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PREFACE

Nowadays textile materials cannot be restricted to clothes, linen, tablecloth and
curtains, but they have to be regarded also as high-tech products that, in addition to the
traditional clothing industry, find application in many technological fields, like
construction, agriculture, automotive, aerospace, medicine. Due to the increasing
growth of textile market, in the last decades there is a growing demand for improving
the methods for the finishing of textile fabrics as well as of materials with new
characteristics. Further the traditional wet techniques are not always environment
friendly and at low energy consumption, so dry, environmentally safe, and energetically
efficient processes are required as alternatives to the classical/old textile finishing
methods. All these issues, along with the statement of fact that some properties are
needed only on the textile surface, make non-thermal plasma technologies quite
appealing for the textile industry. In particular non-thermal plasma produced at
atmospheric pressure are challenging for the modification of the fabrics surface, as this
technology is compatible with continuum, on-line processing.

Recently both surface activation and deposition of thin functional coating by means
of atmospheric pressure plasma have been investigated in order to confer to textiles
various properties, such as affinity for painting and dyeing, stain-resistance,
antibacterial, no-shrinking and no-felting character. At this purpose different feeding
gas mixtures have been used, from non-polymerizing ones (air, Ar, He, N,, O,), to
hydrocarbon, fluorocarbon and organosilicon precursors. Thin organosilicon coatings,
in particular, are quite challenging for various textiles finishing, as, due to their
inorganic/organic character, they can exhibit different suitable properties, such as
thermal stability, abrasion resistance, anti-reflective character, dielectric and
hydrophilic/hydrophobic tuneable features.

This thesis, developed in “co-tutele” between the University of Bari (Italy) and the
University Pierre et Marie Curie (France), reports a fundamental study on the deposition
of thin organosilicon coating in a Dielectric Barrier Discharge (DBD) which is very
interesting for application to the textiles finishing. Although this topic is receiving
widespread attention in the scientific community, as stated by the recent literature, very
few works investigate organosilicon precursors different from hexamethyldisiloxane
(HMDSO) and get inside the occurring deposition mechanism in DBD. The first goal of

VI



this work was the investigation of other precursors: in addition to the HMDSO,
pentamethyldisiloxane (PMDSO) and tetramethyldisiloxane (TMDSO) were used as
organosilicon monomers. Both gas phase and thin films produced in Ar/HMDSO/O,,
Ar/PMDSO/O, and Ar/TMDSO/O, DBD, with different oxidant content, were
investigated with the aim of giving an overview of the three disiloxanes performances.
At this purpose a GC-MS detection of by-products in the exhaust gases was carried out
and correlated to the coating properties.

The first chapter of this thesis gives an overview of the available plasma processes
for the textile treatment, with regard for the atmospheric pressure plasma processes and
the employment of organosilicon coating in the textile finishing.

In the second chapter a description of Dielectric Barrier Discharges fundamentals is
presented. The third chapter describes the state of the art of organosilicon thin films
deposition in both low and atmospheric pressure; a particular attention is given to
deposition mechanism investigations.

The experimental apparatus along with the adopted diagnostic techniques are
presented in the fourth chapter. The fifth and sixth chapter are respectively devoted to
the obtained coatings characterization and to the experimental results from the GC-MS

investigations.
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INTRODUCTION

A nos jour les matériaux textiles ne sont pas seulement utilisé dans le domaine de
I’habillement et les linges de maison (draps, nappes, rideaux, etc.), mais il sont tres
utilisés comme produits d’une haute technicité employées dans divers domaines
industriels, comme la construction, I’agriculture, la médecine, I’industrie aérospatiale et
de I’automobile. En raison de la rapide expansion du marché des textiles, I’amélioration
des méthodes de finission, ainsi que des matériaux avec des nouvelles propriétés ont été
demandées dans les derniéres décennies. Par ailleurs les techniques traditionnelles par
voie humide sont souvent néfaste pour I’environnement et demandent une
consommation d’énergie importante. Les procédés par voie séche, sans danger pour
I’environnement et économiques, constituent une solution alternative aux méthodes
traditionnelles. De plus elles permettent de modifier I’extréme surface sans affecter les
propriétés massiques des matériaux. Tout particulierement les plasmas non-thermiques
a la pression atmosphérique sont intéressants pour I’industrie textile, car cette
technologie est compatible avec la chaine de production continue.

Récemment I’activation de la surface, ainsi que le dépbt des couches minces
fonctionnels par plasmas a la pression atmosphérique, ont été étudiées afin de conférer
des nouvelles propriétés aux textiles, comme I’amélioration de I’adhésion vis a vis des
peintures et de la teinture, les propriétés anti-tache, antibactérienne, anti-
raccourcissement et anti-feutrage. Pour ce faire, une large gamme de précurseur non-
polymérisable (air, Ar, He, Ny, O,) et polymérisable (hydrocarbures, fluorocarbures,
organosiloxanes), ont été utilisés. En particulier les couches minces obtenues a partir de
composés d’organosiloxanes, grace a leur large gamme de caractéristiques chimiques
différentes selon leur caractére, organique ou inorganiques, peuvent conférer des
propriétés tres intéressantes et variées aux textiles, a savoir la résistance a la chaleur et a
I’abrasion, I’isolation électriques, propriétés anti-reflet, ou hydrophobes/hydrophiles.

Cette these, développée en co-tutelle entre I’Université de Bari (ltalie) et
I’Université Pierre et Marie Curie (France), est consacrée a une étude fondamentale de
la déposition des couches minces d’organosiloxanes, réalisées par des Décharges a la
Barriére Diélectrique (DBD), un procédé trés intéressant pour I’application aux textiles.
Méme si ce sujet est en train de recevoir beaucoup d’attention de la part de la

communauté scientifique, la littérature la plus récente étant une preuve, en trés peu
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d’études des organosiloxanes différents de I’hexaméthyldisiloxane (HMDSO) ont été
utilisés comme précurseurs. De plus, jusqu’a présent, les mécanismes du dép6t des
couches minces d’organosiloxanes par DBD ont été peu abordés. Le premier but de
cette étude a été, donc, d’examiner d’autres précurseurs: outre le HMDSO, tels que le
pentaméthyldisiloxane (PMDSO) et le tetraméthyldisiloxane (TMDSO) ont été utilisés.
La phase gazeuse, ainsi que les couches minces déposées en DBD alimentées par
Ar/[HMDSO/O,, Ar/PMDSO/O, et Ar/TMDSO/O,, avec différentes proportions de
I’oxygeéne, ont été étudiés dans le but d’avoir une vue d’ensemble des performances des
trois disiloxanes utilisés. Pour cette raison les sous-produits générés dans la phase
plasma ont été recueillis a partir du gaz sortant du réacteur, et analysés par GC-MS; une
corrélation entre les résultats GC-MS et les propriétés des couches minces obtenues a
été établi.

Dans le premier chapitre de ce manuscrit nous présentons une introduction sur
I’ensemble des procédés plasma disponibles pour le traitement des textiles, avec une
attention particuliére pour les procédés plasma a la pression atmosphérique et
I’utilisation des couches minces d’organosiloxanes comme précurseur.

Le deuxiéme chapitre est consacré a la description des principes de base des
Décharges a la Barriere Diélectrique (DBD). Ensuite nous présentons dans le chapitre 3
I’état de I’art sur les mécanismes du dépot des couches minces d’organosiloxanes par
procédés plasma a basse pression ainsi qu’ a la pression atmosphérique.

Le réacteur DBD et les techniques de diagnostiques utilisés sont présentés dans le
quatrieme chapitre. L’ensemble des résultats expérimentaux obtenus est présenté dans
les chapitres 5 et 6: I’analyse phisico-chimiques des couches minces dans le chapitre 5,

et les analyses des gaz sortant du réacteur par GC-MS dans le chapitre 6.



PREFAZIONE

Oggigiorno i materiali tessili non sono utilizzati solamente nel campo
dell’abbigliamento e della biancheria per la casa (lenzuola, tovaglie, tende, etc.), ma
sono considerati dei prodotti altamente tecnici adoperati in diversi settori industriali,
come quelli edile, agricolo, dell’automobile, aeronautico e medico. A causa della forte
espansione del mercato tessile, negli ultimi decenni c’é stata una crescente richiesta sia
di metodi piu efficaci per il finissaggio dei tessuti, sia di materiali con caratteristiche
nuove. Inoltre le tecniche tradizionali per via umida non sono sempre eco-compatibili e
a basso consumo di energia, percio la ricerca é rivolta a metodi alternativi a quelli
tradizionali, che cioé non utilizzino acqua e/o solventi e che non siano dannosi per
I’ambiente. Per tutte queste ragioni, in aggiunta al fatto che spesso alcune proprieta sono
necessarie solo sulla superficie di un tessuto, laddove i metodi tradizionali influiscono
sull’intero materiale, i plasmi freddi risultano particolarmente interessanti per I’industria
tessile. Ancor piu interessanti sono i plasmi freddi prodotti a pressione atmosferica, data
la loro compatibilita con i processi industriali in continuo.

Recentemente, al fine di conferire ai tessuti diverse proprieta, come I’affinita per la
tintura e lo stampaggio, la resistenza alle macchie, il carattere antibatterico,
antirestringimento o antinfeltrimento, sono state studiate sia [I’attivazione della
superficie, sia la deposizione di film sottili mediante plasmi a pressione atmosferica. A
guesto scopo sono stati usati diversi precursori, dai gas non-polimerizzanti (aria, Ar, He,
N, Oy) agli idrocarburi, fluorocarburi, organosilani. I film sottili organosilanici, in
particolare, sono molto indicati per vari finissaggii tessili, poiché, grazie al loro
carattere inorganico/organico, possono mostrare diverse proprieta utili al tessile, come
la stabilita termica, la resistenza alle abrasioni, il carattere anti-riflesso, isolante,
idrofobo/idrofilo.

Questa tesi, sviluppata in co-tutela tra I’Universita di Bari (Italia) e I’Université
Pierre et Marie Curie (Francia), & uno studio fondamentale sulla deposizione di film
sottili organosilanici in Scariche a Barriera di Dielettrico (DBD), molto interessante per
I’applicazione ai tessuti. Sebbene questo argomento stia ricevendo molta attenzione
dalla comunita scientifica, come provato dalla letteratura recente, pochissimi lavori si
occupano di precursori diversi dall’esametildisilossano (HMDSO) e approfondiscono lo

studio dei meccanismi di deposizione nelle DBDs. Il primo obiettivo di questo lavoro é
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stata I’indagine di altri precursori organosilanici: oltre a ’'HMDSO sono stati usati
anche il pentametildisilossano (PMDSO) ed il tetrametildisilossano (TMDSO). Allo
scopo di fornire una panoramica sulle prestazioni dei tre organosilossani, sono stati
studiati sia la fase gas sia i film sottili prodotti in DBD alimentate da miscele gassose di
Ar/[HMDSO/O,, Ar/PMDS0O/0O, ed Ar/TMDSO/O,, con differenti concentrazioni di
ossidante. A tal fine sono stati analizzati i gas esausti delle scariche mediante GC-MS e
la loro composizione ¢ stata correlata alle proprieta dei film depositati.

Nel primo capitolo di questa tesi sono brevemente descritti i processi plasmochimici
usati per il trattamento di tessuti, in particolare i processi plasmochimici a pressione
atmosferica e I’'uso di organosilani per il finissaggio.

Nel secondo capitolo sono presentati i principi fondamentali delle Scariche a
Barriera di Dielettrico. Nel terzo capitolo & mostrato lo stato dell’arte sulla deposizione
di film sottili in plasmi a bassa pressione e pressione atmosferica; particolare attenzione
¢ stata rivolta agli studi sui meccanismi di deposizione.

L apparato sperimentale e le tecniche diagnostiche impiegate sono descritte nel
capitolo 4. Nei capitoli 5 e 6 sono infine presentati i risultati sperimentali relativi,

rispettivamente, alla caratterizzazione dei film sottili e alle analisi GC-MS degli esausti.
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CHAPTER 1: INTRODUCTION

1.1 General aspects of textile manufacturing

The production of textiles, from fibres to their end products, has a history as long as
the human civilization and in the centuries has kept up with it. Nowadays it constitutes a
global industry not limited to the apparel marketing, but well linked to many industries,
including construction, agriculture, automotive, acrospace, where the unique properties
of natural and synthetic fibres, filaments and fabrics are exploited. Textiles for clothing
are increasingly becoming high-tech products offering special functionalities, such as
hydrophobicity, breathability, UV-stability, flame-protection, antibacterial properties.
Anyway these technical textiles comprises not only garments for outdoor sports and
safety clothing, but also geotextiles, textiles for architecture, for vehicles or aircrafts
(i.e.: reinforcing components, seat belts, airbags), for packaging, filtration, medical and

healthcare [1].

