thereby reducing the gap to 1 mm) enabled the
observation of further behavior: the plasma was created in the complete inter-electrode
space, but not protruding from the nozzle forming a plume. At higher power filamentary
arcs arose. This could be explained with a homogenous electric field distribution between
the RF-driven antenna and the ground. The electromagnetic waves at 13.56 MHz'" are
more than two orders of magnitude longer than the nozzle itself. Therefore, the potential
drop between electrode and ground can be considered equal on the total length. The fila-
mentary arcs arose due to a glow-to-arc transition at higher power. The following conclu-

sions for constructing a new plasma-needle device were drawn from these observations:

* A more or less unipolar electrode-configuration with a protruding antenna and the

surrounding acting as ground is necessary to create a plasma plume.

e A sharp electrode tip increases the local electric field and thereby facilitates the

plasma ignition.

¢ The dimensions of the device have to be chosen carefully in order to remain within

the range of the matching network and to obtain a non-thermal plasma.

e Shielding of the discharge gas from the electric field prevents undesirable

discharges.

" The wavelength (in vacuum) at 13.56 MHz is A=22.12 m.
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A valid solution to meet all these requirements was then constructed. The complete ex-
perimental setup can be described as follows: The RF-signal was generated by a Cesar' ™
Generator Model 1310 of Advanced Energy which was connected to a Dressler Vario-
match VM1000 matching network. The VM1000 had a L-shaped topology consisting of
two Comet CVBA-500BC capacitors and a main- and shunt inductor. Unfortunately, the
minimum output power of the generator with guaranteed accuracy12 was limited to 10 W.
Unless stated otherwise, all power declarations are delivered power to the load as read off
the generator’s display, i.e. forward power minus reflected power. RF-power was transmit-
ted to a stainless steel capillary by means of a RG 58 coaxial cable. The outer and inner
diameter of the capillary was 1.1 mm and 1.0 mm, respectively. The capillary was sur-
rounded by a dielectric made of polytetrafluoroethylene which itself was surrounded by a
stainless steel cladding acting both as ground and as shield. The capillary protruded from
the stainless steel cladding by 3.3 mm. All dimensions are visualised in figure 9 and the

device is schematically shown in figure 10.

1,10

9,60

3,30

4,05

3,50

Fig. 9: Schematic sketch of the plasma-needle

This type of device can be used in twofold ways: as a plasma generator for activa-
tion and as a coating tool. In the latter case both the carrier and reactive gas were inserted
to the capillary from the back of the device. For thin film deposition, cyclohexane was
added to the discharge gas. The vapour pressure of cyclohexane is given with 104 hPa at
20° C." Therefore, a liquid and a vapour phase coexist in a volume at atmospheric pres-
sure and it was not necessary to heat the liquid cyclohexane in order to increase its vapour

pressure.

2 User Manual Cesar™ Generator Model 1310, chapter 3-5.
B Source: http:/de.wikipedia.org/wiki/Cyclohexan
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-4+— Helium

Fig. 10: Schematic sketch of the device and its electrical connection™*

A simple bypass as shown in figure 11 was used to mix the helium with the cyclo-
hexane vapour. Opening and closing the bypass-valve regulated the content of cyclohexane
in the mixtures. Within the scope of this work only two different valve positions were
used, completely and partly open. The resulting admixtures were calculated in the follow-

ing chapter.

Helium —» — Jo needfe

;?g?{?:@:

Bypass-valve

Fig. 11: Schematic of the gas flow

In order to deposit DLC layers, a carbon source is required. Usually, liquid or gase-
ous hydrocarbons are used. These can be saturated (without double bonds), like methane,
ethane, propane, butane, cyclohexane or unsaturated (having double or triple bonds) like
ethylene, benzene and acetylene. Besides physical properties they differ in hydrogen-to-
carbon ratio, carbon chain length, and hybridization of the carbon atoms. The hydrocar-
bons are dissociated in the plasma into smaller carbon species which then deposit on the
substrate and form a layer. SCHWARZ-SELLINGER ET AL. [19] showed that the precursor gas

influences the properties of a deposited thin film. The unsaturated hydrocarbons lead to

4 Sketches were drawn with Autodesk Inventor Version 9.
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films with higher density, lower hydrogen content, and a higher refractive index than satu-

rated hydrocarbons.

Fig. 12: Pure helium plasma at 25 W

In this work cyclohexane (C¢H,) was used solely as precursor gas. It is comparably
easy to handle and does not require many precautions. Depositions were conducted under a
fume hood. The admixture of cyclohexane gave rise to a colour change of the plasma
plume. It turned from a bright purple (see figure 12) to a pale white-grey (see figure 13).

Furthermore, with increasing cyclohexane content the plume size diminished.

Fig. 13: Helium plasma with admixture of 35 sccm cyclohexane at 25 W
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4.1.1 Estimation of the cyclohexane content

In order to estimate the content of cyclohexane in the gas mixture flow, a simple
difference measurement was conducted. The mass of the volume containing the liquid
cyclohexane was weighted. Afterwards, the plasma was ignited with standard helium flow
while the valve of the cyclohexane-bypass was completely opened. Since this method of-
fers only a rough impression of the used cyclohexane, the measurement time was set to one
hour to increase accuracy. Afterwards, the volume and the cyclohexane were weighted

again. A loss of m =7.8 g was calculated. The difference is due to vaporization of the lig-

uid cyclohexane. Cyclohexane has a molar mass of:

8
MCvclohexcme = 84 16 g ( )
’ mole
The total amount of substance per hour then is:
n= == & =0.0927 mole ) ©
M g
84.16
mole

The relationship between the amount of a substance given in mol and the quantity
of molecules N is given as:

N=N,-n (10)

N4 being Avogadro’s number, the quantity of cyclohexane molecules in case of a
completely opened bypass-valve is N =5.582-10* per hour and N =9.303-10* per min-
ute, respectively.

The volume of one mole of an ideal gas is V =22.414] b Assuming that the va-
pour of cyclohexane would be an ideal gas, the volume of the above calculated amount of

cyclohexane is:

V(0.0927 mole) = 2.0781 or 34.63sccm (11)

with sccm denoting standard cubic centimetre per minute.
The same measurement was conducted a second time with the bypass-valve not

completely but partly open just until the content of cyclohexane in the gas mixture gave

'3 Calculated following the ideal gas law p-V=n-R-T with p=1.01325-10° Pa, T =273.15K ,
and R=8.314472J -mol™ - K.
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rise to a visible change in the colour of the plasma plume. The corresponding calculations

are shown in table 3.

Tab. 3: Calculation of cyclohexane content

Valve completely open Valve partly open
Mass difference [g] 7.8 1.5
Amount of substance [mole] 0.0927 0.0178
Molecules [/27'] 5.582-10% 1.072-10%
Volume [1] 2.078 0.399
Volume [sccm] 34.63 6.65

Since the content of cyclohexane is depending on both the overall helium flow —
which is unknown — and the opening of the bypass-valve, these results can only be consid-
ered as rough calculations. Furthermore, in case of the partly opened valve there is no pre-
cise repeatability given. Thus, the content of cyclohexane in the gas mixture was consid-

ered as 35 sccm and 7 sccm, respectively.

