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Abstract 

The scientific backgrounds of technologies involved in the production of headlamps for the 
automotive industry are elaborated in this thesis. The experimental work was performed 
using an industrial plasma reactor with a volume of approximately 5 m3. The reactor 
enables three different operations, i.e., plasma pretreatment of workpieces made from 
polymers, deposition of a thin metal film by evaporation, and deposition of a protective 
coating resembling poly(dimethylsiloxane) by plasma polymerization. The pretreatment 
removes any surface impurities and functionalises the polymer surfaces with polar 
functional groups. The surface finish is a result of the interaction of radicals with organic 
material, in particular, OH and O. Pretreatment enables the good adhesion of metal film 
on the polymer substrate due to the interface between the layers. The properties of the 
interface were determined by XPS and SIMS depth profiling. The metallisation is 
performed in ultrahigh vacuum conditions by evaporation of liquid metal. An appropriate 
range of parameters enables the deposition of aluminum films with a thickness of 
approximately 100 nm that are almost completely free from impurities as revealed by depth 
profiles. The aluminum film is then coated with a protective layer. Plasma polymerisation 
was used as the deposition technique using hexamethyl disiloxane (HMDSO) as the 
precursor at a pressure of several Pa, the residual atmosphere was composed predominantly 
of water vapor. Both XPS and SIMS depth profiling showed an appropriate interface 
between the metal film and protective coating as well as the composition and structure of 
the coating. The plasma parameters during deposition of the protective coating were 
measured systematically at various processing parameters by residual gas analysis (RGA) 
and optical emission spectroscopy (OES). The results of these complementary techniques 
enabled the determination of key reactions leading to the formation of coatings with the 
desired properties. Fragmentation of the precursor in plasma conditions was found rather 
insufficient as explained by an extremely low plasma density, in the order of 1014 m-3, which 
was elaborated from measured discharge parameters. A predominant reaction in plasma 
conditions was the subtraction of H atoms from the HMDSO and partial association of 
these atoms to hydrogen molecules by heterogeneous surface recombination. Fragmentation 
also caused the formation of CH radicals as determined by OES. The radicals recombined 
into stable molecules either in the plasma reactor or on the walls between the reactor and 
differentially pumped RGA. The major products of the CH association were light 
hydrocarbons as determined by RGA. The association was explained by surface reactions 
between adsorbed CH radicals and hydrogen atoms rather than by gas-phase reactions. 
The collision frequency in the range of investigated pressures was found to be too low to 
enable significant association in the gas phase. The association was probability rather large 
since neither XPS nor SIMS showed a measurable amount of pure hydrocarbons or 
hydrogenated carbon in the deposited films. The results of experimental work enabled 
faster deposition without reducing the performance of the protective coatings. 
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Povzetek 

V doktorski nalogi sem obravnaval znanstvena ozadja tehnologij, ki se uporabljajo pri 
proizvodnji žarometov za avtomobilsko industrijo. Eksperimente sem opravljal v 
industrijskem plazemskem reaktorju s prostornino približno 5 m3. Reaktor omogoča tri 
različne operacije: predhodno plazemsko obdelavo obdelovancev iz polimerov za aktivacijo 
površin, nanašanje tankega kovinskega filma z naparevanjem in nanašanje zaščitne prevleke 
(polidimetilsiloksan) s plazemsko polimerizacijo. Predhodna obdelava odstrani vse 
površinske nečistoče in funkcionalizira polimerne površine s polarnimi funkcionalnimi 
skupinami. Površinska obdelava je posledica interakcije radikalov z organskimi snovmi, 
zlasti radikalov OH in O. Predhodna obdelava aktivira vmesno plast med polimerno 
podlago in kovinskim nanosom ter s tem omogoča dober oprijem kovinskega filma. 
Lastnosti vmesne plasti smo določili z merjenjem globinskega profila z uporabo tehnik XPS 
in SIMS. Metalizacijo smo izvedli v pogojih ultravisokega vakuuma z naparevanjem 
kovinskih atomov iz tekoče kovine. Ustrezen obseg parametrov omogoča nanos aluminijevih 
filmov debeline približno 100 nm, skoraj brez nečistoč, kar je razvidno iz globinskih profilov. 
Tanko plast aluminija nato prevlečemo z zaščitno plastjo. Za tehniko nanašanja zaščitne 
plasti smo uporabili plazemsko polimerizacijo z uporabo heksametil disiloksana (HMDSO) 
kot monomera pri tlačnem območju nekaj Pa, residualna atmosfera pa je bila pretežno 
vodna para. Globinsko profiliranje z metodama XPS in SIMS je pokazalo nastanek 
primerne vmesne plasti med kovinskim nanosom in zaščitno prevleko, obenem pa tudi 
ustrezno sestavo in strukturo zaščitne plasti. Parametre plazme med nanašanjem zaščitnega 
premaza smo sistematično merili z analizo residualne atmosfere (RGA) in optično emisijsko 
spektroskopijo (OES) pri različnih razelektritvenih parametrih. Rezultati teh 
komplementarnih tehnik so omogočili določitev ključnih reakcij, ki vodijo do nastanka 
tankih plasti želenih lastnosti. Fragmentacija prekurzorja pri različnih plazemskih 
razmerah je bila razmeroma majhna, kar smo razložili z izredno nizko gostoto plazme reda 
1014 m−3. Gostoto nabitih delcev smo ocenili iz rezultatov meritev razelektritvenih 
parametrov. Prevladujoča reakcija v plinski fazi je bila disociacija, ki je vodila k nastanku 
atomov vodika. Atomarni vodik se je na površinah združil v molekularnega preko 
heterogene površinske rekombinacije. Disociativni trki elektronov s prekurzorjem so 
povzročili tudi nastanek CH radikalov, kar je bilo razvidno iz optičnih spektrov. Radikali 
so se rekombinirali v stabilne molekule bodisi v plinski fazi v plazemskem reaktorju bodisi 
na stenah med reaktorjem in diferencialno črpanim RGA-jem. Glavni produkti združenja 
CH radikalov so lahki ogljikovodiki, ki smo jih določili z RGA-jem. Njihov nastanek smo 
razložili s površinskimi reakcijami med adsorbiranimi CH radikali in vodikovimi atomi. 
Ugotovili smo tudi, da je pogostost trkov v območju raziskanih tlakov prenizka, da bi 
omogočila pomembno sintezo ogljikovodikov v plinski fazi. Veliko koncentracijo 
ogljikovodikov smo potrdili tudi iz analiz nanesenih filmov. Rezultati znanstvenega dela so 
solidna osnova za razvoj postopka za hitrejše nanašanje zaščitnih prevlek ne da bi bistveno 
spremenili lastnosti zaščitnih plasti plazemsko nanesenega polimera. 
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Chapter 1 