Textile Production

From Polymer to Apparel

Fiber — = Non woven
lcunverted to Felt fabrics

Petroleum
Man made
Synthetic
Wood Pulp

: Yarn
v cﬂetahli>Nﬂ“|‘“| Inunverted to

Animal

—_—

Fabrics Uses

Knit ——= Apparel, Non-apparel

o Woven — = Apparel, Non-apparel

v Tufted —= Non-apparel

Figure 1.1.1: Textile production chain [2].



The great number of textile chain steps, as sketched in Figure 1.1.1, can be
summarized in some main points: the fibres production from natural renewable (plant
and animal kingdom) and from synthetic non-renewable sources (petroleum
hydrocarbons), the fibres conversion into yarns that are finally employed in the fabrics
weave (woven, knitted and tufted fabrics), or their conversion in non-woven fabrics [2].

The production line from the yarn manufacturing to value-added products moves
through many wet processes, from the textile pre-treatments, such as desizing, scouring,
cleaning, bleaching, to the fabric dyeing and chemical finishing (Figure 1.1.2). At this
purpose large amounts of toxic wastewaters are produced [3]. On the other hand some
properties (i.e.: the improvement of dyeing process, the stain resistance, antibacterial or
antistatic properties etc.) are needed only on the textiles surface, whereas the traditional
wet techniques may affect also the intrinsic bulk features, such as comfort, touch,
porosity and air/water permeability. Moreover, after a wet chemistry finishing process
the textile needs to be dried causing a rise in the productive energetic costs [4].
Therefore dry, environmentally safe, and energetically efficient processes are required
as alternatives to classical/old textile finishing methods [5].

In response to this demand, plasma technologies represent eco-friendly, energy
efficient and economic alternatives to classical textile finishing processes: they can
contribute to make a selection of production based more on quality than on cost, thus

reducing the urgency of the problems associated with the global challenge [6].



Raw fabric

|
Singeing

]
Desizing

T Boiling
-caustic
-acidic

Washing
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Dyeing / printing
Washing
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Drying
Heal setting

J

Fimishing

Figure 1.1.2: Wet processing of woven fabric [3].

1.2 Plasma technologies and textiles

A non-thermal plasma is a partially ionized gas containing high-energy electrons
mixed with low-energy molecular species (ions, free radicals, meta-stable excited
species, etc.) in a way that the overall system remains close to room temperature.
Non-thermal plasma has been intensively studied and applied for the practical industrial
requirements on high quality, high productivity, low cost and environmentally clean
surface treatment processes, as it is able to tailor the surface properties without

changing the physical and mechanical properties of the bulk materials. Surface



modifications may be accomplished through surface activation, ablation, etching,
cross-linking, functionalization, film deposition or by some combination of these effects
[6, 7].

Since the plasma gas remains at room temperature and textiles are not temperature
resistant materials, cold plasma technologies are particularly suited to textile processing.
An enormous variety of feeding gases can be used to perform a great number of surface
chemistry: a large variety of chemically active functional groups can be incorporated
onto the textile surface with the aim of cleaning or disinfecting, or improving
wettability, printability, adhesion of coating, or inducing hydro- and/or oleophobic
properties, or changing physical features. Further, a plasma treatment can be developed
in a wide pressure range, and large reactor chambers and roller systems for large webs,
are nowadays available with competitive costs [6].

The earliest plasma processes studies were carried out in low pressure gas systems,
however, the integration of these processes, typically running at pressures between 0.1
and 1 mbar, into textile production line is often complex. As a matter of fact vacuum
systems are not compatible with continuum, on-line processing and can be used only in
batch mode or in semi-continuous vacuum-vacuum-vacuum roll-to-roll systems;
additionally vacuum equipments are expensive, so there are high costs also for
industrial scale-up. Finally, manufacturers are generally distrustful of vacuum system,
mainly for ignorance problems. In the field of textile, in particular, processes are
applied to wide areas (fabrics are meters wide and kilometres long) and, moreover,
textiles have large specific surfaces: these facts make the desorption/adsorption of gases
to become a real problem associated with vacuum systems [4].

Hence non-thermal plasma processes produced at atmospheric pressure are
advantageous for the textile industry, as they can be introduced into the production line
without major changes or system interruption and they are consistent with fabric large
dimensions, high speed and continuous processing. In recent years a number of non-
thermal processes, including Plasma Enhanced Chemical Vapour Deposition (PECVD),
which were limited to low pressure apparatus, have been successfully transferred to the
atmospheric pressure range, making atmospheric pressure plasma usable for substrate
pre-treatment, cleaning, etching and plasma chemical coating from either gaseous or

liquid precursors. Although the research in the field of low pressure plasma processes



for textiles have not been abandoned [8-12], the scientific world has developed a

growing interest for the challenge of atmospheric pressure processes [6, 7].

1.3 Plasma treatments for textiles

As before mentioned plasma phase is made of various chemical species,
i.e. electrons, ions, radicals, excited atoms/molecules, UV radiation: by tuning the
feeding gas and the process parameters a great number of surface effects could be
achieved. This fact well match the complexity of textile chain, as plasma processes
could be adopted as any step of the production line, from pre-treatment to finishing.

The surface processes available to the textile industry can be classified as activation,
etching/cleaning and coating, but a real distinction between the first two processes is
hard to do as they are often contributory factors of the same treatment. Further the
different targets in the field of textiles and fibres surface treatment have promoted the
development and employment of various plasma apparatus, especially at atmospheric
pressure (i.e corona treaters, DBDs system, Atmospheric Pressure Plasma Jet (APPJ))
[13-15].

Ambient air treatments carried out in corona discharges [15-21] on numerous kind
of fibres have been widely investigated and compared to processes performed in
controlled atmosphere DBDs [22-27] and APPJ [28-30]. The main effect of oxygen
containing plasma is the introduction of polar groups, such as hydroxyl, carbonyl,
carboxyl, ether, hydroperoxide, that enhance the hydrophilic properties of the treated
textiles; anyway oxygen-free plasma create surface active sites that can easily react with
ambient air or any other liquid or gaseous environment which the textile is exposed to.
These processes often result in a surface energy enhancement aimed at the improving
wettability and adhesion properties of the substrate [7, 13, 32].

Wettability is an important parameter for subsequent dyeing or printing of synthetic
and natural textiles. Adhesion between fibres and a composite matrix play a
fundamental role in composite materials [31-34] and it is involved also in the
application of finishing coatings onto fabrics [35-40]. The chemical changes cannot be

separated from the physical ones: several studies are focused on the occurring surface



micro-roughening that, if it does not turn into a surface damage, strongly improves
wettability and adhesion properties of the treated fibres [41-44].

The textiles finishing can be obtained also by the deposition of thin conformal films:
plasma promotes both the precursor fragmentation and the creation of surface reactive
bonding sites, thus a solid phase material forms at the plasma-surface interface. The
PECVD process delivers a dry coating, well-adhered to the substrate and conformal to
each individual fibre accessed by the plasma [13]. In atmospheric pressure systems not
only gases but also liquids, atomised into droplets and injected in the plasma phase, can
be used as thin films precursors [45].

Several examples of PECVD onto fabric can be stated: acrylic acid was plasma
polymerized onto polyester and polyamide fabrics to confer them a permanent
hydrophilic character [46]; hydrocarbon (ethene, acethylene) and ammonia mixtures
were used for the deposition of a-C:H:N coatings in order to introduce and preserve
N-containing groups for a long period [47-48]; thin films from plasma fed with
fluorocarbon gases were investigated to give water and stain repellence properties [45,
49-51]. Organosilicon compounds are also widely adopted as precursor for the coatings
deposition onto fabrics: their suitability for the textile industry will be detailed in the

next paragraph.

1.4 Role of silicones in textile finishing

Organosilicon compounds and their derivatives are often non-toxic and easy
handling substances widely used in many technological fields. Due to their
inorganic/organic character, thin organosilicon coatings can exhibit different properties,
from thermal stability to abrasion resistance, anti-reflective character, dielectric and
hydrophilic/hydrophobic tuneable properties, that make them suitable for various
textiles finishing.

Organosilicon fed plasma result in a complex plasma-phase chemistry and in the
tunability of films composition from the silicone-like character, when a great number of
organic moieties (CH,) is present in the film, to SiO,-like inorganic coatings, normally
if an oxidant is added to the feeding gas [52]. Silicone-like coatings can exhibit a Water

Contact Angle (WCA) up to 110° on flat surfaces, but due to the microstructure of



textile fabrics, knitwear and non-woven, superhydrophobic effects can easily be
obtained. Hydrophobic and stain-repellent textiles have a large market impact and are
subject to strong demand from textile industry. Among the organosilicon precursor
hexamethyldisiloxane (HMDSO) is widely used for the deposition of hydrophobic
coatings onto fabric and fibres due to the retention of —CHj; groups within a Si-O
network [53-55].

Organosilicon thin films can confer also high washing permanence and abrasion
resistance. HMDSO plasma-polymerized films were recently investigated as anti-pilling
finishing for knitted wool fabrics [56]. In another work the barrier properties of
HMDSO plasma coating were evaluated in order to control the moisture vapour
transmission rate of wound dressings [57]. Other monomers were also investigated:
anti-reflective coating layers were deposited onto PET fabrics by means of DBD fed
with hexamethyldisilane and tris(trimethylsilyloxy)vinylsilane with the aim of
increasing the PET colouring intensity [58].

Organosilicon compounds were also employed in the liquid state onto plasma
activated surfaces. In order to obtain stable conductive textiles vinyltrimethoxysilane
was grafted onto plasma activated polypropylene and viscose fabrics to ensure a surface
covalent bonding of a pyrrole-functionalized silane: the silane back-bone provides a
scouring and abrasion resistance to the polypyrrole outer-layer [59]. Hydrogen silicone
fluid was grafted onto PET fabrics through corona discharge activation to improve the
textile water repellency [60] or onto polyamide fabrics to create a gas-tight airbag [6].

The use of organosilicon substances for textiles treatment cannot be limited to
plasma processes. Several studies report on the textiles modification by means of silicon
alkoxides sol-gel coatings. The diluted alkoxides can be easily hydrolyzed leading to
silanols groups that have a strong tendency to undergo condensation reactions; the
basically formed inorganic network can be modified over a wide range by using other
additives [1]. Examples could be the investigation of phosphorus doped SiO, thin films
for giving flame retardancy properties to fabrics [61], the preparation of photoactive
transparent thin SiO,-TiO, films to confer self-cleaning properties to cotton fabrics [62],
the sol-gel treatment with glycidylpropyloxytrimethoxysilane- and tetracthoxysilane-
solutions to minimize the formaldehyde release in durable press finishing of cotton [63-

64].
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CHAPTER 2: ATMOSPHERIC PRESSURE PLASMA AND DIELECTRIC
BARRIER DISCHARGES

2.1 Generalities about plasmas

Plasma is a partially ionized gas made of electrons, ions and neutrals in fundamental
and excited states; although it is electrically conductive due to the presence of free
charge carriers, from a macroscopic point of view plasma is electrically neutral. Excited
species can undergo radiative relaxation processes emitting light in the visible-UV
region, thus plasma is usually characterized by a glare: flames, lightnings, the aurora
borealis, solar corona, interstellar space are some of the numerous examples of natural
plasma. Anyway plasma can be artificially generated by giving energy to a gas by
means of heat, radiation, electric or magnetic field: examples are the neon tube and the
plasma display panels [1-3].

On the base of electron density and gas temperature, plasmas are generally classified
in equilibrium and non-equilibrium plasmas. In equilibrium plasmas the high number of
elastic collisions occurring between electrons and neutral species, that constitute the
main part of the gas phase, promotes the enhancement of neutral kinetic energy. As a
consequence the heavy particles in the plasma achieve the same electrons temperature
(~10* K), so this kind of plasma is also called thermal plasma. Due to their high
temperature thermal plasmas are used for elemental spectroscopic analysis and for
industrial processes like welding, cutting and waste destruction.