4.2 Plasma diagnostics

4.2.1 Voltage and current measurements

Besides non-invasive spectroscopic techniques, the measurement of voltage and
current offers the possibility to characterize the plasma properties, mainly the plasma im-

pedance and the coupled power. The power P is given as:
1 T
P=?£U(t)-l(t) (12)

with U being the voltage, I the current and T the oscillation period. Furthermore,
having the phase difference between voltage and current, the impedance Z can be calcu-
lated. The impedance Z consists of a resistive and a reactive part.

The reactive part of the impedance can consist of an inductance L and a capacitance

C which are both dependent on frequency f.

, 1 (13)
Z=R L ———
+ j(@ a)C)
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Additionally, one can obtain information about the breakdown voltage, i.e. the volt-
age necessary for plasma ignition. In contrast to Langmuir probes, which will be presented
in the subsequent chapter, the current and voltage probes are not immersed into the plasma,
but connected only to the transmission line. Due to the power dissipation of the matching
network and the transmission lines, which are placed in line between the generator and the
load, the power measurement of the RF-generator is not reliable. Therefore, a self-made
power meter was connected between the matching network and the load being the capillary

(see figure 14) [cp. 20].

Fig. 14: Self-made power meter

The power meter was positioned between the matching network and the load. It
consisted of a Pearson™ Current Monitor Model 2877 from Pearson Electronics, Inc. and
a passive high voltage probe P5100 from Tektronix. Both probes were connected via 50 Q
coaxial cables to a LeCroy 9314M oscilloscope. Preliminary experiments revealed that a
high voltage probe with an attenuation factor of 100 is required in this case. The current
monitor is basically a Rogowski coil'®. The outer conductor of the coaxial cable whose
current was to be measured was stripped and the conductor was aligned in the centre of the

coil. The voltage induced in the coil is proportional to the current in the conductor. Since
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the coil has an air core, the inductance of the probe was negligible. The rise time was 2 ns
as provided by the manufacturer. The P5100 has an attenuation factor of 100 and a circuit
loading of R, =10MQ andC,, <2.75 pF . The circuit loading of the voltage probe is
strongly dependent on the frequency. The probe can be represented by a resistance

mounted in parallel with a capacitance as depicted in figure 15.

O

Cp. | | Ry,

O

Fig. 15: Schematic of the voltage probe

The probe impedance is then given as:

Zo = ! 1 (14)
Jo-Cpp+——

PR

This can be written in the Laplace domain with s = j& as:

ZPR(s)zL (15)
Tpp - S+1

with the time constant

Tpp = Rpp - Cpp =10-10° Y 27510725 97510, (16)
A Vv
The phase angle p,, of the probe is given as:
Im(Z,;)
=arctan| ————= |=arctan(—7,; - @
Prr ERe(ZPR (=Tpp - ) (17)

At 13.56 MHz (@ =85.2-10°s™"), the |Z,,| is reduced from its dc value of 10 MQ to

|Z o (5)] = 4266 © (18)

' Named after its inventor Walter Rogowski. Electrical device for measuring alternating current based on

mutual inductance.
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This reduced small impedance value implies that the voltage probe is affecting the

electric circuit and therefore must be taken into account for further calculations.

4.2.1.1 Probe calibration

The measured phase shift between voltage and current was falsified. The cables
which connected the current and voltage probe to the oscilloscope had different lengths.
The cable length of the voltage probe was 3.1 m, the one of the current probe 1 m. This
difference induces a time delay. This signal delay is dependent on the frequency and the

cable length difference. The phase shift resulting from this error can be calculated as:

Ap =360°-f At (19)
with f denoting the frequency and At the signal delay, which itself can be calculated as

petd @
C

with Al denoting the difference in cable lengths and c the speed of light. This results
in a phase shift of 16.27° at 13.56 MHz per meter cable difference. This resulted in a nec-
essary correction of the phase shift of:

deg 21)

Ap =(=2.1m)-16.27 == = (-34.2°)

m

The complete electric circuitry consisting of the RF-generator, the matching net-
work, the plasma-needle and the voltage probe is shown in figure 16. The matching net-
work is represented by its load-capacitor and —inductor C; and L, and its tune-capacitor
and —inductor Cr and Ly, respectively. Cy and Ry represent the impedance of the needle
consisting of a resistive and capacitive part. The attachment of the voltage probe adds con-
siderable impedance to the circuitry. Therefore, its impedance was taken into account in
terms of the capacitance Cp, and Rp,. To simplify this model, it was assumed that the
ground lead of the voltage probe has a negligible inductance. The self-made power meter
was connected to the circuitry and the altered load impedance was compensated by the

matching network.

37



Experimental procedures and tools

__________________________________

__________________________________

Matching network

Fig. 16: Schematic of the electric circuitry with attached voltage probe

4.2.2 Langmuir probes

Although Langmuir probes are of inestimable aid for characterizing low pressure
plasmas, they are less helpful in case of atmospheric pressure plasmas. Langmuir probes
are common diagnostic tools to obtain information about electron density, ion density,
floating potential, plasma potential and electron temperature. In principle, a Langmuir
probe consists of a conductor which is connected to a variable-voltage supply that is in-
serted into the plasma. As soon as this conductor is suspended in the plasma it will be
struck by electrons and ions with charge fluxes. As a result of the higher velocity and
lower mass of the electrons, the electron flux is much larger than the ion flux. Therefore, if
the conductor is isolated, it immediately starts to build a negative charge, or in other words,
a negative potential with respect to the plasma. This potential is called floating potential
&y.. The potential of the undisturbed plasmas is termed plasma potential &,;. Dependent on
the potential difference between probe and plasma that can be manipulated by the voltage-
supply, charge carriers are attracted to (or repelled from) the probe resulting in an electric
current. This resulting current is dependent on the geometry of the probe and the plasma
density, potential and temperatures. A typical Langmuir probe characteristic is shown in
figure 17. It can be divided into three parts which are separated by the above mentioned
floating- and the plasma potential &, and @, . If the probe is biased very negatively with
respect to the plasma potential, the electric field around the probe prevents electrons from
reaching the probe. The current collected by the probe is than only due to positive ions,
thus it is called ion-saturation current ;. Increasing the probe potential enables more and
more electrons to overcome the electric field and contribute to the current. The floating

potential is given for /(P ;) = 0. At this voltage the currents of positive and negative parti-

cles on the probe are equal.

38



Experimental procedures and tools

Fig. 17: Typical Langmuir probe characteristic

If probe and plasma potential are equal, there is no electric field between the probe
and the plasma. The particle collection at the probe then occurs only due to the thermal
velocity of the particles. Since the electron thermal velocity is greater than that of ions the
collected current is mainly due to electrons. This current is termed electron-saturation cur-
rent I,,. Between the ion- and electron saturation one can find the retarding field which

gives information about the energy distribution of the electrons [21].

Experiments were executed with a self-made Langmuir-probe system. The obtained
results were not comparable to typical characteristics as presented above and did not allow

any reasonable calculation of plasma properties.