1 Introduction 

1.1 Thesis Structure 
This Ph.D. thesis is a result of scientific work performed during the past four years on the 
properties of gaseous plasma in a large low-pressure reactor which is routinely used in the 
production of various components for the automotive and electro industry. The aim of the 
thesis is to gain knowledge of complex gas-phase and surface phenomena that take place 
during the deposition of thin protective coatings on the surface of polymer samples using 
Plasma Enhanced Chemical Vapour Deposition (PECVD) at low pressures. The thesis 
starts with a comprehensive introduction to the plasma methods used for surface activation 
and coating deposition. The basic phenomena of gaseous plasma are presented along with 
the peculiarities of the plasma reactor and the technology. The main body of the thesis 
contains copies of four scientific papers published in renowned journals specialised in 
plasma chemistry, material sciences, and the science of surfaces and thin films: Plasma 
Chemistry and Plasma processing (current impact factor 2.768), Materials (IF 2.972) and 
Coatings (IF 2.330). The author of this thesis is the first author of all four papers. Žiga 
Gosar performed experiments with the help of other scientists, selected the experimental 
results, contributed to the interpretation, and wrote the drafts of the papers. The co-
authors helped with experiments and interpretation of the result, and performed the final 
scientific editing of the manuscripts. The co-authors also helped to improve the manuscripts 
according to the referees’ suggestions. References to the literature used during the 
preparation of experiments, for the interpretation of results, and while writing the papers 
are listed at the end of this thesis.  

1.2 The Technological Challenge 
The author of this thesis is employed by the company that manufactures automotive lamps. 
The lamps are made from plastic with some metalised surfaces, and the metalisation must 
be protected against corrosion with a thin protective polymer-like coating. Metallisation is 
performed by evaporation of molten metal. The metal vapor diffuses inside the vacuum 
chamber and condenses on the polymer surface forming a thin film. The adhesion of such 
metallic films is inadequate because of the unbalanced surface energies as well as internal 
stresses. Adhesion may be improved by briefly treating the plastic components with a 
plasma containing oxidising species such as O and OH radicals. A technological challenge 
is the development of plasma methods that enable a reliable surface finish of the plastic 
components. The methods should be as fast as possible, enable moderate or high surface 
energy, and not modify other properties of the treated products. During metallisation, a 
thin aluminum film is deposited by a processes of vacuum evaporation to obtain a suitable 
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reflectance of the lamp. Vacuum metallisation is fast and was elaborated decades ago, and 
is regarded as a routine method. The freshly deposited metal film oxidises quickly in harsh 
environments, and so must be protected with a coating. The protective coating is deposited 
using the PECVD process with a HMDSO precursor in plasma conditions. The 
technological challenge is to assure the optimal protective properties irrespective of the 
type of product to be treated. A further technological challenge is the accomplishment of 
deposition in as short a time as possible. The requirements are contradictory, so 
compromises are made. The technological challenges could only be appropriately addressed 
by an experimental approach. That is why a detailed study of the plasma was performed 
in our reactor to understand both plasma techniques, i.e., surface activation of plastic 
substrates and the deposition of polymer-like coatings by plasma polymerisation. Both 
processes are performed in batch mode in the same plasma reactor. The reactor used for 
this thesis is described in detail in the scientific literature. A photograph of the reactor is 
shown in Figure 1.1. The vacuum chamber has two doors allowing for the assembly of the 
components to be treated on planetaria on one door while the other door is closed so that 
the plasma processing takes place in the reactor. 

 

 

Figure 1.1: The plasma reactor used for experiments performed in the frame of this thesis.  