In non-equilibrium plasmas, instead, high energy electrons are involved in few
elastic collisions, whereas they result quite effective in anelastic collisions, thus
producing excited species, radicals and ions: electrons remain the more energetic
species in the plasma (~ 10 eV), while heavy particles, if compared to the fast electrons,
could be considered static, so their translational temperature remain close to the ambient
one (~300 K). As heavy particles are the most abundant species in the plasma, they also
determine the plasma temperature: for this reason non-equilibrium plasmas are also
called cold plasmas. Non-equilibrium plasmas are widely used as surface modification

technique, also for thermally unstable materials like polymers, paper, textiles, etc., and
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have found application also in pollution control, volatile organic compounds removal,
0zone generation and lamps [1, 3-4].

The working pressure play a fundamental role in determining the plasma
temperature: at pressures lower than 10 Torr non-equilibrium plasmas are easily
generated due to the large particles mean free path and, consequently, few electron-
neutral elastic collisions; at higher pressures collisions become more frequents,
therefore plasma temperature approaches the electrons one (Figure 2.1.1). Since the 70"
cold plasmas generated in low pressure discharges (some hundred of mTorr), with
regard to radio frequency (13.56 MHz) and microwave (2.54 GHz) plasmas, have been
widely investigated. More recently new technical solutions allowed to obtain
non-thermal plasmas at atmospheric pressure. In the last decade great attention has been
paid to the atmospheric plasma technology as it can overcome some vacuum systems
drawbacks that limit the plasma processes scale up, thus resulting very attractive for
many industrial applications [5-8].

|0= T T T T T T

Temperaiure (K]

102 ] ] ] 1 ] 1

e~ 10°* 40" 107" 19' 10* 10
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Figure 2.1.1: Evolution of electrons and heavy particles temperature as a function of
the pressure in a mercury plasma arc [7, 50].
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2.2 General aspects of atmospheric pressure plasmas

Non-thermal plasmas at atmospheric pressure can be generated by various type of
electrical discharges. Their main feature is the production of high energy electrons
promoting the formation of chemically active species, while the gas molecule remain
cold. Different approaches can be used to maintain the neutral species at low
temperature, that is limiting the input energy adsorbed in the discharge, providing an
efficient cooling of the plasma stream or decreasing the residence time of the gas in the
discharge gap [5-6, 8].

Many authors conveniently classify atmospheric pressure discharges on the base of
applied excitation frequency and three main groups are defined: the direct current (DC)
and low frequency alternating current discharges (1-100 kHz range), the radiofrequency
discharges (100 kHz -100 MHz), the microwave (MW) discharges (>100 MHz) [5-7].

In the perspective of atmospheric pressure plasma sources developed for the surface
treatment and the deposition of thin films (PECVD), probably due to the difficulty of
designing a convenient equipment for wide areas coverage and sustaining MW
discharges at low power avoiding high plasma temperatures [6], very few examples of
MW sources working at atmospheric pressure can be found, mainly operating in a
remote system configuration [9-10]. The Atmospheric Pressure Plasma Jet (APPJ), the
cold plasma torch and the hollow cathode systems are the main type of RF plasma
sources adopted for the AP-PECVD processes. Here plasma is generated in a narrow
inter-electrode gap, normally with coaxial geometry, and it is blown outside that region
by gas flow directly onto the substrate: the plasma treatment or deposition thus occurs
in downstream mode [7, 11]. These systems have been investigated for the deposition of
oxides onto small and large surfaces [6, 12-13].

The DC and low frequency discharges can work in continuous and pulsed mode.
Pulsed DC power supplies are adopted for Corona Discharges, that are generated in
highly asymmetric electrodes configuration, like sharply pointed needle or thin wire

opposing flat planes or large diameter cylinder (Figure 2.2.1): when a high voltage is
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Figure 2.2.1: Corona systems: a) point-to-plane geometry; b) wire-to-plane geometry.

applied to the smaller electrode an intense electric field is generated around it, so
plasma ignites in the form of streamers. Although this kind of discharges has been
scaled-up for open-air surface modifications, the plasma volume is very small and
streamers mainly generate in the same place, limiting its application to narrow areas and
causing often non-homogeneous treatments [7, 11]. These drawbacks have been
partially overcome by DBDs, characterized by the insertion of a dielectric layer in the
discharge path; as a consequence, they operate at low frequencies alternating currents.
DBD technology is quite appealing for industries as DBDs work at atmospheric
pressure, at strongly non-equilibrium conditions, and at reasonably high power levels,
with the use of simple design and relatively simple power supplies [7, 11, 14-16].

It is worth mentioning that some DBD systems are referred as Corona Treaters
because plasma industry has developed equipments having the corona plasma type’s
asymmetric electrode configuration, typically a metal rod opposing a large diameter
metal cylinder, together covered with the DBD’s dielectric, generally ceramic (Figure
2.2.2): these systems run a hybrid corona/DBD plasma type adopted for large web
treatment [11].
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Figure 2.2.2: Schematic of a corona treater (adapted from reference 11).

2.3. Historical background of Dielectric Barrier Discharge

Although only in recent years scientific community has shown a growing interest for
DBDs and their possible application in different technological fields, this kind of
discharge has a long history [17]. Its birth is ascribed to Werner von Siemens who in
1857 developed a new discharge tube for the ozone production (Figure 2.3.1), whose
novelty was that electrodes were positioned outside the discharge chamber and, thus,
they were not in contact with the plasma: an oxygen or air flow was forced in an annular
gap between two coaxial glass tubes, and an alternating voltage sufficiently high to
promote the electrical gas breakdown was applied to two external coaxial electrodes
[18]. As the electric current was forced to pass through the tube glass walls acting as
dielectric barrier, nowadays this kind of discharge is commonly referred to as Dielectric
Barrier Discharge, but in the first time it was called Silent Discharge due to the absence

of sparks, usually accompanied by local shock waves and noise [19].
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Figure 2.3.1: Historic ozone discharge tube of W. Siemens [17-18].

After the experimental investigation of Siemens for many decades interest for DBDs
was mainly focused on their suitability for ozone production at industrial level [20-22].
At the beginning of 20" century various studies on the nature of the DBDs were carried
out. Among them the work made by the electrical engineer K. Buss is worth of notice:
in 1932 he found that when a planar parallel electrode system with dielectric layer on
both electrodes is used at atmospheric pressure, the air breakdown occurs in a large
number of tiny short lived current filaments; moreover he was able to take the first
photographic traces, called Lichtenberg figures, of these microdischarges, and the
current-voltage oscilloscope recordings [23]. Other authors [24-29] investigated the
nature of these current filaments and in 1943 T. C. Manley proposed a method for the
evaluation of dissipated power in the DBDs based on closed voltage/charge Lissajous
figures and derived the power formula for ozonizers [30].

For many years, up to 80", great efforts for the ozone production by DBDs were
done, but around 1970 researchers started to adopt modern diagnostic and modelling
tools for a better understanding of plasma physical and chemical processes in ozonizers:
these efforts have resulted not only in an improvement of ozone production technology,
but also in the extension of DBDs application fields. Nowadays, indeed, DBDs are
widely used also in pollution control, in excitation of CO, lasers and excimer lamps, in
flat plasma display panels, for surface treatments especially in the web conversion
industry, and result quite appealing for the deposition of thin films in low-temperature

atmospheric pressure plasmas [14-17, 31-35].
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Figure 2.3.2: Schematic of the reactors employed by Kogoma and co-workers [37-40]:

a) plane-style upper electrode; b) brush-style upper-electrode.

An important advance in the DBDs technology has been the achievement of
homogeneous discharges also at atmospheric pressure. For a long time it was believed
that uniform glow discharges could be produced only at low pressure, as the known
discharges at atmospheric pressure were not homogeneous. The first evidence of a glow
discharge at atmospheric pressure was recorded by von Engel in the 1933 [36], who
used cooled metal electrodes in hydrogen gas. Anyway the research in the field of
homogenous DBDs really started in the 1987 with the studies carried out by Kogoma
and co-workers [37-40]. They developed an experimental set-up devoted to obtain a
stable uniform discharge, that they named atmospheric-pressure glow (APG), avoiding
in the same time the transition to an arc discharge. They stated that some requirements
needed: a) the use of helium as main gas, also if later they obtained an APG with
argon/acetone mixtures, too; b) the use of a high-frequency source, in the kilohertz or
radio frequency range; c) an insulating plate on the lower electrode or on the bottom of
the upper electrode depending on the reactor geometry adopted: the APG were, indeed,

produced in a Pyrex bell jar containing a plate lower electrode, acting also as sample
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holder, and, at the bottom, a brush-style electrode, made of sharp-pointed fine tungsten
wires, for the treatment of dielectric materials, or another plate electrode for electrically
conductive substances (Figure 2.3.2). By using fine wire mesh electrodes, a 50 Hz
source and suitable dielectric plates, they obtained stable homogeneous glow discharges
also in argon, nitrogen and air [40].

Other authors investigated the nature of homogeneous discharges produced at
atmospheric pressure. F. Massines and co-workers gave a strong input in understanding
homogeneous regimes by experimental and theoretical methods. They mainly studied
helium and nitrogen discharges and they found that in He sub-normal discharges, very
similar to normal glow discharges, are produced, while in N, a Townsend-like
mechanism occurs [41-46].

Independently of these activities in 1995 J.R. Roth and co-workers developed a
uniform glow discharge, named One Atmosphere Uniform Glow Discharge Plasma
(OAUGDP), produced in atmospheric pressure air and other different gases [47-48].

Up to now several teams have focused their research activity on spectroscopic and
electrical measurements as well as on the development of theoretical models aimed to a
better understanding of the DBDs physic and chemistry, but great efforts are done also

in the fields of numerous applications with the aim of the industrial scale up.

2.4 Fundamentals on DBDs

2.4.1 General description

By definition a Dielectric Barrier Discharge device is characterized by one or more
dielectric layers located in the current path between two metal electrodes. Ceramics,
glass, quartz, polymer layers or other material of low dielectric loss and high breakdown
strength are used as dielectric barriers. Due to the presence of an insulating material
capacitively coupled with the gas gap, DBDs require alternating voltages. Driving
voltages from few hundred volts to several kilovolts with frequencies in the
50 Hz — 500 kHz range are normally used [8, 17]; some examples of DBDs generated at
13.56 MHz can also be found [49].

19



The dielectric role in the DBD set-up is to avoid the arc formation by limiting the
average current density in the gas space. The amount of displacement current that can
be passed through a dielectric depends on its dielectric constant, thickness and on the
time derivative of the applied voltage, dV/dt. As a consequence of the presence of an
insulator and the use of alternating voltage, DBDs are always pulsed discharges.

When electrical breakdown occurs in most gases a large amount of microdischarges,
distributed in the discharge gap, appears: this discharge regime, that is also the most
common DBD mode, is called filamentary regime. Under certain experimental
conditions, depending on the gas mixtures, electrode configurations and operating
parameters, homogeneous regimes, the so-called glow-discharges, can be obtained.
Moreover apparently homogeneous, diffuse discharges and regularly spaced glow

discharges patterns have been observed [8, 17, 50].

2.4.2 DBD apparatus

On the base of the application field different electrode configurations are available
in literature, as shown in Figure 2.4.1 [8, 15-17]. The cylindrical geometry is widely
used for CO, lasers, UV excimer lamps, for ozone and gas synthesis, and for
depollution of gas streams. For the environmental control processes the packed-bed
configuration is also extensively used: the interelectrode gap is filled with dielectric
pellets, so a non-equilibrium plasma is generated in the voids between them [8]. Planar
arrangements, with one or both electrodes covered by a dielectric, are mainly adopted
for the surface treatment and the deposition of thin films. In cylindrical and planar
geometries a volume discharge in the electrode gap is obtained, while in the coplanar
and surface electrode geometry, mainly adopted in plasma display panels, discharge
develops as a thin layer onto the dielectric surface, the so-named surface discharges
[51].
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Figure 2.4.1: Basic DBD electrode configurations [8, 16].

The electrode gap, which typically varies from 0.1mm to several centimetres, is
filled with gas at atmospheric pressure. The working gas can either flow through the gap
as for surface treatment, pollution control and ozone production, or it can be
recirculated as in CO, lasers, or it can be fully encapsulated as in excimer lamps and

plasma display panels [17].
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The electrode geometry and the related gas injection systems adopted for surface
treatment and PECVD, and based on the planar arrangement, can be further detailed and
are sketched in Figure 2.4.2 [52-53]. The basic geometry employed in deposition
processes is a parallel plate configuration where identical electrodes are both covered by
a dielectric layer; a lateral gas injection, where feeding gas is introduced in the
discharge gap by means of an inlet slit and is pumped out in the opposite side, is
normally adopted with this system (Figure 2.4.2a) [41-46, 54].

a) b)
Electrode Gas
Dielectric /Electrodes Dielectri %
\ / Dielectric
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- </

Dielectric

Electrode

Figure 2.4.2: Typical DBD electrode configuration adopted for PECVD.