Unfortunately, the basic assumptions that underlie the interpretation of Langmuir-
probe characteristics become critical at atmospheric pressure [22]. Furthermore, — in con-
trast to DC-discharges — the plasma potential in RF-excited plasmas is varying over time,
influencing the measurement and leading to a wrong plasma potential interpretation [23].
Basically, there are two methods to overcome this problem, active and passive RF-
compensation. Active compensation works with an externally generated signal matched in
phase and amplitude which is superposed to the probe’s RF-signal. Passive compensation
denotes filtering of RF-distortions by means of band filters [24]. Finally, invasive methods
are rather inappropriate for small-sized plasmas since every invasion disturbs the plasma

and thereby influences the measurement.
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4.2.3  Optical emission spectroscopy

The optical emission spectroscopy (OES) is a non-invasive diagnostic method that
allows the investigation of atoms, ions and molecules within a plasma. It is a widely used
diagnostic tool for the analysis of plasmas and even more valuable for the characterization
of small-sized plasmas since those plasmas are very sensitive to invasive diagnostics. The
use of OES in the diagnosis of low density, low temperature plasmas has been ubiquitous
and has yielded a lot of information about the properties of materials within the plasma. As
mentioned in chapter 3.1.1 , the energy difference between an excited- and a ground state
atom in a plasma is transformed by an emission of a photon. The dependence between the

energy of the photon and its frequency is given with:

—F _F —}h. 22
AE=E, Eg =h-f (22)
The corresponding wavelength A can be derived from the frequency as:

L_c (23)

f

The obtained spectra allow the classification of the atoms and molecules present in
the plasma. The spectra of samples containing many elements can be very congested, and
spectral separation of nearby atomic transitions requires a high-resolution spectrometer.
The incoming light is divided into wavelengths by means of a monochromator and subse-
quently detected and transformed into an electric signal. There are several methods for
detecting the emission, namely photomultiplier tubes (PMT) and detectors based on semi-
conductors as charge coupled devices (CCD), charge injection devices (CID) or photodi-
ode arrays (PDA). All four systems are based on the photoelectric effect. In a photomulti-
plier tube, electrons are relieved from the surface and emitted due the incoming photons.
This is termed photoemission. Semiconductor-based detectors take advantage of the inner

photoelectric effect: electrons are excited to the conduction band of the semiconductor.

4.3 Surface modification experiments

4.3.1 Contact angle measurements

Contact angle measurements offer an easy possibility to determine surface energy,
i.e. whether a surface has a hydrophobic or a hydrophilic character. Surface energy is the

combination of non-polar and polar energy. Non-polar energy exists between all mole-
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cules, whereas polar energy exists only when polar groups are present. Therefore, a surface
treatment with a plasma containing polar groups (for example OH") can increase the sur-
face energy and make the surface more hydrophilic, whereas, for example, a plasma-

deposited fluorinated DLC-film is one possibility if a more hydrophobic surface is desired.

Surface energy is always positive since energy is required for the disruption of
chemical bonds. Thermodynamically, the most stable steady state of a system is the one
containing the lowest energy. Thus, each system has the ambition to avoid surfaces with
high surface energy or to minimize them. From this it follows, that materials with high
surface energy are easily wetted by materials which have lower surface energy, but not
conversely. Water has high surface energy by nature; it is polar and forms hydrogen bonds.
Depending on the surface energy of its counterpart water will wet a surface or not and
therefore, surface energy is in the majority of cases quantified using contact angle meas-
urements: a droplet of (deionized) water is poured on the substrate. The three different
phases balance at thermodynamic equilibrium at the edge of that drop. Denoting the solid-
liquid energy as Eg;, the vapour-liquid energy as Ey;, and the vapour-solid energy as Eysg,

the interfacial energies satisfy the following (known as Young’s) equation in equilibrium:
E +cos@-E, =E (24)

The angle 0 is measured as presented in figure 18.

En

Vapor
phase

Liquid phase

Fig. 18: Droplet on a surface forming a contact angle

The higher the surface energy of the solid, the lower is the contact angle. Surfaces
exhibiting contact angles between 10° to 30° are considered as hydrophilic, whereas con-
tact angles between 70° to 90° are awarded to hydrophobic surfaces. Furthermore, there are
surfaces on which water droplets form contact angles almost up to 180°. These surfaces are

termed superhydrophobic. A typical example is the leaf of the Lotus flower. Their super-
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hydrophobicity is due to little protuberances giving rise to a rough surface. Hence, the hy-
drophobicity of surfaces is affected not only by the chemical composition but also by their

roughness.

4.3.2 Enzyme-linked immunosorbent assays (ELISA)

As mentioned in the introduction plasma treatment can be used to improve protein
binding on culture substrates. One example for those culture substrates are microtiter plates
for Enzyme-Linked Immunosorbent Assays (ELISA). ELISA are common biochemical
diagnostic tools for detecting proteins, viruses, hormones, toxins or pesticides in a sample.
The idea of an ELISA is based on the specific bonding of antibodies for a particular anti-
gen. In simple terms, an unknown amount of antigen in a sample is immobilized on a sur-
face. This can be done either with physical or chemical methods. Normally, this is done
non-specifically via adsorption to the surface which is a physical method. The advantage of
this approach is its simplicity, since no additional chemicals are required. The major disad-
vantage is the weak interaction between the surface and the molecule giving rise to low
chemical and physical stability. A particular antibody is washed over the surface that then
bonds to the antigen. This antibody is linked to an enzyme. Adding a chemical, which is
converted by an enzymatic reaction to a light signal, allows the quantification of the anti-

gen.

An improved adhesion between the antigen and the surface of the microtiter plate
could increase the threshold and thereby reduce the amount of necessary antigen. Thus, a
microtiter plate was treated with the plasma-needle as shown in figure 19. Afterwards, an
ELISA was conducted. The microtiter plate was incubated overnight at 4 °C with immu-
noglobin G (IgG) — containing phosphate buffered saline (PBS), a common buffer solution
in biochemistry. The parent solution was diluted in order to obtain different IgG-
concentrations for the different rows on the microtiter plate. Subsequently, the standard
procedure of an ELISA was conducted, i.e. manifold rinsing, blocking, and incubating for
30 minutes with — in this case — Avidin-peroxidase (Sigma Aldrich A3151). Finally, hy-
drogen peroxide and ABTS'” as co-substrate were added and the absorbance at 405 nm
was measured twenty minutes later. The peroxidase which is bound to the IgG catalyzes

the reaction of the hydrogen peroxide with ABTS:

7" ABTS refers to 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid, a co-substrate with H,0,,

42



Experimental procedures and tools

ABTS + H,0,————> ABTS" + H,0 (25)

Peroxidase

The oxidized form ABTS" is green and has an absorbance maximum at 405 nm
which can be detected with a spectrophotometer. Thus, the more IgG is attached to the
wells, the more Avidin-peroxidase can be bound. The more peroxidase is bound, the more

ABTS can be converted to ABTS™ and the higher is the measured absorbance.
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Fig. 19: Plasma treatment of microtiter plate

4.4 Carbon film deposition

4.4.1 Profilometry

There are several methods to determine the thickness of a deposited film. On the
one hand there are optical methods, like ellipsometry and interferometry, on the other hand
there are mechanical procedures, like profilometry. In this work, thickness has been meas-
ured with profilometry. The profilometer (Dektak8 Advanced Development) takes meas-
urements electromechanically by moving a diamond- or silicon-tipped stylus over the sam-
ple. The gantry moves the stylus according to the programmed scan length, speed and sty-
lus force. As the scan drive moves the stage and sample, the stylus rides over the sample
surface. Surface variations cause the stylus to be translated vertically. Electrical analog

signals corresponding to the stylus’ movement are produced, which are converted to a digi-
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tal format through an analog-to-digital converter. The digitized signals are processed by

the software that visualizes the results as two- or three dimensional plots.