 

1.3 Surface Energy and Activation of Polymer Substrates 
 

The surface energy dictates the wettability of solid materials. Materials with low surface 
energy will be wetted only by non-polar liquids. Increasing the surface energy will increase 
the types of liquid with which the surface of a solid material will be wetted. Solid materials 
with a very high surface energy will be wetted by all liquids. Adequate wetting is essential 
in many technological processes in which good adhesion of a coating to the substrate is 
desired, for example, when gluing, printing, metallising, or depositing a protective coating. 
In some other applications, however, wetting is not preferred, such as with self-cleaning 
materials, kitchenware, etc. Materials with high surface energy are referred to as 
hydrophilic, while those of low surface energy are hydrophobic. Wetting of the solid 
materials by polar or non-polar liquids (water and oil, respectively) is illustrated in Figure 
1.2.  
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Materials with very low surface energy will cause a water droplet to retain its near-
spherical shape (Figure 1.2 (a)). Such a material is called “super-hydrophobic”. Good 
examples are some types of fluorinated polymers like expanded or knitted 
polytetrafluoroethylene. In nature, the lotus leaf is a well-known example of an almost 
super-hydrophobic surface. Super-hydrophobic materials may or may not be oleophobic, 
which means that even a liquid with low surface energy like oil will not spread over the 
surface. However, few materials exhibit super-hydrophobic properties. 

Pastics (different polymers, polymer blends, and polymer composites) are moderately 
hydrophobic. The water and oil droplets on the surface of such materials are shown in 
Figure 1.2 (b). The contact angle of a water droplet on a moderately hydrophobic material 
is close to 90o, while the contact angle of a non-polar liquid, like oil, is very low.  

Some materials are moderately hydrophilic. The list of such materials includes many 
types of glass, ceramic, and metal oxides. Since most metals exhibit a thin natural oxide 
film, metals are sometimes regarded as moderately hydrophilic, although the surface energy 
of pure metals is extremely large. Droplets of water and oil on moderately hydrophilic 
materials are illustrated in Figure 1.2 (c). The water contact angle is often approximately 
45o for moderately hydrophilic surfaces, but the oil contact angle is usually very low or 
immeasurable since the oil droplet will spread across a large surface.  

Any liquid will wet a super-hydrophilic material. The water and oil contact angles are 
immeasurably low for such materials. Super-hydrophilic materials do not exist in nature 
but can be synthesised in laboratories. For example, pure metals will exhibit such high 
surface energy that a water droplet will wet a large surface area. The spreading of the 
water and oil droplets on such materials is shown in Figure 1.2 (d). Details about super-
hydrophilic surface finishes have been published in a review paper [1]. 

 

 

Figure 1.2: Water and oil droplets on different materials a) super-hydrophobic and 
oleophobic, b) moderately hydrophobic, c) moderately hydrophilic, d) highly hydrophilic. 

Let us now consider the wetting of polymer materials by metals. As explained above, a 
pure metal has a high surface energy, while polymers are usually moderately hydrophobic. 
Metal vapor arriving at the surface of a polymer will not form a uniform film but 
thermodynamically favoured clusters, because a three-dimensional geometry enables the 
minimisation of surface energy. In fact, it had been theorised that a monolayer of any 
material, even a material of very low surface energy, could not exist. This belief was falsified 
by the discovery of graphene – two-dimensional graphite comprising a monolayer of carbon 
atoms arranged in a hexagonal structure [2]. The discovery won a Nobel prize [3].  

Metals are far from graphene, and they do not form a self-standing two-dimensional 
structure. When metal vapor arrives at the surface of a polymer, the condensed atoms form 
clusters rather than a uniform film. The effect is illustrated in Figure 1.3. Prolonged 
deposition will cause the formation of a porous metallic structure. Porous metals do not 
satisfy the required properties, so such a coating will not meet industrial standards. 
Furthermore, since the wetting is inadequate, the adhesion of the metallic film to a 
substrate of low or moderate surface energy will be poor. Namely, as shown in Figure 1.3, 
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the contact area between the metallic clusters and the polymer substrate is much smaller 
than the geometric dimensions of the polymer surface.  

 

 

Figure 1.3: The condensation of metal atoms on a polymer surface. The initial surface is 
free from metal atoms (a). When condensation starts, the surface is covered with sparsely 
distributed atoms (b). Further deposition will cause the formation of clusters of metal 
atoms (c). The clusters will grow in size (d), and eventually, several layers of clusters will 
form (e) to make a porous metal film that does not meet the desired properties. 

 
The problem of clustering is efficiently overcome by surface activation of the polymer. 

As explained above, polymers exhibit low surface energy. The surface energy is increased 
by grafting polar functional groups on the surface of the polymer [4]. The grafting is 
performed by plasma treatment, which causes the formation of polar oxygen-containing 
functional groups on the polymer’s surface, as shown schematically in Figure 1.4. Such a 
surface finish is beneficial for the binding of metal vapors arriving at the site and thus 
immobilisation of metal atoms as soon as they touch the surface. The immobilisation 
prevents (or at least suppresses) the formation of metallic clusters. Once the surface is 
covered with a monolayer of metallic atoms, the surface properties change. As explained 
above, pure metals exhibit high surface energy, so additional metal atoms arriving at the 
substrate that is already covered with a monolayer of chemically bonded metal will form a 
compact film and not clusters. The kinetics of metal atoms on the surface of polymers are 
illustrated in Figure 1.5.   

 

Figure 1.4: Schematic of the surface of a pristine polymer (a) and plasma-treated polymer 
(b). The surface carbon atoms of a pristine polymer are terminated by hydrogen atoms, 
the bond is non-polar and thus inert. The plasma treatment causes the formation of various 
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functional groups which are polar and serve as binding sites for metal atoms arriving at 
the polymer surface during metalisation. 