Other approaches adopt an asymmetric geometry and the movement of the larger
electrode, generally the grounded one, in order to overcome some drawbacks of the
lateral gas injection, such as the possible variation of coating thickness and chemical
composition as a function of the gas residence time in the discharge area. In such
systems the high voltage (HV) electrode can be a cylindrical metallic rod covered by a
coaxial dielectric tube, so the gas is injected through a gas diffuser faced with the

discharge region (Figure 2.4.2b) [55-56], or it can be made of two identical HV
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electrodes symmetrically placed respect to the gas injection slit in a way that the gas is
introduced from above (Figure 2.4.2c) [57-58]; the grounded electrode is usually a large
plate, covered by a dielectric, that acts as sample holder and moves back and forward at
controlled speed in order to ensure homogeneous thin films deposition over large areas.
In the case of filamentary DBDs, in particular, the substrate movement is a technical
solution to reduce the surface exposure to microdischarges that could cause a lack of
homogeneity and surface damage. This same approach is used in roll-to-roll systems,
like the before mentioned corona treaters (Figure 2.2.2), employed for the treatment of

polymeric webs as continuous in-line processes [11, 16-17].

2.5 Dielectric Barrier Discharge regimes

Dielectric Barrier Discharges are usually classified in two main categories: the
filamentary discharges (FDBDs) and the glow discharges (GDBDs). Different discharge
regimes arise from different electrical breakdown mechanisms, that is the formation of a
conductive gas channel caused by an applied electric field more intense than a critical
value. In spite of differences among the breakdown mechanisms, all usually start with
an electron avalanche, that is the multiplication of some primary electrons in a cascade
ionization [8].

At the typical pressure-gas gap product (P x d) in an atmospheric pressure DBD the
electron mean free path is very small in comparison with the gas gap, so an electron can
generate a large size avalanche resulting in the streamer breakdown mechanism. A
streamer is a thin ionized channel growing fast between electrodes; the condition of
streamer formation, also called Meek’s condition, is fulfilled when the space charge of a
primary electron avalanche is large enough to create an electric field with a strength
comparable to the applied electric field [59]. When a streamer breakdown occurs
microdischarges are generated, thus the discharge works in the filamentary regime [8,
15-17, 50]

In particular experimental conditions, depending on the feeding gas and the working
frequency and voltage, a Townsend breakdown can occur. This ignition mechanism
typically takes place at low P x d values (less than 20 Torr x cm) and generates self-

sustained discharge due to a feedback of electrons coming from the cathode secondary
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electron emission: primary electrons, generated near the cathode and drifting to the
anode, produce positive ions that, moving back towards the cathode, knock out
secondary electrons; as soon as the electric field becomes high enough, the breakdown
occurs and a self-sustaining discharge is initiated. This mechanism well explain the
ignition of low-pressure glow discharges [59]; when a Townsend breakdown occurs at

atmospheric pressure the discharge works in the glow regime [41-46].

2.5.1 Filamentary DBD

The filamentary regime is the most common DBD operational mode and it was the
first to be observed in atmospheric pressure discharges. In filamentary DBDs the
electrical breakdown starts almost simultaneously at many points of the surface and
proceeds with the development of a large number of short-lived microdischarges, each
one generated from a streamer breakdown. An initial electron, starting from some point
in the discharge gap, produces secondary electrons by direct ionization and develops an
electron avalanche and, if the Meek’s condition is fulfilled, a streamer. The streamer
bridges the gap in few nanoseconds and forms a conducting channel, typically of about
100 um radius, of weakly ionized plasma; intense electron current flows through this
channel, promoting ionization, until the local electric field collapses. As a matter of fact
electrons deposit onto the anode dielectric barrier causing a charge accumulation and
dissipate from the gap in about 40 ns, while heavy ions remain in the gap for some
microseconds: the charges accumulated on the dielectric surface and the ionic space
charge cause the collapse of the local electric field, thus the streamer extinction. A
microdischarge is the group of local processes occurring in the discharge gap from the
electron avalanche until the end of electron current [8, 15-17, 50]. Typical

characteristics of DBDs microdischarges in air are summarized in Table 2.1.
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Table 2.1: Characteristic micro-discharge properties in a 1mm gap atmospheric-
pressure air [8, 16, 50].

Duration time 1-10 ns
Filament radius about 0.1 mm
Peak current 0.1A

Current Density 100-1000 A cm™
Total Charge 10%°-10°C
Electron density 10"-10" cm™
Electron energy 1-10 eV

The charge accumulation onto the anode dielectric barrier prevents the formation of
new streamers nearby until the voltage polarity reverses, but at the same time promotes
new avalanches and streamers in the same spot when the voltage polarity reversal
occurs. When the electron current stops, the excited species and ionic charges remain in
the microdischarge channel volume and slowly move to the electrodes resulting in a low
and long falling ion current; this ion current along with the charges deposited onto the
surface, define a region in the discharge gap, called microdischarge remnant, that
facilitate the formation of new microdischarges in the same spot as the voltage polarity
reverses. The fact that the microdischarge remnant does not dissipate before a new
microdischarge starts is called the memory effect and its main consequence is that in
DBDs single filaments can be observed: a filament is, indeed, a group of
microdischarges forming on the same spot at each polarity reversal [8].

The microdischarges properties does not depend on the external circuit, but only on
the gas composition, pressure and electrode configuration; a power increase just leads to
a larger number of microdischarges per unit time and per unit of electrode area. As in
the remnant region external electric field is perturbed, at rising external voltage other
microdischarges preferentially strike at other locations outside the area of influence of
the previous microdischarge. This experimental evidence suggests that in DBDs
dielectric has two roles: it limits the amount of energy injected in a single

microdischarge and distributes the microdischarges over the entire electrode area [50].
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Due to the short duration of the microdischarges and their small volume in
comparison with the entire gas gap, plasma remains strongly non-thermal. The charge
accumulation on the dielectric surface promotes the current termination just several
nanoseconds after the breakdown, thus a very low overheating of the streamer channel
occurs. Moreover the gas in between the microdischarges is not ionized and serves as
background reservoir to absorb the energy dissipated in the microdischarges and to
collect and transport the created long-lived species [15-17, 50].

Although microdischarges are randomly distributed in the space and in time,
microdischarge patterns, due to the mutual influence of microdischarges in a DBD, have
been also observed. The mechanism of influence arise from the net positive charge of
the plasma channel and microdischarge remnant due to the faster motion of electrons
respect to heavy ions: positive charges reduce the electric field in the anode area, thus
preventing the formation of neighbouring microdischarges. A typical repulsion distance
between microdischarges cause the observation of a short-range order in their
distribution. When the average distance between microdischarges is larger than the
characteristic interaction radius, or at AC frequencies too low or too high (megahertz),

no significant microdischarges interaction is observed [8, 60].
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2.5.2 Glow DBD

As previously stated in the recent years other discharge regimes, with no evidence of
microdischarges, have been also observed and widely investigated. A this purpose the
electrical characterization of the discharge, with regard to the current-voltage (i-V)
recordings, are a powerful tool. When a filamentary discharge occurs multiple current
pulses per half cycle are observed; Figure 2.5.1a shows the current and voltage
waveform of a filamentary DBD. Diffuse and homogeneous discharges, instead, exhibit
a current waveform with a single pulse per half cycle, but a distinction should be done
between a homogeneous appearance and a really glow regime: in glow discharges the
single pulse has also always the same intensity and periodicity as the applied voltage, as
shown in Figure 2.5.1b; anyway a single pulse is not sufficient to prove the
homogeneity of a discharge, as, if there is a very large number of streamers generated in
way that they spatially overlap and the instrument cannot resolve very narrow current

pulses, a wide single pulse can be showed [39-44, 50].
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Figure 2.5.1: Typical oscillograms of the sinusoidal voltage and pulsed current in a) a
FDBD in He atl kHz excitation frequency, b) a GDBD in He at 10 kHz excitation
frequency [42].

In addition to electrical measurements, short-exposure-time photographs is a second

diagnostic method: photographs taken with exposure times in the order of streamers
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lifetime (1-10ns) show a uniform region extending uniformly over the whole electrode
surface in the case of glow discharges, while several localized discharges are visible for
a filamentary discharge [41-45, 50]. Studies on pure gas GDBD carried out by
Whertheimer and co-workers revealed that the homogeneous character of a discharge is
proved by the total light emission signal from the gap and for a glow discharge a
periodicity is recorded. Further in helium they observed a multi peak-regime, that they
called pseudo-glow regime, as the discharge current is always periodical, but is formed
by more than one current peak per half-cycle, each peak corresponding to a new
discharge [61-62].

As reported in the paragraph 2.3 Kogoma and co-workers reported on the generation
of an atmospheric pressure glow discharge (APGD) in helium and gave the necessary
condition to obtain it, along with the evidence of the periodicity of the discharge current
signal. Massines and co-workers confirmed these results and carried out several studies
on the occurrence of glow discharges at atmospheric pressure in different atmospheres,
with particular regard for helium and nitrogen. They proved that in helium and in noble
gases subnormal glow discharges can be obtained, while in nitrogen Townsend
discharges occur. Both these discharges at low pressure are generated by a Townsend
breakdown, so Massines and co-workers stated that at atmospheric pressure only a
Townsend breakdown can generate a glow discharges [42, 45].

Some conditions should verify to obtain a Townsend breakdown at atmospheric
pressure: a high number of seed electrons, an ionization mechanism under low fields, a
high value of the dielectric secondary emission coefficient. The condition to avoid
streamers formation is the ability to produce electrons in small electric field in order to
avoid a fast growth of electron avalanche. As an intense space-charge is not generated,
ions have time to reach the cathode to promote the secondary electrons emission, so an
increase of ion density is also necessary. Besides the electron-neutral collisions,
metastables species play an important role in promoting ionization by Penning effect. It
was found that in noble gases small amounts of impurities enhance the Penning effect
thus promoting a glow discharge. On the other hand higher quantity of impurities can
lead to the transition from a glow to a filamentary discharge [41].

An increase of the ionization and of the number of electrons emitted from the

cathode is not sufficient to ensure a glow regime as also the number of electrons
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remaining in the gas before the occurrence of a new discharge is quite important. As
these electrons arrive at the insulator surface under low electric fields, they are slightly
trapped: this is the so called memory effect. These electrons can be easier released in the
next half period enhancing the value of secondary cathode emission and thus enhancing
the probability of obtaining a glow discharge [41].

As before mentioned a Townsend breakdown generates a glow or a Townsend
discharge: in glow discharges the memory from one discharge to the following one is
based on electrons and ions trapped in a positive column formed during the discharge,
and current densities of the order of mA/cm? are obtained; in a Townsend discharge gas
metastables create electrons through cathode secondary emission and current densities
are very low [45-46]. In comparison with value reported for micro-discharges (Table
2.1), in a diffuse discharge the number of electrons and their energy are in the
10°-10™ cm® and 0.2-0.5 eV ranges, respectively [50].
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CHAPTER 3: STATE OF THE ART

3.1 General introduction on organosilicon thin films

In the chapter 1 organosilicon thin films have been introduced with relation to the
textile finishing, anyway this subject has been so far widely investigated due to the
suitability of these coatings for many application field. Since the 70’s the scientific
community has devoted great attention to the PECVD of organosilicon thin films
mainly due to the development of micro-electronic technologies: silicon is the cheapest
semiconductor material and its oxide, SiO,, is chemically stable and has excellent
insulating properties, thus the VLSI (very-large-scale integrated circuit) technology
bases on the silicon chemistry and, on the other hand, plasma processes constitutes a
great part of all VLSI fabrication steps [1].

Nowadays plasma polymerized organosilicon thin films continue to be employed in
the micro-electronic technology as electrical insulators and passivation layers against
harmful external agents (moistures, alkali metal ions); further, in the last decade, the
demand for new dielectric materials with low dielectric constant (low-k materials) have
enhanced the investigation of plasma deposition from a large number of organosilicon
precursors [2-8].