Common applications of such profilometers are found in the semiconductor indus-
try, for example for thickness and roughness characterization of thin- and thick-film coat-
ings or wafers, stress calculations in thin films or measurement of etch and trench depths.
Optional super-sharp styli with radii down to 0.2 pm allow measurements which require
high horizontal resolution of soft films. Stylus forces down to an equivalent of 0.03 mg
offer scratch-free measurements. The stylus that was applied in this work has a radius of 5

um, the stylus force was set to 3 mg. Figure 20 shows the stage of the profilometer.

Fig. 20: Sample loaded on profilometer

4.4.2 Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful tool for identifying
types of chemical bonds in a molecule by producing an infrared absorption spectrum. By
interpreting that infrared absorption spectrum, the chemical bonds in a molecule can be
determined. Both organic and inorganic chemicals can be identified with FTIR. While or-
ganic compounds have very rich, detailed spectra, inorganic compounds are usually much

simpler. Examples'® of such spectra are presented in figure 21 for lead nitrate and glycer-

' Source: http://webbook.nist.gov/cgi/cbook.cgi?ID=B6000533& Units=SI&Mask=80#IR-Spec ~ and
http://webbook.nist.gov/cgi/cbook.cgi?ID=C56815&Units=SI&Type=IR-SPEC&Index=1#IR-SPEC
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Fig. 21: Typical FTIR spectra of lead nitrate (upper) and glycerine (lower)

Pure compounds normally reveal such unique FTIR spectra, like molecular finger-
prints. Furthermore, since the intensity of the absorption is proportional to the concentra-
tion of the molecule FTIR can be used for quantitative analyses in unknown mixtures. The

analysis of solids, liquids, and gases is possible.

The vibration of molecular bonds depends on the elements forming the bond on the
type of bond. For any given bond, there are several specific frequencies at which it can

vibrate. These frequencies correspond to the ground state at the lowest frequency and sev-
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eral excited states at higher frequencies. The absorption of light energy results in an in-
creased molecular vibration. For any given transition between two states, the light energy,
which is determined by the wavelength, must exactly equal the difference in the energy
between the ground state E, and the excited state E :

E —E,=h- (26)

~|a

with & denoting the Planck’ quantum, c the speed of light, and / the wavelength of
light. FTIR has some advantages over common infrared spectroscopy. In contrast to the
latter, each data point of the interferogram contains information about the complete spec-
trum and the amount of data points is affecting the resolution of the spectrum. This is
called Fellgett- or multiplex advantage. Furthermore, no slit in the apparatus reduces the
intensity of the beam. Assuming that the optical losses due to the mirrors and the lenses is
negligible, an interferometer’s output will be nearly equal in intensity to the input intensity,
thus enabling an easier detection of the signal and improvement of the signal-to-noise ratio

(Jacquinot advantage).
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Fig. 22: Schematic illustration of an FTIR spectrometer



Experimental procedures and tools

A schematic setup of an interferometer is presented in figure 22. The light beam
from the source is split into two beams of equal intensity. One beam is directed to a fixed
mirror and acts as reference, whereas the other is directed to a moving mirror, which intro-
duces a time delay. Both beams are recombined afterwards and interfere. If the distance Ax
of the optical path is equal or a multiple of the wavelength A (Ax=n-A4 with n= 0, 1,

2,...,), the beams interfere constructively as exemplified in figure 23.

Fig. 23: Constructive interference of two beams

The superposition of two beams for a distance Ax different than a multiple or a half

wavelength is presented in figure 24.

Fig. 24: Superposition of two beams

If the distance differs half a wavelength (Ax=(2-n+1) '%), the beams interfere

destructively (see figure 25).
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Fig. 25: Destructive interference of two beams

Figure 26 depicts three light beams of different wavelengths, that are in phase for
Ax=0.
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Fig. 26: Three light beams of different wavelength

Since the light source is emitting polychromatic light, the described interference ex-
ists for every wavelength. Correspondingly, the intensities of all different interferences

superpose. This is exemplified in figure 27 for three different wavelengths.
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Fig. 27: Superposition of three light beams

One can find the maximum for x =0 at which all three waves are in phase. If the

interferogram of the complete spectrum is recorded, this so-called centerburst is even more
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evident. When the interferogram signal is transmitted through or reflected by the sample
surface, the specific frequencies of energy are absorbed by the sample due to the excited
vibration of functional groups in the molecules. Thus, the signal measured by the detector
is not the absorption spectrum but the IR-intensity as a function of the discrete position of
the mirror. Hence, the absorption spectrum (in the frequency domain) can be calculated
from this interferogram (in the time domain) using Fourier transform. The results can also
be given as transmittance spectra. The dependence between absorption A and transmittance

TisA=-log,,(T).
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5 Results and discussion

5.1 Characterization of the plasma-needle

5.1.1 Electrical measurements

5.1.1.1 Breakdown voltage and U-I characteristic

The breakdown voltage, i.e. the voltage required for plasma ignition was measured
for a pure helium plasma and a helium plasma with an admixture of 7 sccm cyclohexane
by stepwise increasing of the voltage. In both cases the ignition occurred at similar values:
274 Vpi-to-0 for the helium plasma and 272 V-0 for the mixture, respectively. These val-

ues are comparable to the ones presented by STOFFELS ET AL. [1].
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Fig. 28: U-I characteristic of the plasma-needle device for a pure helium plasma

The linear dependence between current and voltage is presented in figure 28. The
colour change of the dots marks the presence of plasma. With increasing current the volt-

age increased as well. Thus, the resistive part of the system’s impedance did not change.
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5.1.1.2 Determination of the resistive power dissipation

Figure 29 presents measured waveforms of the current and voltage signal for a pure
helium plasma. The slight distortion of the sinusoidal signals is due to the oscilloscope’s
comparably low sample rate of 100 Megasamples per second which corresponds to a sam-

pling period of 0.1 ns.
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Fig. 29: Typical measured waveforms

In order to facilitate the peak determination, the results were smoothed and peaks

were selected as shown in figure 30.