 

Figure 1.5: The condensation of metal atoms on a plasma-activated polymer surface. The 
initial surface is free of metal atoms (a) but rich in polar functional groups. When 
condensation starts, the surface is covered with sparsely distributed metal atoms, which 
will be chemically bonded to the polar functional groups at the surface (b). Further 
deposition will cause uniform distribution of metal atoms chemically bonded to polar 
functional groups (c). Still further deposition will result in the formation of a compact, thin 
metal film since the surface energy of freshly-deposited metal is large (d). 

1.4 Formation of Polar Functional Groups on Polymer 
Surfaces 

 
Pristine polymers do not exhibit polar surface functional groups due to their chemical 
structure. The addition of oxygen-containing polymers in the polymer blend will not 
influence the surface properties since a high concentration of polar surface groups is against 
the rules of thermodynamics. The thermodynamics dictates the minimisation of free energy, 
so any polar group that might appear on the surface will be either re-oriented toward the 
inside of the polymer or covered with a third molecule, usually a gaseous impurity such as 
a hydrocarbon, which are always present in minute quantities in ambient air. The surface 
may be grafted with polar groups only by using a thermodynamically non-equilibrium 
treatment. The grafted groups will not be stable unless the treated polymer is kept in a 
very inert atmosphere at a very low temperature. Still, the shelf-time of grafted polar 
groups may be long enough, providing they are stabilised by the deposition of a coating of 
high surface energy material, for example, metal.  

As shown schematically in Figure 1.4 (b), the surface finish is realised by treatment of 
the pristine polymer with a non-equilibrium oxygen-containing plasma. The treatment 
should be performed when the polymer material is at low temperature, preferably room 
temperature, to avoid rapid re-orientation of functional groups at the surface.  

Non-equilibrium oxygen plasma consists of O2 molecules at the ground state, molecules 
in electronically excited states, and molecules in vibrationally and rotationally excited 
states. Furthermore, a significant fraction of oxygen molecules are dissociated, so nascent 
(atomic) oxygen is present in non-equilibrium plasma. Some molecules are even ionised to 
form positively charges molecular ions (O2

+). Negatively charged ions (O2
-) are also formed 

because of the attachment of slow electrons, but they do not play an important role in 
polymer functionalisation. The ionisation fraction of oxygen molecules is often orders of 
magnitude smaller than the dissociation fraction, so the density of O atoms is orders of 
magnitude larger than the density of charged particles. Atomic oxygen is among the 
oxidants of highest oxidation potential, and will thus react with the polymer surface even 



6 Chapter 1. Introduction  

at room temperature. The reaction will typically lead to the substitution of the C – H bond 
on the polymer surface with the hydroxylic group (C – OH). This reaction is exothermic, 
and the potential barrier is minimal [5], so the substitution is likely to occur. The 
illustration of the formation of hydroxylic groups on the polymer surface upon interaction 
with O atoms is shown in Figure 1.6. The OH radicals exhibit about the same oxidation 
potential to enable a similar surface finish as oxygen atoms.  

The surface of the polymer upon exposure to oxygen plasma will soon be saturated with 
hydroxyl groups. Further treatment will cause the formation of various functional groups. 
The kinetics of surface functionalisation are complex and remain a subject of scientific 
research. It involves the substitution of atoms or molecular groups, breaking bonds in the 
polymer chain, formation of volatile molecules, diffusion of oxygen from the surface to the 
subsurface film, etching, and nanostructuring. The evolution of functional groups is usually 
monitored by X-ray photoelectron spectroscopy. Figure 1.7 reproduces the concentration 
of various polar functional groups on the surface of polystyrene. The evolution is 
represented versus the fluence of O atoms.  

 

 

Figure 1.6: Schematic of the surface functionalisation with polar hydroxylic groups. (a) 
pristine polymer exposed to gaseous plasma is subjected to a random flux of O atoms, (b) 
the O atoms interact with the C – H surface bond to form hydroxyl groups. 
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Figure 1.7: The concentration of polar groups on the surface of polystyrene versus the 
fluence of O atoms. Reproduced from [6]. 

1.5 Plasma Polymerisation 
 

Although studied in detail by numerous authors, the kinetics of reactive species formed in 
oxygen plasma is complex and not well understood. Much more complex, however, is the 
science of plasma polymerisation. The basic principle is as follows: 

1. A vacuum chamber is evacuated to low pressure;  
2. A gaseous precursor, typically a monomer or oligomer, is introduced into the 

vacuum chamber; 
3. Plasma is ignited so that the precursor is partially dissociated to form fragments; 
4. The fragments condense and chemically bond to any surface facing the plasma.  