Several properties of organosilicon coatings, such as optical clarity, low absorption
and low scattering losses, the possible tailoring of refractive index, hardness and
abrasion resistance, make them suitable for optical application: plasma polymerized
organosilicon coatings have been used for integrated optics and as scratch-resistant and
antireflective coatings onto polycarbonate and polymethylmetacrylate, commercial
plastics widely used for eyeglass lenses, automotive and aerospace windows [9-13].
Organosilicon thin films have shown also good corrosion protection for aluminium and
other metals, along with barrier effect to the oxygen and water vapours: investigation on
the organosilicon thin films production for the food and pharmaceutical packaging [14-
16] and corrosion resistance [17-19] areas have been widely developed in the last two
decades. Moreover organosilicon coatings have resulted useful in the preparation of
permselective membranes for both gases and liquids separation [20-21] and attractive

also for biomedical application [22].
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Different classes of Si-based PECVD materials can be outlined: amorphous
hydrogenated silicon films (a-Si:H), amorphous silicon carbide films (a-SiC:H), and
organosilicon coatings with general formula SiO,N,C,H,,. The hazardous silane (SiHj),
adopted in the beginning as silicon precursor and mixed with other gases
(i.e. hydrocarbon for the a-SiC:H coatings or nitrous oxide (N,O) and ammonia (NH;)
for silica-like thin films), is nowadays fully replaced by silicon-containing organic
precursors. Organosilicones are relatively non-toxic substances, of low flammability,
relatively cheap and available from commercial sources; also if the main part of them is
liquid at the ambient temperature, a high number of compounds has a vapour pressure
sufficiently high to make them suitable for both low and atmospheric pressure plasma
processes. Further the available safety handling and relatively volatile organosilicon
precursors are often complex molecules containing at least one silicon atoms and more
than ten atoms between hydrogen, carbon, oxygen and/or nitrogen. Different
chemistries, from the silicone-like type to SiO,-like inorganic one, exhibit different
properties, thus turning out in the so far enounced wide range of technological

applications and the correlated available literature [1].

3.2 Low-Pressure PECVD

A great amount of studies on the deposition of thin films in low pressure
organosilicon fed plasmas has been carried out in the last three decades. Plasma fed by
linear and cyclic organosilicon compounds, with saturated and unsaturated groups, have
been generated in reactors with different geometries, operating in the radiofrequencies
(RF) or microwave (MW) range; all these monomers have been often used in mixtures
with rare gas (Ar, He, N,), and eventually oxidants (O,, N,O). Very often
tetraethoxysilane (TEOS) and the hexamethyldisiloxane (HMDSO) have been used, but
also tetramethyldisiloxane (TMDSO) and hexamethyldisilazane (HMDSN), respectively
containing Si-H and Si-N bonds, have been investigated [1, 23].

Independently of the particular experimental conditions and the investigated
monomer, a general trend can be found. Plasma parameters, such as the discharge
power, the substrate temperature, the substrate bias voltage, the feeding gas

composition, the gases flow rate and the partial and total pressure in the reactor,
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strongly influence the structure and the composition of plasma-polymerized
organosilicon thin films [1]. The overall organosilicon thin films deposition mechanism
in PECVD, sketched in (Figure 3.2.1), was outlined by d’Agostino and co-workers by
means of the Activated Growth Model [24], successfully used for the explanation of
fluoropolymers plasma polymerization. The model consists of several steps: the
monomer fragmentation in organic and inorganic film precursors which can be involved
in adsorption/desorption equilibrium onto the surface; the precursors polymerization at
the active sites created by ions impinging the surface; the substrate temperature and the

ions energy effects onto the adsorption/desorption equilibrium are also taken into

account.
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Figure 3.2.1: General deposition mechanism in low pressure organosilicon fed plasma
[47].

The same authors, investigating the organosilicon deposition process by means of
Actinometric Optical Emission Spectroscopy (AOES), found that substrate bias and
temperature do not alter the plasma phase composition, but strongly influence the
growing film, as they control the surface adsorption/desorption processes and the
polymerization/etching competition. At high substrate temperature the growing film is
affected by a continuous pyrolysis of the organic component and by the surface mobility

of the precursor species, while a high bias voltage enhances the ionic bombardment:
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increasing substrate temperature and ionic bombardment lead to more inorganic and
crosslinked film due to the removal of carbon and hydrogen containing groups [24].
Similar effects are produced by high powers, which promote precursor activation and
fragmentation.

Deposition rate is influenced by all these parameters: the film growth rate is reduced
by the temperature increase, due to the dropping sticking coefficient of film precursors;
low energy ions can enhance the film growth rate by creating active sites, while high
energy ions depress precursor adsorption and can also promote an ion assisted etching;
deposition rate can be enhanced by the increasing powers due to the greater monomer
initiation. The precursor flow rate and the working pressure also contribute to determine
the level of monomer fragmentation and the final deposition rate as they affect the
species mean free path and their residence time in the reaction chamber [1].

The main effect of the monomer fragmentation is that the resulting coating often
contains not only the functional groups of the starting monomer (i.e. -Si-alkyl
(alkylsilane), -O(N)-Si-alkyl (alkylsiloxanes, alkylsilazanes), -Si-O-alkyl
(alkoxysilane), -Si-H), but also new chemical bonds, thus the deposited coating
stoichiometry always differs from that of the starting monomer. These effects are also
more pronounced when an oxidant, commonly O,, is added to the feeding gas: at
increasing oxidant content the organic component of the starting monomer is drastically
removed, thus the O/Si ratio approaches the silicon oxide (SiO,) value and sometimes
overcome it due to formation of Si-OH functionalities.

The O, addition to the organosilicon feed results in the modification of the plasma
chemistry and the film precursors distribution. Oxygen molecules and atoms can react
with both monomer and its fragments, thus increasing the monomer fragmentation on
the one hand, and promoting oxidation processes on the other hand: the competition
between the monomer activation and the organic fraction removal cause the deposition
rate trends to decrease or to reach a maximum at increasing oxygen contents [12, 25-
27]. Another point under debate is the main occurrence of oxidation reactions in the
plasma phase or at the growing film surface: neither path can be excluded as their
predominance depends on the particular experimental conditions, but heterogeneous

film oxidation reactions seem to be more effective at high feed O, content [24].
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3.3 Investigation of deposition mechanism in HMDSO low pressure plasma

Two main aspects of the plasma deposition from organosilicon precursors have been
taken into account: the thin films composition and the plasma polymerization
mechanism. In order to derive a general deposition mechanism and, secondly, to define
the external parameters effect on the process, surface analysis has been well related to
the plasma phase investigations.

HMDSO, one of the organosilicon precursor investigated in this work and widely
used for the deposition of silicone- and silica-like thin films in low pressure plasmas,
due to its non-toxic character, non-explosive behaviour and relatively high vapour
pressure at room temperature, is without doubt also the more investigated monomer
from the deposition mechanism point of view. Many diagnostic techniques, such as
Fourier Transform Infrared Spectroscopy (FTIR-AS), Optical Emission Spectroscopy
(OES), Mass Spectrometry (MS), have been employed in investigating HMDSO
reactivity in low pressure plasmas.

Actinometric Optical Emission Spectroscopy (AOES) and Fourier Transform
Infrared Absorbtion Spectroscopy (FTIR-AS) analysis of HMDSO/O, mixtures fed RF
discharges were widely carried out in the d’Agostino research group [28-31]. It was
found that in pure HMDSO plasma low monomer fragmentation occurs due to the
absence of oxygen atoms and the consequently lower electron density in the plasma
phase: as a consequence the film deposition is supposed to proceed through a
condensation mechanism of HMDSO-like heavy fragments on the substrate [27-28]. On
the contrary, high power and high O,-to-HMDSO ratio in the feed promote high
monomer fragmentation and the production of non volatile SiO radicals, considered the
main silica-like film precursor, by means of homogeneous gas phase reactions [28]. For
the purpose of obtaining inorganic SiO,-like coatings with good gas barrier performance
for the food packaging application, the same authors derived in Situ process monitoring
tools based on the evidence that the carbon and silanol content in the film are directly
correlated respectively to the actinometric density of gas phase C atoms and CH radicals
and to the plasma phase SiOH content, evaluated by FTIR-AS [28-31]. Similar results
were obtained also by other authors [27, 32-33], who all agree that oxygen atoms play a

role in the kinetic of monomer dissociation.
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P. Raynaud and co-workers [34] adopted the FTIR-AS technique to investigate the
by-products forming in HMDSO discharges generated in a microwave multipolar
reactor. They found that under low power conditions the process is dominated by
species produced during the primary HMDSO dissociation stage, as the gas phase
contains mainly pentamethyldisiloxane (PMDSO), trimethylsilane (TriMS) and
hydrocarbons; they also supposed the (CH;),SiO unit to be the main deposit precursor.
On the other hand at higher powers longer siloxane chains were detected in the gas
phase and the contribution of radicals resulting from the HMDSO by-products
dissociation to the growing film was also taken into account.

Further insights into the HMDSO dissociation path in low pressure plasma were
given by plasma phase MS investigations, often along with spectroscopic analysis
techniques. Many authors state that, as the most intense peak in HMDSO mass spectra
obtained with electron impact is the m/z 147 amu ion, the main HMDSO fragmentation
route occurs via a methyl unit loss. M. R. Alexander and co-workers [35-36], comparing
the mass spectra of neutral and positively charged species produced in the RF HMDSO
plasma phase, proposed the formation of a (CH;);-Si-O-Si'-(CHs), ion and the
production of oligomeric cations in the plasma phase via a linear chain growth due to
cation-molecule interactions. D. Magni and co-workers [37] identified the CH; and the
OSi(CH3); as the most abundant radicals formed in the HMDSO dissociation and
suggested their involvement in homogeneous combustion reactions in O, rich
atmospheres. Similar results were obtained by D.S. Wavhal and co-workers [38] who
confirmed the occurrence of oxidation reactions both in the plasma phase and at the film
surface, while K. Li and co-workers [39], describing the external parameters role in the
HMDSO fragmentation extent, observed a complete HMDSO fragmentation, up to
molecular hydrogen and light weight hydrocarbons, at high power inputs and oxygen
concentrations.

M. Creatore and co-workers [40-41] studied the HMDSO dissociation path in
remote Ar-fed expanding thermal plasma and found that cations formed in the primary
dissociation reactions undergo dissociatively recombination reactions with low
temperature electrons, thus promoting the Si-O dissociation with further methyl
abstraction; they also supposed the Si(CHj;), radical and the OSi=CH, molecule to be

the most probable deposition precursors. D. Theirich and co-workers [42], on the other
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hand, proposed three molecules having a mass of 148 amu and containing the silanon
(Si=0) or the silanol (Si-OH) or the aldehyde (C=0) units, as reactive intermediate for
SiO, growth in HMDSO/O, plasmas.

3.3.1 GC-MS investigation of HMDSO fed low pressure plasma

Another diagnostic tool, useful to increase the knowledge on the deposition
mechanism, is the analysis of exhaust gases by means of gas chromatography with
mass spectrometry detection (GC-MS). Although an indirect analytical technique, not
compatible with on-line and continuous sampling, GC-MS is a powerful tool which
allows the evaluation of the precursor reactivity, the identification and eventually the
quantification of the most abundant stable by-products generated by plasma activation.
Besides the pioneering work of Wréobel and co-workers [1, 43-45], who widely used this
technique for studying thin film deposition in low pressure remote plasma fed with
siloxanes and silanes, few authors have reported on this technique. Among them
Sarmadi et al. [46] and Fracassi et al. [47] investigated the exhaust gases of low
pressure RF plasma fed with HMDSO/O,. Light hydrocarbons [46] were detected along
with different organosilicon compounds, most of them containing one or more
dimethylsiloxane (-Me,SiO-) groups [46-47], thus confirming the importance of this
unit as building block in film growth. Moreover Fracassi and co-workers thanks to the
GC-MS diagnostics suggested that O, has an important role in the plasma chemistry, as
it promotes oxidation reactions, but it has a negligible effect on the monomer activation

that is mainly due to electron collisions.

3.4 Organosilicon thin films deposition in DBDs

As shown in the previous paragraphs low pressure PE-CVD from organosilicon
precursors is a well established technology, but the so far enounced advantages of non-
equilibrium plasma at atmospheric pressure, along with the technological interest for
organosilicon coatings, has resulted in many academic and industrial research groups

studying the organosilicon thin film deposition in dielectric barrier discharges (DBDs)
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[48]. At atmospheric pressure too HMDSO is the most investigated organosilicon
precursor, but also TEOS, HMDSN, TMDSO and cyclic compounds have been used.