Table 4 lists the results of the peak determination of voltage and current, and the
measured phase angle. The measured phase angle of —119.1° appears to be not realistic. By

subtraction of the phase angle induced by the probe cable length, one obtains the corrected

phase angle Pcor.:

Poorr. = P—(=34.2°) = (=119.1°) = (=34.2°) = (—84.9°) 27)

This high value reflects the capacitive nature of the plasma-needle.
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Fig. 30: Current and voltage signals after smoothing and peak determination
Tab. 4: Peak voltage, peak current, and phase shift
Abs. value voltage in V | Abs. value current in A | A tin ns P Pecorr.
I 573.7 0.619 -24.3 -118.6° |-84.4°
I 573.1 0.624 -24.4 -119.1° |-84.9°
1 576.0 0.619 -24.6 -120.1° [-85.9°
Mean 574.3 0.621 -24.4 -119.1° | -84.9°

Having voltage, current, and the corrected phase angle, one can calculate the power

P dissipated in the system:

P =V, -1, -cos(p,,)=406.1V-0.439A-cos(—84.9°) =15.8W  (28)

Furthermore, the impedance of the probe-needle system can be calculated as fol-

lows:
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=U, /1, =925.1Q. (29)

Pr+N — ~ rms

These calculated power and impedance values were obtained for the complete sys-
tem. However, the consumed power in the plasma is of greater interest. V. LEVEILLE AND
S. COULOMBE [25] have presented a stepwise approach for this problem. By solving the

following two equations, the impedance of the needle consisting of a resistive part R, and

a capacitive part C,, can be calculated.

Ty -s+1
T (Tp Ty) 8T+ (T Ty + Ry -Cy) - s+1

Zp.n(8)=R (30)

Im(Z R, T (1—7, T @) —R, (T, +Ty +R,.C\ )@
pPr+N = arctan M = arctan Pr*N (2 Pr¥N ) Pr( Pr N Pr N)2
RelZpeon) Ry Ty @ (T, + Ty + Ry ) + Ry, (1-7, 7y 0°)

€1y

T, represents the time constant of the needle, ie. 7, =R, -C,. Similarly,
Tp, = R}, - Cp, denotes the time constant of the voltage probe. In the next step, the voltage
drop across the resistive part R, can be calculated and hence the resistive power dissi-
pated in the plasma P, . Mathcad® software'® was used to solve these equations. The resis-

tance of the needle was calculated as 4436 € and its capacitance as 1 pF. The voltage drop

o o U’
across this resistance was 143.5 V and thus the power dissipation P,, = e =4.6W.
N

These results reveal that only a fraction, roughly one third of the power, is con-
sumed in the needle. The remainder is dissipated elsewhere in the circuit or lost due to ra-
diation and cable heating. Furthermore, it has to be mentioned that the inaccuracy for this
kind of power calculation is relatively high due to the high capacitive nature of the device.

This shall be demonstrated in the following error analysis.

5.1.1.3 Error analysis

One first source of error is the slow sampling period of the used oscilloscope that
resulted in a slight signal distortion. Therefore, it was necessary to smooth the obtained

results. This smoothing already affected the calculation. The peak picking was found to be

' Mathcad, version 14.0.0.163, by Parametric Technology Corporation.
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another source of error. Even though this was conducted by Origin® software”, the results
for current, voltage, and time delay deviated. The deviation of the time delay became cru-
cial for further calculations. The sensitivity of the current probe is guaranteed by the manu-
facturer as 1%. Assuming the same for the voltage probe and a deviation of +0.2 ns (cor-
responding to 1°) for the time delay determination results in uncertainties of AU =4.06V ,

Al =439-107 A, and Acos(p)=0.0173. Since all variables are uncorrelated, the power

uncertainty AP is calculated as follows:
P (P Y ([P : (32)
AP =% (—j AU | + (—j “Al' | +||—|-Acos(p)
oU o op

5—P, Q, and ﬁ denoting the partial derivatives of P =U - I - cos(p) and
ou o op

with

e AU, Al, and Acos(p)the uncertainties.

Solving this equation with the uncertainties given above and the measured means results in

AP = +,/(0.1584W)> + (0.1584W)? + (=3.0843W)* = 3.1W (33)

This is almost 20% of the earlier calculated power P of 15.8 W. If the uncertainty of

the time delay is set to 0.5 ns, the power uncertainty increases to AP =7.5W which is al-

ready 48% of the earlier calculated power value. Hence, it is obvious that the power uncer-
tainty mainly originated from the uncertainty of the phase angle. A slight change of the
phase angle is amplified by the cosine function. Thus, the use of an oscilloscope with a
higher sampling period and an embedded peak picking function is desirable and recom-

mended for further experiments in order to reduce this error source.

5.1.2 Temperature measurements

Since the RF-emission of the plasma-needle was influencing this measurement
while using a thermocouple, the temperature of the gas stream was measured with a simple
mercury thermometer. The heat-sensitive part of the thermometer was placed in the gas
stream at different distances. The power delivered to the plasma was increased meanwhile

the temperature was recorded. Experiments were conducted for a pure helium plasma and

* OriginPro 7.5SR0, by OriginLab Corporation.
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for the two helium-cyclohexane mixtures. Due to the imprecise nature of this measurement
method, results can only be discussed as approximations to the accuracy of a thermocou-

ple.

5.1.2.1 Pure helium plasma

The distance describes the gap between the needle-tip and the surface of the ther-
mometer. With higher power the size of the plasma plume increased and extended to the
thermometer’s surface. Arranging the thermometer closer to the plasma plume results in an
increase of temperature. The temperature differences between the 7 mm and the 10 mm
measurement were marginal and within the resolution of the thermometer. An almost lin-
ear dependence between power and temperature was observed. The results for 5 mm and 3
mm, respectively, on the other hand showed a non-linear correlation between power and
temperature. Especially in case of a 3 mm gap, the temperature increased rapidly from 82
°C at 12 W to 134 °C at 15 W. Figure 31 shows the gas stream temperatures of a pure he-
lium plasma. The temperature as a function of power for a pure helium plasma is presented

in figure 32.
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Fig. 31: Temperature as function of distance between the needle-tip and the surface of the thermome-
ter for a pure helium plasma
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Fig. 32: Temperature as function of power for a pure helium plasma

5.1.2.2 Helium - cyclohexane mixture plasma

Figure 33 illustrates the gas stream temperatures of helium plasmas with different
admixtures of cyclohexane. The distance between the needle-tip and the surface of the
thermometer was fixed at 5 mm. The results for admixtures of 7 sccm and 35 sccm cyclo-
hexane showed a similar characteristic. The temperature increased almost in parallel with a
higher slope above 15 W delivered power. The obtained temperature for the admixture of
35 sccm cyclohexane on average is 10°C higher than for 7 sccm. This could be due to the
high heat conductivity of helium. The relative content of helium for an admixture of 35
sccm cyclohexane is lower than for 7 sccm resulting in a reduced heat conductivity of the
gas mixture and a higher temperature measured. Furthermore, the temperatures of the mix-
tures are remarkably lower than the temperature of the pure helium discharge. This can be
ascribed to the energy which has to be brought up for the dissociation of the cyclohexane

molecule.
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Fig. 33: Temperature of helium discharges with admixture of cyclohexane