In reality, the plasma polymerisation process is extremely complex due to the large number 
of precursor fragments. Hexamethyl disiloxane (HMDSO) is often used as an appropriate 
monomer to provide building blocks for the surface film of a polymer. The structural 
formula of this monomer is shown in Figure 1.8. The three methyl radicals are bonded to 
silicon atoms, which are bonded via an oxygen bridge. Dissociation of this molecule in 
plasma conditions occurs at any bond between atoms in this molecule, so numerous radicals 
(over 100 different species) may be formed. The dissociation is due to the interaction of 
energetic electrons upon inelastic collisions. Electrons in the plasma assume a Maxwellian 
distribution over the kinetic energy. The relatively low-energy electrons that abound in 
plasma will preferentially break bonds between hydrogen and carbon and will also be 
capable of breaking bonds between methyl groups and silicon atoms. They are not capable 
of breaking bonds between oxygen and silicon because this bond is stronger. The electrons 
in the high-energy tail of the distribution function, however, will also be capable of breaking 
these Si – O bonds. As a result, the plasma sustained in HMDSO will be rich in hydrogen 
and methyl radicals, will have a significant concentration of siloxane radicals (SiO2CxHy), 
as well as containing some other radicals. The siloxane radicals will adhere to the substrate 
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and form a layer resembling the most stable form of polymerised siloxane, i.e., 
polydimethylsiloxane. The structural formula of polydimethylsiloxane is shown in Figure 
1.9. The backbone of this polymer is a chain of Si-O-Si-O-Si, with a couple of methyl groups 
chemically bonded to each silicon atom. Polydimethylsiloxane is often used in industry as 
an inert material, typically in the form of foils. It is also hydrophobic and moderately 
oleophobic, so it is among the best materials to protect the surface of any material against 
corrosion. The plasma-deposited film is not a completely stochiometric polymer as shown 
in Figure 1.9 but has many defects due to the peculiarities of its deposition. Still, it keeps 
the properties of PDMS as prepared by chemical methods. A depth profile of an aluminum 
sample coated by plasma polymerisation is presented in Figure 1.10. 

 

Figure 1.8: Hexamethyl disiloxane (HMDSO) 

 
Figure 1.9: Polydimethylsiloxane (PDMS) 

 

Figure 1.10: XPS depth profile of a thin film resembling polydimethylsiloxane on an 
aluminum substrate deposited by plasma polymerisation. 
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As explained above, the most likely dissociation event in HMDSO plasma is the subtraction 
of a hydrogen atom from the precursor molecule. Hydrogen atoms will be associated by 
forming H2 molecules at heterogeneous surface recombination, and molecular hydrogen will 
not interact with any material since it is a stable molecule but will be pumped away from 
the plasma reactor. The methyl radicals will partially adhere to the surface but will 
preferentially interact with H atoms (and form methane that is pumped away from the 
vacuum chamber) or interact with another CHx radical to form light hydrocarbons like 
ethane. All stable light hydrocarbons will be pumped away from the plasma reactor since 
they will not bond to surfaces due to their chemical inertness. Both molecular hydrogen 
and light hydrocarbons were detected in our system, as shown in Figure 1.1, and their 
kinetics are explained in the main part of this thesis (scientific papers).  

The upper description is a simple guide to the complex reactions that occur during 
plasma polymerisation. In practice, however, the detailed description is still a subject of 
extensive research due to the lack of probes for measuring the concentrations of various 
radicals in plasma of the HMDSO precursor. A further complication is oligomerisation in 
the gas phase. Simple radicals like H or O atoms will not form molecules (H2 or O2) in the 
gas phase due to restrictions on total energy and momentum conservation. They will 
recombine on surfaces to form stable molecules, and the excess energy will result in heating 
the solid material. On the other hand, more complex radicals may interact in the gas phase 
and form molecular complexes. The excessive energy (association energy, because the 
reaction is exothermic) during this type of gas-phase reaction transforms into the internal 
energy of the newly formed molecule, such as vibrational and rotational states. This effect 
may lead to the formation of macromolecules in the gas phase, and finally, molecular 
clusters. Slow electrons may attach to the clusters to form negatively charged clusters. 
Since the surface of any macroscopic object in contact with gaseous plasma assumes a 
negative surface charge, the charged clusters cannot reach the surface, so they remain in 
the gas phase. This effect causes the formation of dusty plasma, which is regarded as 
detrimental to plasma polymerisation. Namely, the dust particles in the plasma act as a 
sink of radicals. These should be used as building blocks for thin films of plasma polymer 
on the surface of components installed into the plasma reactor. Finally, the dust particles 
become so large that gravitation overcomes electrostatic repulsion, and the large dust 
particles attach to the surface of materials as defects. Oligomerisation and clustering are 
illustrated in Figure 1.11. The forces on large clusters of different sizes close to the surface 
of a macroscopic object are shown in Figure 1.12. The electrostatic force increases with 
increasing negative charge, but gravitation increases with mass, which increases with the 
size of the cluster diameter. Therefore, large enough clusters will always sediment on the 
surface of an object placed in the plasma reactor, irrespective of electrostatic forces. A 
feasible solution to overcome this problem is occasional termination and re-ignition of the 
gaseous plasma. This solution is applied in our production.  



10 Chapter 1. Introduction  

 

Figure 1.11: Oligomerisation, clustering, and formation of dusty plasma. Initially, only the 
fragments of the original precursor are present (a). Complexes or initial radicals soon form 
(b). Neutral complexes and radicals form clusters (c). The clusters charge negatively (d) 
and grow in size (e). 
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Figure 1.12: The electrostatic and gravitational forces of clusters in the sheath between the 
surface of a macroscopic object and the non-perturbed plasma. Both the macroscopic object 
and the clusters are negatively charged, so the electrostatic force is repulsive. Gravitation 
overcomes the electrostatic force for large clusters. 