As described in the chapter 2 the critical point of the DBD technology is that
uniform discharges (glow or Townsend regime) are difficult to obtain as they exist only
in a narrow range of working parameters i.e. gas mixture composition, precursor
concentration, frequency, applied voltage, etc.; in most cases filamentary, and hence
intrinsically inhomogeneous, discharges are generated, with likely production of non
uniform and damaged coatings. In order to obtain uniform and pinhole-free coatings in
DBDs fed with organosilicon precursors, the following approaches are reported: i) the
deposition in a homogeneous regime [48-59]; ii) the optimization of filamentary
discharges [60-68].

One of the first works on organosilicon deposition process at atmospheric pressure
was carried out by Sawada et al. [49], who investigated HMDSO/O, and TEOS/O,
mixtures in He APGD generated in a parallel plate DBD system. They obtained
transparent uniform coatings well comparable in quality and deposition rate to that
produced in Low Pressure PECVD and they found that, in spite of the different starting
molecules excitation mechanism, the decomposition and recombination processes of the
two monomers were very similar to that reported in low pressure plasma. Further they
observed that film obtained in O, free feeding gas mixtures showed high monomer
structure retention, while at exceeding O, concentrations powders formation and
increased deposition rates were recorded.

Other authors studied the deposition of thin homogeneous SiO.CyH, films in He [50]
and in N, [51-57] APGD discharges. Among them Massines and co-workers [52-55],
comparing the silica-like coatings produced in N,-HMDSO-N,O and N,-SiH;-N,O
APTD, found that in HMDSO-fed discharges denser SiO,-like films were obtained and
no powders were detected, probably due to a more efficient interaction of plasma
activated radicals with the surface than with the other species in the gas phase. Further
they found that the oxidant concentration strongly influences the film chemical
composition without effects on the deposition rate, thus suggesting that HMDSO
activation is due to the abundant N, metastables and not to oxidant.

Worth of noting is the study carried out by this research group on the deposition rate

evolution along the gas flow direction in a parallel plate system, using both

41



experimental evidence and theoretical modelling [56-57]. The silica-like films thickness
profile showed a maximum close to the gas entrance: here radicals produced near the
surface mainly contribute to the growing film, while moving along the flow direction
the coating is due to radicals coming from the gas bulk. The influence of external
parameters (i.e. input power, monomer concentration, main gas flow) were evaluated
and the chemical evolution of the deposited coating along the flow direction was
recorded.

Similar results were obtained by Van de Sanden et al. [58-59]. A diffusive APGD
with many gas mixtures was obtained by means of an electronic stabilization network.
They found that a uniform discharge is not sufficient to guarantee an uniform film
deposition; especially in presence of O,, powders are produced, and working in a pulse
mode it is possible to reduce powder production.

Schmidt-Szalowski et al. [60] investigated the thin film deposition from HMDSO
and HMDSN, eventually mixed with O, or N,O as oxidant, in Ar or N, filamentary
DBD generated in a symmetric parallel plate system. They found that the substrate
temperature does not significantly influence the film chemical composition and that also
at exceeding concentration of oxidant agents the organic fraction cannot be totally
removed. Moreover the presence of oxidants and longer deposition time promote
powders formation, therefore not fully homogeneous coatings were obtained. More
recently Morent and co-workers [61-62] working with a similar DBD system, reported
on the deposition from HMDSO/Ar/Air mixture. Oxidant content influences not only
the film chemistry, but also the discharge regime: when the air concentration increases
the discharge moves from a glow-like to a filamentary type, resulting in very rough
coatings.

Often the filamentary regime was investigated in DBD systems with movable
grounded electrode. Thyen et al. [63] explored the thin films deposition from TEOS and
tetramethylsylane in filamentary discharges fed by Ar and N, in a DBD system
composed of four assembled rods as HV electrode and a movable plane as grounded
electrode: they obtained softer and less cross-linked coatings respect of that produced in
low pressure plasma, and suggested the importance of gas phase reactions in the

filamentary regime due to the formation of particles during the film growth. Other
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authors investigated HMDSO/N,/O, filamentary DBDs generated in similar systems in
order to deposit SiO,-like thin films for metal corrosion protection [64-68].

Silicone- and silica-like thin films were deposited also injecting aerosol of various
organosilicon liquid precursors in a DBD [69-73]. Twomey and al. [72-73], in
particular, investigated also HMDSO and TMDSO: they found that the precursors does
not influence the deposition rate and the difference among them become less important
as siloxy-chemistry approaches the SiO, one. Moreover the level of plasma exposure
reduce the deposition rate and moves the coating chemistry towards a more inorganic
character.

Deposition of organosilicon films in remote DBD were investigated by Alexandrov
and co-workers [74] who studied the deposition of silicon oxide films from HMDSO in
an Ar and Ar/O, fed remote atmospheric pressure system. Nowling and al. [75] tested a
chamberless plasma deposition from various organosilicon precursors, including
HMDSO and TMDSO. Recently Y.S. Kim and co-workers [76] investigated the
deposition of SiO,-like thin films in a remote pin-to-plate type DBD from
HMDSN/He/Ar/O, mixtures: smoother films were obtained in comparison with those
produced in a HMDSN/Ar/O, direct pin-to-plate type DBD, where faster HMDS

reactions in the gas phase occur, thus reducing the film quality [77].

3.5 Investigation of deposition mechanism in HMDSO DBD

Also if, compared to low pressure plasma investigations, few works can be
mentioned, interesting results, concerning the correlation of the plasma chemistry with
the chemical composition and structure of the coatings in HMDSO fed atmospheric
pressure cold plasmas, have been published.

Alexandrov and co-workers [74] investigating their Ar/O, fed remote atmospheric
pressure system coupled with HMDSO injection by means of optical emission
spectroscopy and FT-IR of the streaming gas, suggested the role of excited argon atoms
in metastable states and of ozone in the monomer activation and they found that the
better deposition conditions were obtained with an O, amount sufficient to give active
oxygen species, but not too much to reduce the likelihood of HMDSO activation by

excited Ar metastables.
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Vinogradov et al. [78-79] performed the FT-IRAS and OES analysis of DBDs fed
with AryHMDSO/O, and He/HMDSO/O,. In particular the investigation of the plasma
phase with FT-IRAS suggested that monomer fragmentation mainly results in the
production of four radicals: (CH;);SiO, Si(CH3);, (CH;3)3;Si0Si(CHj), and CHj; these
reactive fragments can be responsible for the formation of pentamethyldisiloxane,
trimethylsilane and methane. The concentration of these species decreases with oxygen
addition, with the production of CO, CO,, H,CO, O; and HCOOH .-

Also GC-MS was utilized to investigate organosilicon-containing atmospheric
pressure plasmas. Sonnenfeld et al. [80] studied HMDSO- and TEOS-fed filamentary
discharges sustained in Ar, N, and He. It was reported that, in HMDSO-plasma, methyl
loss with formation of pentamethyldisiloxane is the main reaction path in monomer
activation along with Si-O bond breaking and formation of (CH3);SiO and (CHj;);Si
units. Since only small amounts of unidentified oligomers were detected, the authors
assumed that the polymerization processes mainly take place at the surface of the

growing polymer.
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CHAPTER 4: EXPERIMENTAL
1.1 DBD reactor

Plasma processes were carried out in the home-made DBD reactor schematically
shown in Figure 4.1.1. The discharge cell, enclosed in a Plexiglas chamber (volume of
about 14 L), consists of two 50 x 50 mm’ parallel plane electrodes both covered by a
2.54 mm thick 70 x 70 mm” ALO; plate (CoorsTek, 96 % purity). Alumina was chosen
as dielectric layer because it has a good relative permittivity (9.5) and good mechanical

properties.

Pump

Cold
Trap

Figure 4.1.1: Schematic of the experimental apparatus.

The home-made electrodes were prepared applying a metallic layer onto one face of
the alumina plate: this procedure allows the best metal-dielectric adhesion avoiding any
kind of glue. Each alumina plate is painted with a silver-palladium containing screen-
printing paint, then it is heated up to 825°C for 15 min. An electric cable, which allows

the electrode connection to the power supply, is soldered to the metallization by a silver
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loaded epoxy resin. To ensure a good electrical insulation the metallic layer is finally
covered by an epoxy resin [1].

The electrodes are connected to an AC HV (high voltage) power supply (SG2 STT
Calvatron), composed of a corona generator and a HV transformer, working in the
15-50 kHz frequency range. The inter-electrode distance can be easily regulated in the
1-5 mm range by means of proper spacers.

Feed gas is longitudinally injected in the discharge gap through a gas inlet slit and
pumped out, by means of a membrane pump, through a slit placed at the opposite side
of the gap. Gas flow canalization along the electrode length is assured by two glass
spacers, symmetrically placed with respect to the metallization at a distance of 52 mm,
which laterally confine the interelectrode gap.

The gas mean linear velocity (v) in the interelectrode gap can be evaluated by means
of the equation 4.1.1:
@

d-L

V= (4.1.1)
where @ is the gas flow rate, d the interelectrode distance, and L the width of the region
through which the gas flows, i.e. the distance between the two spacers. At the
experimental conditions adopted in this thesis, i.e. at a total gas flow rate of 4000 sccm,
interelectrode gap of 2 mm and spacers distance of 52 mm, the gas velocity is
approximately 64 cm/s.

The pressure in the chamber, measured by a MKS baratron working in the
0-1000 Torr range, is maintained around 760 Torr by proper pumping speed regulation
with a needle valve.

Discharges were fed with mixtures of Ar, O, and vapours of an organosilicon liquid
precursor. Ar and O, gas flow rates were controlled by MKS electronic mass flow
controllers; liquid precursor vapours were introduced by an Ar stream bubbling through
a liquid monomer reservoir kept at constant temperature.

In order to collect stable by-products formed by plasma activation, a stainless steel

liquid nitrogen trap was located between the reactor and the pump.
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4.2 Electrical diagnostic of the discharge

The electrical characterization of a DBD mainly consists in the measurement of the
applied voltage (V,) and of the current flowing through the electrical circuit (I,,) or the
total charge driven through the cell (Q,,). In this thesis both these approaches were
adopted: the I-V, curves were recorded in order to characterize the discharge regime and
to control the working conditions; the Q,,-V, plots, the so-called Lissajous figures, were

instead used for measuring the discharge power P [2-5].

a) b)

DIGITAL
OSCILLOSCOPE

Electrode <+ Electrode <4— | HV probe

DIGITAL
OSCILLOSCOPE

Dielectric Dielectric s

| .
\ | Voltage Probe :_T ¢ ! Voltage Probe | 4
1

Rn=50W C.=47nF —
< ..........

Figure 4.2.1: Schematic of the experimental apparatus for the electrical

characterization of the discharge.

As schematically shown in Figure 4.2.1, the applied voltage was measured by a HV
probe (Tektronix P6015A); a Tektronix P2200 probe was used for the current and
charge measurements: the current was evaluated by measuring the voltage drop across a
50 Q resistor (R,,) connected in series with the grounded electrode (Figure 4.2.1a), the
charge, instead, by measuring the voltage drop across a 4.7 nF capacitor (C,) that
replaces the 50 Q resistor (Figure 4.2.1b). The data were recorded by means of a digital
oscilloscope (Tektronix TDS2014B).
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Figure 4.2.2: Electrical equivalent circuit corresponding to the DBD system employed
in this study, adapted from references [1, 4-5].

Some electrical parameters of the DBD system can be evaluated; Figure 4.2.2 shows
the equivalent circuit describing the DBD system [1, 4-5]. The cell capacitance C, is
the total series capacitance of the gas (C,) and dielectric layer (C4) capacitances; C, and
Cq4 are known for a certain electrode configuration and interelectrode distance, and can

be calculated by the following equations:

A
Co=toq (4.2.1)
A
Cd =g ~erd— 4.2.2)
d
C,-C
ot = % (4.2.3)
Cq+C,

where g is the vacuum permittivity (8.8510™% F/m), &, the alumina relative permittivity
(9.5), A the electrode area (25 cm?), d the interelectrode distance (2 mm), dq the total
thickness of dielectric plates (2 x 2.54 mm, as C, is the total series capacitance of both
dielectric layers). For the given parameters C, and C4 are 11.1 pF and 41.4 pF,
respectively. The total equivalent capacitance, Cy, calculated by the equation 4.2.3, is

thus 8.7 pF.
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The measured current (I,,) is the result of the current connected to the dielectric
barrier discharge (Ipgp) and a stray current (I;) due to a stray capacitance (C;) generally

present in the electrical circuit:

dv, (®
dt

L (0 =Ippp (O + 1 (1) = (C o +C5) (4.2.4)

The stray capacitance can be easily calculated when the discharge is in off state as:
I,=V,27f-(C,y +Cy) (4.2.5)

where I, and V, are, respectively, the maximum measured current and the maximum
applied voltage, and f is the working frequency. It was experimentally evaluated that in
the adopted experimental conditions Cy is 7.5 pF.