5.1.3  Optical emission spectroscopy

Spectra of a pure helium plasma and a helium-cyclohexane plasma were recorded
in the range from 200 nm to 800 nm using an USB2000 Miniature Fiber Optic Spectrome-
ter from Ocean Optics. The USB2000 is a low resolution spectrometer with a resolution of
1.5 nm. It operates with a 2048-element linear CCD-array as light detector. The light emis-
sion was collected using an optical fiber with a collimating lens, which was arranged on
axis and aligned 40 mm from the end of the plasma-needle. The integration time was 165
ms. The emission spectrum of the pure helium plasma is presented in figure 34. Intense
emission lines could be ascribed toO*, He, N;, N, andOH~ [26]. Emissions of OH "~
are generally found when water vapour is present, which is ubiquitous in an open-air sys-
tem. The presence of the N, and N, is due to the surrounding air as well. The intensity of
the nitrogen lines was dominant over the helium lines indicating that the discharge was not

only based on helium [27]. Thus, the existence of polar groups such as OH~ could be veri-

fied, which are responsible for the effects utilized for surface modification (5.2.1). Fur-
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thermore, long wave UV-emission could be detected in the range between 400 nm and 300

nm.
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Fig. 34: Emission spectrum of the plasma-needle for a pure helium plasma

The emission spectrum of a helium-cyclohexane plasma with admixture of 7 sccm
Ce¢H |, was recorded and is shown in figure 35. This experiment was executed in a chamber
in order to obtain more information about the oxygen contamination of the deposited car-
bon films*'. The chamber was flooded with helium, a little aperture in the bottom prevented
overpressure. In contrast to the pure helium plasma, the intensity of the helium peaks
dropped. This peak disparity in the visible range from 400 nm to 700 nm comes along with
a change in colour of the plasma as described in chapter 4.1. Furthermore, the OH " -line at
308.6 nm and the O°-line at 777.5 nm were reduced significantly that can be explained
with the absence of air. Surprisingly, no lines of carbon-containing groups as for example
CH (at 431 nm, 389 nm, 387 nm, 315 nm), CO (system of single-headed bands extending

from 280 nm to 100 nm), or CH; (many-line structure between 537 nm and 819 nm) [cp.

*l As the FTIR-results in chapter 5.2.2.2 revealed, the carbon films contained a lot of oxygen. Delayed

FTIR-scans and the above presented OES-experiment were conducted in order to discover the source of
this contamination.
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26] could be observed. This might be either due to blending by the nitrogen peaks or the

low resolution of the spectrometer and a comparable low intensity of those groups.
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Fig. 35: Emission spectrum of a helium-cyclohexane plasma
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5.2 Plasma-needle applications

5.2.1 Surface modification

5.2.1.1 Contact angle measurements of various substrates after helium plasma

treatment

Samples of different materials were treated with the plasma-needle to test its possi-
ble application for surface modifications. The substrates were cleaned in an ultrasonic bath
with soap-containing solution. Afterwards, they were dried with ethanol and nitrogen. The
plasma treatment lasted for a couple of seconds at 15 W. No reactive gas has been added.
Pictures of the samples before and after treatment are shown below (figures 36 to figure

41). They were also used to determine the contact angle.

The substrates showed different contact angles before treatment: the Millipore petri
dish had a hydrophobic character with a contact angle of 71°. On the other hand, silicon
with a contact angle of 21° could already be classified as hydrophilic. All other substrates
ranged between 32° and 45°. Since all substrates were cleaned before plasma treatment, the
different contact angles can be ascribed only to the roughness and the chemical composi-
tion of the substrates. Due to the drying with ethanol, no impurities containing polar groups
were expected on the surfaces. Substrates with a very smooth surface, like silicon or quartz
showed a minor contact angle than samples with a comparable rough surface, like the cop-
per samples. The hydrophobic character of the Millipore petri dish is mostly due to the
chemical characteristic of the material. The petri dish is made of polystyrene, a polymeric

hydrocarbon that does not contain any polar groups.

In every case a reduction of the contact angle below 30° was observed after plasma
treatment. Major improvements were observed for the Millipore petri dish (from 71° to
20°) and the quartz (from 32° to 7°). The effect on the silicon (from 21° to 18°) was within

the accuracy of the measurement. These results are summarized in table 5.
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Fig. 36: Thin copper untreated (left) and treated (right)

Fig. 37: Thick copper untreated (left) and treated (right)

Fig. 38: Silicon untreated (left) and treated (right)
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Fig. 39: Quartz untreated (left) and treated (right)

Fig. 40: Millipore petri dish untreated (left) and treated (right)

Fig. 41: Polymer-like hydrogenous amorphous carbon deposited on silicon untreated (left) and treated
(right)
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Tab. 5: Results of contact angle measurements

Material Angle untreated [°] Angle treated [°]
Thin copper 45 13
Thick copper 43 not measurable
Silicon 21 18
Quartz 32 7
Millipore petri dish 71 20
Polymer-like a-C:H on silicon 40 29

Since the plasma treatment is not significantly affecting the roughness of the sam-
ples, the improved hydrophilicity can only be ascribed to the increased presence of polar
groups, like OH™ and O° after the treatment on the surface. The results of the optical
emission spectroscopy verified the presence of these species in the plasma. It has to be
pointed out that the contact angle of silicon coated with a polymer-like hydrogenous amor-
phous carbon film before the treatment was twice as much as in case of pure silicon. Thus,

the coating with a carbon film made the substrate surface more hydrophobic.

5.2.1.2 ELISA results

Treatment time and power settings were chosen as presented in table 6.

Tab. 6: Settings for ELISA experiment

Run | Treatment time in | Plasma power in Time between plasma
seconds W treatment and ELISA
I 0 (Control) --- -
I 60 10 140 min
III 120 10 120 min
v 60 15 100 min
\" 120 15 80 min
VI~ 10 20 60 min

* This treatment was done with a diffused plasma generated by an external helium flow around the nee-

dle.
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The results of the ELISA are presented in figure 42. In contrast to the untreated
control, the plasma treated microtiter plates showed a significantly lower value of absorb-
ance. Augmented hydrophilicity of the surface due to the presence of polar groups (for
example OH, O°) and therefore less affinity to molecules that contain both hydrophilic
and hydrophobic groups as IgG are a reasonable explanation for this observation. Hence,
the enormous decrease of absorption is caused by a lack of adsorbed molecules to the mi-
crotiter plate. The decrease of affinity correlates directly with the plasma power and is in-
versely proportional to time that passed between plasma treatment and absorption meas-
urement. It is remarkable that in case of the diffuse plasma treatment, the effect is even

more evident than in all other cases although the exposure time was only a fraction.
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Fig. 42: ELISA results

This experiment emphasises that for protein binding a surface must be moderately
hydrophilic. A strong hydrophilic surface works in the same way as a hydrophobic. Even
though these results are the direct opposite of the desired effect, they demonstrate impres-
sively the influence of a plasma treatment on surfaces and suggest a potential future

application when protein binding on culture substrates is needed to be inhibited.
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5.2.2  Carbon film deposition

In order to examine potential applications of the plasma-needle as a deposition tool,
it was attempted to deposit DLC-layers on quartz substrates. As mentioned earlier, cyclo-
hexane was chosen as carbon-containing precursor gas, since it is easy to handle and little
research has been conducted on using cyclohexane as carbon source in a plasma-needle.

Different amounts of cyclohexane were added to the helium flow.

The two pictures below show such a deposition (see figure 43). It has to be noted,
that the covered area on these pictures did not result from a static treatment. The substrate
was mounted on the axis of a rotating step motor and the plasma-needle was positioned
approximately two millimetres eccentric. This arrangement enabled the coating of a greater

area, which was required for the FTIR-analysis, without manipulating the device.