1.6 Thesis Objectives 
 

The key objective of this thesis is to understand the behavior of gaseous plasma in an 
industrial-size plasma reactor. The literature on various aspects of plasma activation of 
polymer surfaces is abundant, as is the literature on the plasma-enhanced deposition of 
protective coatings using HMDSO as a precursor. Searching international databases, 
however, I have not found a single scientific article on the behavior of plasma in large, 
industrial-size reactors. The vast majority of authors have used small and simple 
experimental chambers with a volume about 1 liter, in which gaseous plasma is sustained 
at a rather large power density. The power density in the reactor shown in Figure 1 is 
solely 1 W/l. I have not found a single scientific document reporting the use of 1 W of 
power to sustain plasma in a reactor with a volume 1 liter. In fact, I believe it is impossible 
to sustain plasma at this power in an experimental plasma reactor.  

Scientific aspects of plasma technology in the production of automotive lamps were 
prepared for publication in international scientific journals. I am the first author of four 
scientific papers which were published in 2019 and 2020. The scientific papers attracted 
immediate attention from the scientific community. Figure 13 represents the number of 
abstract and full-text views as reported on the journal homepage [7] for the paper Ž. Gosar 
et al., “PECVD of Hexamethyldisiloxane Coatings Using Extremely Asymmetric 
Capacitive RF Discharge”. Other scientific papers, in which I served as the first author, 
were viewed several hundres of times.  
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Figure 1.13: The article statistics for my paper [8]. 
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Chapter 2 

2 Deposition of SiOxCyHz Coatings in 
an Industrial-Scale PECVD Reactor 

This chapter provides an introduction to the deposition of polymer-like coatings in the 
plasma reactor shown in Figure 1. The plasma reactor is represented schematically using 
the internationally adopted symbols for vacuum components. The pumping curves are 
presented and discussed in the view of pumping kinetics, effective pumping speed, and 
desorption of gases from the surfaces of components installed into the plasma reactor. The 
composition of gases in different stages of reactor operation was measured by mass 
spectrometry. This technique will identify stable molecules that are capable of reaching the 
quadrupole filter of the differentially pumped mass spectrometer. The spectra revealed 
various molecules in the pre-pumping stage, the plasma activation of the polymer 
components, the main pumping, the metal film's deposition, and the protective coating's 
deposition. The permanent gases (in particular nitrogen and oxygen) are quickly removed 
from the vacuum chamber, so the pressure in the pre-pumping stage is governed by water 
vapor. The chamber is pumped in this stage by a roots pump backed by a mechanical 
rotary pump. The atmosphere in this stage does not contain a significant concentration of 
air, but about 99% is water vapor. Once the prescribed vacuum level is achieved, some 
argon is introduced into the chamber, and plasma is ignited. Argon gas causes increased 
electron temperature (as compared to plasma sustained in water vapor), and the argon 
metastables help distribute the dissociation of water vapor evenly in the entire chamber. 
After igniting plasma, the water vapor partial pressure increases slowly, although no water 
was leaked intentionally. The increase of water partial pressure was explained by increased 
desorption, which is desired to remove the excessive adsorbed water from polymer surfaces 
prior to deposition of a metal coating. The abundance of OH radicals formed upon plasma 
condition assured for optimal surface activation of polymer products, i.e., formation of 
hydroxyl radicals on the surface of originally moderately hydrophobic surface. When 
surface functionalization is accomplished, the argon valve is closed, and the valve above 
the diffusion pumps is opened. The diffusion pumps have a large pumping speed, so the 
pressure starts decreasing until high-vacuum conditions are met. When the pressure drops 
below about 0.02 Pa, the evaporation of aluminum is performed. The freshly deposited 
metal layer acts as a getter (a material that captures all gasses except noble gases), so the 
water vapor partial pressure drops until the aluminum surface is covered with about a 
monolayer of oxide. The evolution of aluminum oxides within the deposited film was probed 
by high-resolution XPS depth profiling and explained by the gas composition upon 
metallization of the polymer products. Simultaneously with the accomplishment of the 
metallization, the HMDSO precursor is introduced into the chamber at the pressure of a 
few Pa, and plasma is ignited. The atmosphere in the plasma reactor upon polymerization 
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consists of numerous stable gases and radicals that cannot be detected by mass 
spectrometry. The most intensive signal arises from hydrogen molecules, indicating 
radicalization of the precursor. The water vapor still persisted in the system even after the 
prolonged deposition of the polymer-like coating, but the concentration was low enough to 
prevent significant deviation of the surface film from polydimethylsiloxane. The thin films 
deposited on the surface of polymer products were analyzed by XPS depth profiling. The 
broad interface between the substrate and the metal film was rich in oxygen, which was 
explained by a rather high water partial pressure and saturation of the polymer surface 
with polar functional groups that have interacted with the polymer surface upon plasma 
activation. 
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Chapter 3 
 