The power dissipated in the discharge is defined as:
1 ¢T
p- TI 1, (V, (Hdt (4.2.6)
0

If I(t) is replaced by the charge values, as I(t) = dQ(t)/dt, the equation 4.2.6 can be

rewritten as:

1
P=$§Va(Qm)de —f-E 4.2.7)

where f is the working frequency and E the electric energy consumed per voltage cycle:
the integral in the equation 4.2.7 is mathematically the area of the Q-V diagram. When
the voltage across the gas, V,, is lower than the ignition voltage, i.e. the discharge is
off, the sinusoidal applied voltage V, and the measured charge Q,, (i.e. the voltage V,,
measured on the C,, capacitor) are in phase, and the Q-V plot is a straight line whose
slope is the previously calculated C,y + C,. When the discharge is ignited, the phase of
Q is shifted by the resistive losses of the discharge and the straight line opens into a
parallelogram, whose area is the electric energy consumed per voltage cycle E.

This method was firstly derived by Manley (see section 2.3), who did not consider
stray capacitance effects; however it is important to highlight that Falkestein et al. [3]

demonstrated that the stray capacitance (see figure 4.2.2), does not change the area
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enclosed by the Q-V plot, thus it does not influence the E and P calculus, but
significantly affects the parallelogram shape, so its slopes and intercept with the axis.
A typical Q-V plot obtained in the present experimental conditions is shown in

Figure 4.2.3. Power values averaged on three measures were reported.

Charge (nC) 180_

120

——0,/HMDS0=0
—— 0,HMDS0=40

2 4
Voltage (kV)

Figure 4.2.3: Experimental charge-voltage plot obtained at O,-to-HMDSO ratio of 0
and 40.
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4.3 Experimental conditions

All experiments were carried out with an Ar (Air Liquide Argon C) constant flow
rate of 4000 sccm. Three organosilicon precursor were examined: hexamethildisiloxane
(HMDSO, Fluka, 98.5 % purity), pentamethyldisiloxane (PMDSO, ABCR, 97 % purity)
and 1,1,3,3-tetramethyldisiloxane (TMDSO, ABCR, 97 % purity). As before mentioned
the vapours of each reactive monomer were added to the main gas by an Ar stream
bubbling through a liquid monomer reservoir kept at 30°C for HMDSO and PMDSO, at
0°C for TMDSO. The effective amount of precursor injected into the reactor was
evaluated by reservoir weight variation per unit of time. Assuming an ideal gas
behaviour, the mass flow rate expressed in g/min was converted to flow rate

@ expressed in sccm by means of equation 4.3.1:

mass(g) 22400(cc-mol ™)
sampling (mln) MW(g . mOl_l )

D= 43.1)

t

where tumpiing 15 the time interval adopted for the weight measure, MW is the
precursor molecular weight. Each monomer vapour flow rate was kept constant at
1.0 sccm.

O, (Air Liquide Oxygen C) was added to AtyHMDSO, Ar/PMDSO and Ar/TMDSO
mixtures and its flow was changed in order to vary the O,-to-monomer feed ratio in the
range 0 — 40. Only for HMDSO, also the O,-to-HMDSO feed ratio of 80 was
investigated.

For each monomer, the interelectrode distance was fixed at 2 mm and discharges
were driven at fixed excitation frequency and voltage of 30 kHz and 2.5 kVis,
respectively.

Substrates were placed on the bottom grounded electrode. Thin films were deposited
onto thin glass slides to perform deposition rate and water contact angle (WCA)
measurements, XPS analysis and SEM investigations; for FT-IR analysis 0.7 mm thick
¢-Si(100) was used.

Before each experiment, the Plexiglas chamber was purged with 4000 sccm of Ar

for 20 min to remove air contaminations. The deposition processes were carried out for
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5 min in Ar/HMDSO/O, and Ar/PMDSO/O, mixtures fed discharges, for 10 min in
Ar/TMDSO/O, mixtures fed discharges.

4.4 Surface diagnostic
4.4.1 Fourier transform infrared spectroscopy (FT-IR)

For the chemical characterization of the coatings, Fourier transform infrared
spectroscopy (FT-IR) analyses were carried out with a commercial Brucker Equinox
554 FTIR Interferometer. The instrument is equipped with a Globar light source: the
parallel IR beam is directed through the sample and then focused on a DGTS detector.
As the light beam passes all the sample thickness, this technique provide a bulk
chemical analysis investigation. To avoid water vapour and carbon dioxide (CO,)
interferences the optical path was purged with a continuous N, flow for 10 min between
each measurement.

Infrared absorbance spectra were recorded in the 400-4000 cm™ range, with a
resolution of 4 cm™. The analyzed surface had a circular area of 27 mm’ centred at a
certain position along the gas flow into the discharge zone, i.e. at certain gas residence
times. Before each sample scan the signal of the bare silicon substrate was taken as
reference. After baseline correction, spectra were normalized to the most intense
absorption band.

Table 4.4.1 reports the assignments of FT-IR peaks, as provided by published data,
for organosilicon films. The reported wavenumber ranges refer to the published

uncertainty of signal position.
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Table 4.4.1 Infrared absorbtion band assignements for organosilicon coatings.

Wavenumber (cm™)

Assignment

References

[8,10-11, 14-17, 20-

3700-3100 -OH stretching 21
3650 -OH stretching of free Si-OH [11,15,17]
2959-2970 -CH; asymmetric stretching [8, 13-21]
2935-2915 -CH, asymmetric stretching [8, 14-16, 18-19]
2906-2900 -CH; symmetric stretching [8, 13-16, 18-20]
2880-2875 -CH, symmetric stretching [8, 14, 16]
2000 -Si-H stretching in H-Si(Si3) [22-25]
2090-2165 -Si-H stretching in H-Si(Si,0) gy 1D
2200-2178 -Si-H stretching in H-Si(SiO,) [8, 10, 22-25]
2260-2232 -Si-H stretching in H-Si(O;) [8, 10, 22-25]
1405-1412 -CH; asymmetric bending in -Si- [8, 14, 16, 20]
(CH3)X
1255-1250 -CH; symmetric bending in -Si-(CH;); | [10, 15-16]
1260 -CH; symmetric bending in -Si-(CH;), | [10, 15-16]
1270 -CH; symmetric bending in -Si-CHj,4 [10, 15-16]
1020-1048 Si-O-Si .stretching long chains or [6,8-10, 14-17]
smaller rings
Si-O-Si stretching long chains with
1077-1090 —OH or —CHj terminating units or | [6, 8-10, 14-17]
opened smaller rings
1134-1138 Si—O—Si. stretching short chains or [6. 8. 10, 14-17]
larger rings
Si-O-Si stretching short chains with
1190-1183 —OH or —CHj terminating units or | [6, 8, 10, 14-17]
opened larger rings
936-926 Si-OH stretching [6,11, 13, 18-20]
890-975 H-Si-(O;) hybrid vibrations [7-8, 22-25]
865-850 H-Si(SiO,) hybrid vibrations [8, 22-25]
780-790 H-Si(S1,0) hybrid vibrations [22-25]

850-830; 779-760

-CHj; rocking and Si-C stretching in
Si-(CH,)s

[6, 8, 12-16, 26]

904-885; 805-800

-CHj; rocking and Si-C stretching in
Si-(CH;),

[6, 8, 12-16, 26]

810-800

Si-O-Si bending

[6-8, 12-13, 15-16]
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4.4.2 X-ray photoelectron spectroscopy

For evaluating the atomic composition of the deposited films, XPS analyses were
carried out with a Thermo VG Scientific spectrometer equipped with a monochromatic
Al-Ka X-ray source (1486.6 eV), operated at a spot size of 400 um. Elements were
identified by survey spectra recorded from 0 to 1200 eV at a pass energy of 200 eV;
high resolution spectra of the Cls, Ols and Si2p regions were acquired at a pass energy
of 150 eV. All spectra were recorded at a take off angle of 37°. A flood gun was used to
balance the surface charging. In order to remove carbon contamination from the sample
surface sputtering cleaning was performed with Ar' ions for 10 s (1 kV, 500 nA, 3 mm

raster size) before the analysis.

4.4.3 Deposition rate measurements

The deposition rate was evaluated by measuring the films thickness by means of an
Alpha-Step 500 KLA Tencor Surface Profilometer. Partially masked substrates
covering all the discharge length in the flow direction were used. Measurements were
performed at different position along the gas flow, i.e. at different gas residence times.
For each experimental condition the deposition rate mean value in the region between
20 and 30 mm from the gas entrance inside the discharge area, in this work referred to

as central region of the discharge zone, was considered [27].

4.4.4 Water contact angle (WCA)

The wettability of deposited coatings was evaluated by means of static (sWCA) and
dynamic water contact angle measurement (advancing and receding WCA). A Ramé-
Hart manual goniometer (model A-100) was used. A 2 pl double distilled water drop
was placed on the deposited coatings and the contact angles on both sides of the drop
were recorded. For each coating the value averaged on five measures carried out in the
central area (20-30 mm region from the gas entrance inside the discharge area) was

reported.
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Advancing (aWCA) and receding (rWCA) water contact angles were recorded in the
same area applying the sessile drop method [28]. Also in this case a mean value on five

measures was reported.

4.4.5 Scanning Electron Microscopy (SEM)

Morphological investigations of the deposited films were carried out onto 50 nm
gold coated thin glass slides. A Zeiss Evo 40 scanning electron microscope was used.

Surfaces were observed at working distance of 6.5 mm and a 30° tilt angle.

4.5 Gas phase diagnostic
4.5.1 Gas chromatography-mass spectrometry of exhaust gas (GC-MS)

In order to investigate the deposition mechanism of the organosilicon monomers
used in this work, the analysis of stable by-products formed by plasma activation and
contained in the gas effluent was performed by gas chromatography coupled with mass
spectrometry (GC-MS).

As mentioned before a stainless steel trap, cooled in liquid nitrogen, was inserted
between the reactor and the pump (Figure 4.1.1). The exhaust gas was forced through
the trap before it was pumped off, so the stable long-lived by-products formed due to
the plasma process were here condensed. After the sampling was carried out for 30 min,
the trap was isolated from the system and, as soon as it was removed from the liquid
nitrogen bath, 20 ml of acetone (Fluka, 99.8 % purity) were introduced to dissolve the
condensate. Then the trap was slowly heated up to the ambient temperature and the
solution was filtered and analyzed by means of a GC 8000" gas chromatographer
(Thermoquest Corporation) coupled with a differential pumped quadrupole mass
spectrometer (Voyager, Thermoquest Corporation). A Grace AT™-1MS fused silica
capillary column (polydimethylsiloxane 0.25 pm thick stationary phase, length of
30 m, internal diameter of 0.25 mm) was utilized with He as carrier gas (2 sccm) under
the following conditions: injector temperature of 200°C, column temperature

programmed from 30°C to 200°C (1 min at 30°C, linear heating rate of 10°C-min’',
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1 min at 200°C). Separated products were analyzed at the GC-MS interface and mass
spectrometer source temperature of 250 and 200°C, respectively. Mass spectra were
recorded in full-scan mode in the m/z range 15-500 amu at the standard ionizing
electron energy of 70 eV.

Stable by-products were identified by means of available libraries [29], some species
were tentatively identified through the interpretation of their mass spectra according to
the typical fragmentations pattern of organosilicon compounds. The identification of
some products was confirmed by the comparison of retention time and mass spectrum
with standard compounds. Nonane (Aldrich, 99 % purity) was used as internal standard
(IS) for quantitative analysis of identified species; calibration curves were calculated in
the linear range using the area of the corresponding peaks in the chromatogram acquired
in total ion current. The measured amounts were then converted in flow rate by mean of
Equation 4.3.1 (here tgmpiing 1S the time interval adopted for the exhaust sampling).
Considering the overall procedure used (sampling, CG-MS analysis conditions, etc.) the
limit of quantification (LOQ) of by-products in the exhaust was 0.0001 sccm.