Fig. 43: Example of a deposited film (left), same example with inverted colours (right)

5.2.2.1 Profiles and deposition rates

In order to estimate the deposition rate of the plasma-needle, samples were exposed
to the cyclohexane-helium-plasma at 20 W. The plasma-needle was positioned perpendicu-
lar to the substrate. The distance between the capillary tip and the surface of the samples
was kept constant at 2.5 mm. At this distance and power the plasma plume was barely en-
countering the surface. The exposure time was varied between one and five minutes in
steps of one minute. The bypass-valve was completely opened giving rise to a cyclohexane

flow of 35 sccm.
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Fig. 44: Profiles of different films deposited at 20 W and 35 sccm cyclohexane

The obtained profiles as presented in figure 44 show a peaked distribution except
the one after four minutes treatment, which has not developed a real peak but a plateau.
The horizontal spread was around 1 mm which corresponds to the diameter of the capil-
lary. No measurable film was obtained after a treatment of one minute. This can be ex-
plained with a lack of crystal grains on the clean substrate which would act as growth cata-
lysts. Furthermore, the attachment of the carbon species is probably based on weak van-
der-Waals forces and not due to chemical bonds. Thus, it is difficult for the carbon species
to attach to the blank substrate surface. But as soon as the first atoms have attached to the
substrate, the growth of further layers is facilitated. With increasing treatment time the
peak of the films heightened from =1000 nm for 2 minutes to =1600 nm for 3 minutes, the
plateau height at =2200 nm after 4 minutes finally to =2350 nm for 5 minutes. These re-

sults allow the estimation of a deposition rate of roughly 550 nm/min.

The results for a cyclohexane flow of 7 sccm revealed a similar characteristic ex-
cept for one film whose profile had a shallow minimum on its symmetric axis. An almost
linear correlation between treatment time and peak height was observed. Peaks were esti-

mated as =1500 nm for 90 seconds treatment, =1950 nm for 120 seconds, =2600 nm for
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150 seconds, and =3200 nm for 180 seconds giving rise to an estimated deposition rate of

=1000 nm/min.
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Fig. 45: Profiles of different films deposited at 20 W and 7 sccm cyclohexane

Thus, the deposition rate seems to be higher for a lower content of cyclohexane.
Responsible for film deposition is not the content of reactive gas, but the content of disso-
ciated species in the gas stream. If the plasma’s energy content is not sufficient to dissoci-
ate all cyclohexane molecules, these molecules do not contribute to the film deposition.
This assumption is underlined by the experimental observation of a decreasing plume size

illustrated in figure 13.

Even though a higher deposition rate was achieved with a reduced content of
cyclohexane in the gas mixture, adding more cyclohexane to the gas mixture seems more
recommendable since the deposited profiles are more uniform and a deposition rate of

approx. 550 nm/min is satisfying.
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5.2.2.2 FTIR

FTIR-spectra were recorded in the 4000-1000 cm™ range using a Jasco FTIR 660
Plus spectrometer with a resolution of 4 cm™. The sample cell and the interferometer were
evacuated in order to prevent absorption peaks of water and atmospheric gases. Films were
deposited on silicon at 15 W, with 35 sccm cyclohexane and a deposition time of six min-
utes. Figure 46 depicts the baseline-corrected spectra of a deposited film. The broad in-
tense band at around 3350 cm™ (-O-H stretching) can be ascribed to the presence of pri-
mary or secondary alcoholic groups. Sharp and strong peaks could be found at 2938 cm’
(asymmetric —C—H stretching) and 2860 cm’ (symmetric —C—H stretching) which can be
assigned to the carbon-hydrogen stretching of a methyl group. The string peak at 1722 cm™
was unambiguously identified as a ketone-like carbonyl group. Another less expressed
peak was found at 1452 cm’ (bending of —C—H). These spectral features indicate the pres-
ence of an aliphatic, soft, polymer-like structure, without C=C double bonds (absence of
H-C=C stretching above 3000 cm™' and absence of C=C stretching between 1670 cm™' to
1640 cm™) [cp. 28].
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Fig. 46: FTIR-spectrum of an a-C:H film deposited in air
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However, a considerable high presence of bonded oxygen was observed. This was
also observed by BENEDIKT ET AL. [29], who conducted further depositions in a pure argon
atmosphere in order to exclude the oxygen presence in their film due to a contamination
from the surrounding air. Their FTIR-results still revealed the presence of oxygen which

then was ascribed to an oxidation of the carbon film after deposition.

To validate this assumption, another deposition in a protective helium-atmosphere
was conducted and further FTIR-scans were performed: the first immediately after the
deposition, others 5 minutes, 60 minutes, and one week afterwards. Figure 47 presents
baseline-corrected FTIR-scans of a film deposited in air and one in a helium-atmosphere.

The latter was performed immediately after deposition.
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Fig. 47: FTIR-spectra of two a-C:H films deposited in different atmospheres

Even though both films display the same infrared features, the CH-peaks are sub-
stantially more evident in case of a protective helium-atmosphere deposition, or in other
words, the content of bonded oxygen was reduced. To compare the results, the area of the
broad OH-peaks and of the CH-peaks (at 2938 cm™ and 2860 cm™) as well as the peak
heights of the C=0- and the CH-peak at 1452 cm™ were measured. The obtained results for

the deposition in air were used as a reference.
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As presented in figure 48, the presence of oxygen was reduced and did not change

significantly over time.

100 - : -
: I O-H / CH ratio
- ' B C=0/ CH ratio

Y%

ar | Tt protective helium-atmosphere ----------

-- after 0' after 5' after 60’ one week

Fig. 48: Reduction of oxygen-containing groups

These results are oppositional to the ones described by BENEDIKT ET AL. [29]. In
this case it seems that the oxygen bonding only occurs during the plasma process and not
afterwards. The remaining presence of oxygen-containing groups could be due to residual-
oxygen in the gas lines or in the deposition chamber, which has not been evacuated but
only flooded with helium. However, a proceeding oxidation of the film also depends on the
film’s properties like its porosity for example. Thus, both assumptions may be correct and

should be validated in future experiments.
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6 Conclusions

A new plasma-needle has been developed within the scope of this work that can be
operated at atmospheric pressure. The manifold biomedical applications of such plasma
sources were presented and experimentally proven for thin film deposition and surface

modification.

Due to the uncertain determination of the phase shift, the results of the electrical
measurements are only partly meaningful. The capacitive character of the plasmas source
could be confirmed with the help of these electrical measurements and the breakdown

voltage could be identified asU =274V, . An exemplary calculation of the power dis-

sipation revealed, that only a fraction of the total power is dissipated in the plasma itself.
However, this kind of power calculation is very inaccurate due to sensitivity of the cosine

for capacitive devices.

As expected, the temperature of the gas stream increased with higher forward
power. A linear dependence between temperature and power was observed at a distance of
10 mm. This dependence changed to an exponential character for lower distances. The
temperature rose from 40 °C up to 140 °C. The admixture of cyclohexane resulted in a
temperature lowering of approximately 10 °C. This can be explained with the energy that

is required for the dissociation of the cyclohexane.