3 Characterization of HMDSO+O2 
Plasma in an Industrial-Scale Reactor 

The processes involved in the plasma treatment of polymer compounds can be understood 
if plasma properties are known. In this article, we reported the results of plasma 
characterization. Gaseous plasma was sustained in the industrial reactor shown in Figure 
1. We presented the electrode configuration and details about the gas inlet, which is 
important for proper interpretation of the signals obtained by probes for plasma 
diagnostics. In this paper, we used optical spectroscopy and mass spectrometry. While the 
first method is qualitative, it turned out very useful in combination with mass 
spectrometry, which is semi-quantitative. None technique is absolute. Optical spectroscopy 
measures the signal of photoelectrode at different wavelengths of the radiation (between 
about 200 and 1000 nm). We have calibrated the spectral response prior to measurements 
and measured the “dark spectrum” in order to assure reliable results. Mass spectrometry 
measures the ion currents at different adjustments of the quadrupole filter. The ions are 
created in the ionization chamber of the mass spectrometer by inelastic collisions with 
quasi-monoenergetic electrons, which also lead to dissociation of gaseous molecules, so the 
interpretation of the ion current spectra should be taken with precautions. The discharge 
characteristics are also reported in this paper. The voltage and current of the low-frequency 
RF generator were measured. On the basis of a simple but useful model, we calculated the 
ion density in gaseous plasma and discussed the reasons for the density, which is at least 
an order of magnitude smaller than in common experimental systems. Unlike in the 
previous paper, the plasma was ignited and sustained in a mixture of oxygen and HMDSO. 
Optical spectra in such mixtures were measured and discussed. Spectra were first measured 
in the reactor at the base pressure. Apart from a weak oxygen line at 777 nm, the spectra 
were rich in H-atom transitions belonging to the Balmer series. Rather weak molecular 
transitions indicated a small concentration of H2 molecules, which was explained by 
incomplete dissociation of H2O molecules and a poor association of H-atoms to H2 
molecules. When oxygen only was introduced, the rather intensive band arising from the 
transition of ionized oxygen molecules was observed and explained by the presence of fast 
electrons in the oscillating sheath next to the powered electrode. As long as plasma is 
sustained in pure HMDSO, the only distinguished spectral features were the hydrogen atom 
Balmer series and the CH band with the measurable intensity of the transitions from the 
ground vibrational state. However, the spectrum in the mixture of HMDSO and oxygen 
was rich in various features, including the CO bands. A continuum was also observed but 
could not be related to any specific species because several CO, CO+, O2+, and CH bands 
were overlapping. Poor emission from oxygen atoms indicated a rather low dissociation 
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fraction of oxygen molecules what was explained by various mechanisms. Systematic 
measurements of ion currents using the mass spectrometer are also presented in this rather 
extensive article. The results clearly showed different behaviors of various molecules. The 
ion currents of low-mass fragments of HMDSO increased with increasing discharge power, 
but the high-mass radicals intensity decreased. The mass spectrometry, therefore, showed 
clearly the evolution of the fragmentation of the precursor molecules upon plasma 
conditions, in particular the influence of the discharge power. The article is recommended 
literature for a broad community of scientists and users of PECVD technique for deposition 
of polymer-like films since it is the first report about the behavior of plasma parameters in 
an industrial-scale reactor.  
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Chapter 4 

4 Deposition Kinetics of Thin Silica-
Like Coatings in a Large Plasma 
Reactor 

The kinetics of the reactive plasma species and deposition rates are explained on the basis 
of measurements of various parameters in this scientific article. In a previous couple of 
papers, we neglected the temporal behavior of plasma parameters, so we decided to 
elaborate on such effects in this paper. The effective pumping speed was calculated using 
the measured values of the flow rates and pressures. We demonstrated the pressure 
dependence of the effective pumping speed. We plotted the effective pumping speed versus 
the measured flow of HMDSO precursor to stress the influence of the residual atmosphere 
on the deposition kinetics. We also presented the residence time, which is among the key 
parameters governing the deposition kinetics. We clearly showed that the predictions which 
may be valid in experimental systems are not justified in the industrial reactor shown in 
Figure 1. Namely, the industrial reactor's residence time was about a minute, which is at 
least an order of magnitude longer than in experimental reactors. An interesting behavior 
of the discharge current versus the HMDSO flow was observed. The discharge current 
exhibited a minimum at the flow between 50 and 100 sccm, indicating optimal conditions 
regarding the density of charged particles in gaseous plasma. The density of charged 
particles in such reactors is practically impossible to measure, so we deduced it from other 
measurable parameters. Due to uncertainties and assumptions that might not be all 
justified, we plotted the range of possible densities of charged particles with clearly 
indicated upper and lower limits, taking into account different models. The difference 
between the limits is almost two orders of magnitude, but we managed to discuss the 
justification of extreme assumptions, so we were able to recommend the most probable 
value of the density of charged particles in our plasma. We also demonstrated excellent 
agreement between the measured thickness of the deposited film and the linear fit. The 
deposition rates in the middle of the industrial reactor were measured versus the HMDSO 
flow and the discharge power. The relation is linear up to about 120 sccm where deviations 
from linearity were observed and discussed, taking into account the density of charged 
particles and the ionization kinetics. On the other hand, the deposition rate versus the 
discharge power at a fixed HMDSO flow expressed a broad maximum which was explained 
by competitive events. The depth profiles of the deposited films were measured by SIMS. 
A rather uniform composition of the deposited film was confirmed. The structure of the 
films was further elaborated by high-resolution XPS spectra of C1s, O1s, and Si2p peaks. 
Excellent agreement between the peaks was observed, and the results confirmed that the 
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deposited films were actually close to the polydimethylsiloxane with an almost negligible 
concentration of silica in the deposited film.  
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Chapter 5 

5 PECVD of HMDSO in Extremely 
Asymmetric Capacitive RF Discharge 

The deposition rates of polymer-like films in the large industrial-size plasma reactor shown 
in Figure 1 are rather low. Industry wants larger deposition rates, which are not achievable 
in the reactor because of the limitations of the discharge configuration. We plan to change 
the configuration in the industrial reactor, but before doing this, we wanted to check our 
hypothesis. To evaluate possibilities for depositing quality films at much larger deposition 
rates, we constructed a smaller reactor of a volume of about 25 liters. The deposition 
kinetics was studied in this smaller reactor using an innovative configuration: instead of 
moderately asymmetric configuration of the industrial-size reactor, we used an extremely 
asymmetric electrode configuration. The size of the powered electrode was orders of 
magnitude smaller than in the industrial reactor. The configuration allows much larger 
power densities, and we studied the evolution of the polymer-like film on the surface of 
substrates versus the discharge power. We used different flow rates of oxygen and HMDSO, 
resulting in different gas-phase chemistry. The plasmas sustained in mixtures of these gases 
were characterized by optical spectroscopy. The optical spectrum of plasma sustained in 
pure oxygen was similar to the spectrum acquired in the large reactor. The spectral features 
when using HMDSO as the precursor, however, were different. In particular, the strong 
emission from the excited hydrogen molecules (Fulcher band) was observed and related to 
extensive recombination of H-atoms to H2 molecules. The continuum, which was hardly 
visible in the industrial reactor, was now the major source of radiation from gaseous plasma. 
Since the water vapor concentration was low, the spectra acquired in pure HMDSO were 
free from emission arising from CO bands. Therefore, the continuum was not a consequence 
of the peak overlapping but the presence of radicals that emit continua. We were not able 
to identify the radicals because numerous three- or multi-atom molecules are capable of 
emitting continua. On the other hand, the spectra in mixtures of oxygen and HMDSO were 
rich in CO radiation, indicating extensive oxidation of organic components in the 
experimental reactor. No atomic oxygen lines were observed in the spectra, which was 
another confirmation of rich chemistry. Aluminum substrates were used to study the 
kinetics of polymer-like film deposition. The deposited films were characterized by X-ray 
photoelectron spectroscopy. Systematic research was performed at different deposition 
times and discharge powers, and only selected depth profiles are shown in this scientific 
paper. As long as the treatment times in pure HMDSO were reasonably short and the 
discharge power reasonably low, the deposited films were similar to those obtained in the 
industrial reactor. Prolonged deposition, however, caused modification of the film 
composition. The silicon and oxygen concentrations in the deposited film increased at the 
expense of the carbon concentration. The film was not any more stoichiometric polymer 
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but rather a polymer matrix with embedded silica-rich grains. As explained in the 
introduction to this thesis, the grains indicate the formation of clusters in the gas phase. 
A similar effect was observed at relatively short deposition times but with high discharge 
powers. The main conclusion of this research is a serious limitation of the discharge 
parameters that enable the deposition of thin films of desired properties. Therefore, the 
experiments published in this paper are useful for future modification of the discharge 
configuration in the industrial-size reactor shown in Figure 1.  
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Chapter 6 

6 Conclusions 

The results of extensive and systematic work on plasma and surface characterisation 
enabled an insight into the complex phenomena occurring both in the gas phase of plasma 
conditions and on material surfaces facing the plasma. The most important conclusions are 
as follows: 
• Optical emission spectroscopy and mass spectrometry are useful techniques for 
measuring the fragmentation of precursor molecules in an industrial plasma reactor and 
enable the estimation of the most important plasma parameters. 
• Gaseous plasma sustained by an asymmetric RF discharge in the capacitive mode 
in the reactor with a volume approximately 5 m3 is temporarily stable, providing constant 
discharge parameters. 
• The density of charged particles in gaseous plasma in an industrial size reactor is 
in the order of 1014 m-3. The density depends on discharge parameters. This value is at least 
an order of magnitude smaller than in any experimental reactor used by other authors.  
• The fragmentation of precursor molecules in an industrial plasma reactor occurs 
largely in the volume next to the powered electrode. Fragmentation away from the 
electrode is far from complete since the major plasma constituent as determined by residual 
gas mass spectrometry remains the precursor itself.  
• Stripping of H atoms from the precursor molecules is the most abundant reaction 
in the gas phase in plasma conditions. The H atoms partially associate and form H2 
molecules by heterogeneous surface recombination.  
• Plasma sustained in HMDSO gas is a rich source of UV and VUV radiation. The 
radiation mainly arises from the relaxation of highly excited hydrogen molecules and atoms. 
Extensive radiation occurs despite very low power density and very low density of electrons 
in plasma at distance from the powered electrode.  
• Hydrogenated carbon radicals are formed in the gas phase. These associate to form 
light hydrocarbons at surface reactions. Heavy hydrogenated carbon molecules are not 
formed at measurable rates. 
• The composition of protective coatings obtained by plasma polymerisation is 
different from the composition of the precursors. This result is explained by various 
mechanisms, which are stated below.  
• The precursors themselves do not contribute to the growth of the protective film 
despite plasma conditions. The adsorption kinetics for precursors upon bombardment with 
ions and irradiation with VUV radiation from plasma are insufficient to cause significant 
chemical modification of the precursor upon adsorption on activated surfaces facing the 
plasma. 
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• The protective film resembles carbon-depleted polydimethylsiloxane. The deposited 
material is smooth and represents good protection of the metalised film against corrosion 
and other unwanted effects. 
• The interface between the polymer substrate and the aluminum film is rich in 
oxygen, indicating optimal surface functionalisation of the polymer substrate prior to film 
deposition.  
• The deposited aluminum film is almost free from chemically bonded oxygen or any 
other impurity providing that high-vacuum conditions are achieved before and during the 
evaporation.  
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