The results of the optical emission spectroscopy were typical for a plasma-needle

operating in open air. Peaks could be ascribed to atomic helium, oxygen, and nitrogen as
well as to OH "-and N ™ -ions. The comparable intense nitrogen peaks allow the assump-

tion that the discharge is not only sustained by helium. Furthermore, the presence of OH ~ -

ions explained the surface modification by the plasma-needle.

The plasma-needle was tested for surface activation and for carbon film deposition.
It was possible to use the plasma-needle with cyclohexane as reactive gas to deposit amor-
phous carbon layers. Measurements of the deposition rate revealed a dependence of the
cyclohexane content in the gas mixture, whereas a lower content of reactive gas gave rise
to a greater deposition rate. An analysis of such deposited films using FTIR-spectroscopy
revealed that all these films were polymer-like. Generally, films with a higher hardness are
of higher interest for practical purposes. The oxygen contamination of the films could be

reduced by deposition in a protective helium atmosphere.
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A proceeding oxidation of the films after the deposition was analyzed by delayed
FTIR-scans and could be excluded. This allows the conclusion that the oxygen contamina-

tion mainly occurred during the deposition.

Potential applications of the plasma-needle in terms of surface modification were
studied executing contact angle measurements on various materials. The plasma treatment

gave rise to a reduction in contact angle, or in other words, to a higher surface energy for

all materials. This effect is due to the presence of OH ~-ions. Additionally, a microtiter
plate, which is often used in biochemistry and related scientific fields, was treated. The
observed increased hydrophilicity of the wells caused a diminished adhesion of immu-

noglobulin G.

It is desirable for prospective applications to deposit films with higher quality and
purity as well as to cover greater areas. The latter can be achieved by constructing an array
of several plasma-needles or by redesigning the present plasma-needle source. In order to
conduct more precise electrical measurements an oscilloscope with a significantly higher
sample rate is essential. Furthermore, it is advisable to use an RF-generator and an ade-
quate matching network which have been constructed especially for low power applica-
tions such as a plasma-needle. However, the present development stage of the plasma-
needle allows its utilization for experiments on the interaction between plasma and

cells/biological tissue.
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6.1 Zusammenfassung

Im Rahmen dieser Arbeit wurde eine Plasma-Nadel entwickelt, die bei Atmosphi-
rendruck operieren kann. Die vielféltigen biomedizinischen Anwendungsmoglichkeiten
derartiger Plasmaquellen wurden dargestellt und anhand von Experimenten auf dem Gebiet

der Schichtabscheidung und Oberflichenmodifikation bestétigt.

Mittels elektrischer Messungen konnte der kapazitive Charakter der Plasmaquelle

und die Durchbruchsspannung zu U =274V, _, , belegt werden. Eine beispielhafte Be-

rechnung der Leistungsaufnahme zeigte, dass nur ein Bruchteil der Gesamtleistung im
Plasma selbst verbraucht wird. Einschrinkend ist anzumerken, dass diese Art der Leis-
tungsermittlung wegen der Empfindlichkeit der Kosinusfunktion fiir kapazitive Konstruk-

tionen duBerst fehlerbehaftet ist.

Erwartungsgemill erhohte sich die Temperatur des Gasflusses mit zunehmender
eingekoppelter Leistung. Bei einem Thermometerabstand von 10 mm erwies sich dieser
Zusammenhang als linear. Fiir geringere Abstinde zeigte sich ein exponentieller Tempera-
turanstieg. Dabei stieg die Temperatur von rund 40 °C auf bis zu 140 °C. Die Zufiihrung
von Cyclohexan resultierte in einer Verringerung der Temperatur um etwa 10 °C. Energe-
tisch betrachtet kann dies mit dem Energieaufwand erkliart werden, der zur Dissoziation

des Cyclohexans benotigt wird.

Die Messungen mittels der optischen Emissionsspektroskopie lieferten fiir eine der-

artige Plasmaquelle typische Spektren. Die Peaks konnten atomarem Helium, Sauerstoff
und Stickstoff sowie OH ~- und N " -Ionen zugeschrieben werden. Die vergleichsweise in-
tensiven Stickstoffpeaks lassen vermuten, dass die Entladung nicht ausschlieBlich vom
Helium erhalten wird. Weiterhin konnte mit der Prisenz der OH ~-lonen die oberfldachen-

modifizierende Wirkung des Plasmas erklart werden.

Die Plasma-Nadel konnte mit Cyclohexan als reaktivem Gas zur Schichtabschei-
dung von amorphen Kohlenstoffschichten verwendet werden. Es zeigte sich, dass die
Schichtabscheidungsrate abhédngig vom Cyclohexananteil im Gasgemisch ist, wobei eine
hohere Rate fiir einen geringen Anteil an reaktivem Gas ermittelt wurde. Eine Analyse der
abgeschiedenen Filme mittels FTIR-Spektroskopie ergab, dass die abgeschiedenen Schich-
ten alle polymerartig sind. Generell sind hirtere Schichten aber fiir praktische Anwendun-

gen von groferem Interesse. Das Vorhandensein von Sauerstoff in den abgeschiedenen
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Kohlenstoffschichten konnte durch eine Deposition in einer Heliumatmosphére reduziert
werden. Eine fortschreitende Oxidation der Filme nach der Abscheidung wurde mit zeit-
versetzten FTIR-Analysen untersucht und konnte nicht bestétigt werden. Dies erlaubt den
Riickschluss, dass die Sauerstoffkontamination der Schichten lediglich wihrend der Ab-

scheidung geschieht.

Anwendungsmoglichkeiten der Plasma-Nadel zur Oberflichenmodifikation wurden
anhand von Kontaktwinkelmessungen bei unterschiedlichen Materialien untersucht. Die

Plasmabehandlung fiihrte bei allen Materialien zu einer Abnahme des Kontaktwinkels

bzw. zu einer Zunahme der Oberflichenenergie. Dies ist der Prisenz der OH ~— lonen zu-
zuschreiben. Zudem wurden einzelne Wells einer Mikrotiterplatte, wie sie hédufig in der
Biochemie und verwandten Wissenschaften verwendet wird, behandelt. Die dadurch resul-
tierende Hydrophilisierung der Wells fiihrte in diesem Fall zu einer erheblich verminderten

Adhision von Immunoglobulin G.

Fiir zukiinftige Anwendungen ist es wiinschenswert, sowohl eine hohere Qualitét
und Reinheit der Schichten zu gewihrleisten als auch eine groflere Oberfldche beschichten
zu konnen. Letzteres kann beispielsweise durch Zusammenschalten von mehreren Plasma-
Nadeln oder durch Neugestaltung der Quelle erzielt werden. Um prizisere elektrische
Messungen durchfithren zu konnen, ist ein Oszilloskop mit erheblich hoherer Sample Rate
von Noten. Zudem empfiehlt sich die Verwendung eines RF-Generators und Anpassungs-
netzwerks, die speziell fiir diesen Einsatzbereich konstruiert worden sind. Nichtsdestotrotz
erlaubt der derzeitige Entwicklungsstand der Plasma-Nadel ihre Verwendung bei Experi-

menten auf dem Gebiet der Plasmainteraktion mit biologischem Gewebe und Zellen.
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