The extent of reacted monomer (HMDSO or PMDSO or TMDSO) percent, namely

the monomer depletion (Monomertepietion), Was evaluated according to equation (4.5.1):

Monomer0 ff (sccm) - Monomer on (sccm)

Monomer . (%)= -100 4.5.1
depletion %) Monomer, ¢ (scem) “3.1)

where Monomer,, and Monomer, are the precursor flow rate detected in the exhaust

in plasma off and plasma on conditions, respectively.
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CHAPTER 5: RESULTS AND DISCUSSION: THIN FILMS DEPOSITION

5.1 Electrical characterization of the discharge

Under the experimental conditions explored in this work, independently of the
investigated precursor, filamentary DBDs are obtained: in the current-voltage plots,
recorded at various O,/monomer feed ratios, several peaks characteristic of
filamentary discharges [1] appear. For each monomers discharges fed with the same
O,/monomer ratio gas mixtures exhibit the same current signals, thus the current-
voltage curves obtained at different O,/HMDSO feed ratios are shown in Figure
5.1.1 as example.

The filamentary character seems to increase with the oxygen content in the feed
gas since the number of current peaks increases within each half-cycle. In particular
at the O,-to-monomer feed ratio of zero the discharge current is formed by a quasi-
periodical multipeak signal and the filamentary discharge is characterized by a
quasi-homogeneous  appearance  ascribed to  stochastically  distributed
microdischarges. Under this condition only few filaments (defined in reference [2]
as a family of microdischarges that generate in the same spot each time the polarity
is reversed) are observed in the gas gap. Increasing the O, content more and more
intense filaments are observed and at O,-to-monomer ratios higher than 6 the typical
current signal of a filamentary DBD characterized by intense and well-distinguished

microdischarges is recorded.
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Figure 5.1.1: Current and voltage waveforms of the DBD fed with Ar/HMDSO/O,
gas mixtures, at different O,/HMDSO feed ratios: a) 0, b) 1, c) 6, d) 25.
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For all the precursors the power delivered to the discharge, evaluated with the
Lissajous method, steeply increases with O, addition to the feed (Figure 5.1.2) and
then reaches a plateau, moving from ~ 5 W without O, in the feed, to 8 - 9 W at
0O,-to-monomer feed ratio higher than 3. As Figure 5.1.2 shows, at the same O,
content in the feed, the power delivered to HMDSO fed discharges is generally

lower than for the other two precursors.
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Figure 5.1.2: Power delivered to the discharge as a function of the O, content in the
feed.
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5.2 HMDSO/Ar/O, DBDs
5.2.1 Effect of gas residence time

Transparent and compact coatings without appreciable powder formation were
deposited with Ar/HMDSO/O, feeds, while without oxygen an oily film was
obtained. Powder deposition occurred in the downstream position out of the
discharge zone especially at high O,/HMDSO ratios.
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Figure 5.2.1: FT-IR spectra of plasma-polymerized coatings obtained at different

positions of the electrode region at a) O,/HMDSO = 0 and b) O,/HMDSO = 25.

Due to the particular gas injection system both the chemical composition and the
thickness of the deposit along the gas flow direction were evaluated. Figure 5.2.1
shows the FT-IR spectra at O,/HMDSO = 0, 25 recorded at different position in the
discharge length, i.e. at different gas residence time from the gas entrance to the

downstream position. Without oxygen discharges the gas residence time does not
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affect the coating chemistry, while at O,/HMDSO = 25 a chemical evolution from
an organic coating (the absorptions of Si-(CH3), symmetric bending around
1270 cm™ and CH, in the 2850 — 3000 cm™ region are evident [3-5]) at the gas
entrance, to an inorganic coating at the gas exit, is observed. In the downstream
position (50-60 mm from the gas entrance) the powders collected exhibits an organic
character. This trend is confirmed by XPS analyses at O,/HMDSO = 25: the carbon
content decrease from 39 to 5 % with gas residence time.

Both the position inside the discharge area and the gas feed composition affect
the deposition rate (Figure 5.2.2). At low oxygen content (O,-to-HMDSO feed
ratio = 1) a quasi-constant deposition rate is measured up to 40 mm from the gas

injection point, while a trend with a maximum is recorded at O,/HMDSO = 25.
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Figure 5.2.2: Deposition rate profiles as a function of the position in the discharge
area at different O,/HMDSO ratio.
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5.2.2 Effect of the gas feed composition

Since the properties of the deposited coatings evolve with the gas residence time,
the region from 20 to 30 mm from the gas entrance (the sample has been centred at
25 mm, i.e. at a gas residence time of 39 ms) was considered to study the effect of

the gas feed composition on the deposition process.
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Figure 5.2.3: Average deposition rate in the 20-30 mm region in the discharge area
as a function of the O,/HMDSO ratio.

The deposition rate varies in the 120-150 nm-min™ range and it is not
significantly affected by the O, content (Figure 5.2.3). On the contrary the films
chemistry is markedly affected by oxygen addition, as shown by the normalized
FT-IR absorption spectra at various O,-to-HMDSO ratios (Figure 5.2.4a). The
FT-IR spectra of the deposits collected on a silicon substrate positioned in the

downstream position are also reported for comparison in Figure 5.2.4b.
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Figure 5.2.4: a) FT-IR spectra of plasma-polymerized coatings obtained in the
central region of the discharge zone at different O,/HMDSO ratios; b) FT-IR

spectra of the relative deposits obtained downstream of the electrode region.

The coatings deposited, without oxygen, in the discharge zone show the typical
features of silicone-like films: the intense Si-O-Si asymmetric stretching band at
1042 cm™, the Si-(CHa)x symmetric bending at 1258 cm™, and the CH, absorptions
in the 2850 — 3000 cm™ region (i.e. intense CH; asymmetric stretching at
2959 cm™, weak CH; symmetric stretching at 2874 cm™, and CH, asymmetric
stretching at 2900 cm™) [3-9]. The absorptions in the 750 - 900 cm™ region suggest
the presence of di- and tri-substituted Si-(CHs), moieties [3-7, 10-12]: the intense
peak at 841 cm™, along with the shoulder around 760 cm™, can be assigned to the
Si-C rocking in Si-(CHs)s. The strong absorption at 796 cm™ (which also contains a
contribution due to Si-O-Si bending at 800 cm™), along with the small shoulder at
907 cm™, is due to Si-C rocking in Si-(CHs),. Since without oxygen the typical OH
absorption at 3200-3600 cm™ is not evident, the contribution of Si-OH to the
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shoulder at 907 cm™ can be ruled out. The significant presence of Si-(CHs), (chain-
propagating units), and Si-(CHzs)3 (chain-terminating units), is further confirmed by
the position of Si-(CH3), absorption at 1258 cm™. It has been reported, in fact, that
the position of Si-(CHj3), signal shifts to lower wavenumbers as the number of
methyl groups bonded to silicon increases [4, 5, 13]. The absorptions of mono-
substituted Si-CHjs, Si-(CHj3), and Si-(CHjs)s are, in fact, generally observed at about
1275 cm™, 1260 cm™ and 1255 cm™ [4, 5, 13], respectively. The film also contains
some Si-H units, as confirmed by the presence of the Si-H stretching at 2124 cm™
[3, 5-9, 11, 14-17]; possible H-Si-O hybrid vibrations contribute to the shoulder at
760 cm™ [14-17] ascribed to the Si-C rocking in Si-(CHs)s.

By adding O, to the gas feed, the absorptions of carbon containing groups
(i.e. CHy and Si(CHs)y) decrease but do not disappear also at high O,-to-HMDSO
ratios. The CH; asymmetric stretching shifts to higher wavenumbers for the more
oxidized chemical environment (from 2959 cm™ at O,/HMDSO = 0, to 2970 cm™ at
0,/HMDSO = 80); at O,-to-HMDSO ratios higher than 6 the Si-(CHs), absorption
moves up to 1274 cm™, suggesting the prevalence of mono-substituted Si-CHs units.
This is also confirmed by the progressive reduction of the Si-C rocking in Si-(CHs)s
at 841 cm™ and Si-(CHs), at 800 cm™. No Si-H signal can be detected as O, is added
to the gas feed; on the contrary the broad OH absorption appears in the
3200 — 3600 cm™ region, along with the intense signal at 905 cm™ due to silanol
(Si-OH) groups [6, 8-9]. The intense Si-O-Si asymmetric stretching slightly moves
to higher wavenumbers, up to 1059 cm™ at O,/HMDSO = 80. An intense shoulder
around 1084 cm™, ascribable to long siloxane chains, appears at O,/HMDSO = 1.
For higher O,-to-HMDSO ratios the shoulder reduces and moves to 1123 cm?,
indicating the presence of shorter Si-O-Si chains [3, 5-7, 13, 18]. The position of
Si-O-Si asymmetric stretching is in agreement with the presence of carbon
containing groups since in SiO,-like coating this absorption falls at 1070 cm™ and
shifts to lower wavenumbers as the carbon content increases [4, 5].

The FT-IR spectra in the downstream position at O,/HMDSO = 0-1 (Figure
5.2.4b) does not show significant differences with respect to the film deposited in
the discharge region. At higher O, contents the deposit consists of powders and are

more organic than in the discharge. Also the shape of Si-O-Si asymmetric stretching
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is different in downstream position for the marked increase of the shoulder at
1100 cm™. This shoulder is a typical absorption of methyl polysiloxanes, and
indicates a less dense, less ordered network of the collected powders with respect to
the coating deposited inside the discharge [4, 5].

100 —O0— §j
e\o, —&— 0
—<4—C
c
5 80
s
=
S 604
(&)
c
3
o 404
1S
]
© 204
%]
o
X
04
T T T T T T T T T
0 10 20 30 40
02/HMDSO ratio

Figure 5.2.5: XPS atomic concentrations as a function of the O, content in the feed.

The XPS analyses of the coatings deposited in the discharge (Figure 5.2.5)
confirm that by increasing the O,-to-HMDSO ratio the carbon content decreases.
The O/Si ratio at O,/HMDSO = 25 is 2.05. The static, advancing and receding Water
Contact Angles are shown in Figure 5.2.6. Static WCA decrease from 105° to 60° as

a function of coating composition.

72



150

—— Static WCA
—e— Advancing WCA
120+ —A— Receding WCA
& 904
< =~ A
(@)
= 60- B
30
0 T T T T T T T T T
0 10 20 30 40

O/HMDSO ratio

Figure 5.2.6: Static, advancing and receding WCA as a function of the O, content in
the feed.

SEM images (Figure 5.2.7) show that quite smooth coatings are obtained up to
an 0O,-to-HMDSO ratio of 25, while at higher O, content powders are englobed in
the coating. At the O,-to-HMDSO ratio of 6, bubbles (Figure 5.2.7c), probably due
to a thermically induced film detachment from the substrate, are detected. Neither
the chemical nor the morphological analyses of the coatings explain the observed

W(CA trend: other surface effects could be involved.
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Figure 5.2.7: SEM images of the coatings deposited at different O,/HMDSO ratios:
a) O,/HMDSO = 1; b-c) O,/JHMDSO = 6: b) is the smooth surface among the
bubbles in figure c); d) O,/HMDSO = 25; e) O,/HMDSO = 40.
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5.3 PMDSO/Ar/O, DBDs

5.3.1 Effect of gas residence time

Also with PMDSO containing feeds transparent and compact coatings were

deposited, but in this case no oily films were obtained, and at high O, content in the

feed an appreciable powder formation is detected in the discharge zone in the 2-6 mm

region from the gas entrance. Abundant powder formation occurred also downstream

the discharge zone as O, is added to the gas feed.
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Figure 5.3.1: FT-IR spectra of plasma-polymerized coatings obtained at different
positions of the electrode region at a) O,/PMDSO = 0 and b) O,/PMDSO = 25.

Also with Ar/PMDSO/O, the deposition process is affected by the gas injection
system and a variation of film chemical composition and thickness are registered along
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the gas flow direction. The FT-IR spectra, recorded at different gas residence time from
the gas entrance and in downstream position, at O,/PMDSO = 0, 25 (Figure 5.3.1a-b),
show similar trend than for Ar/THMDSO/O,. Without O, no variation can be observed in
the discharge zone, while a chemical evolution from a silicone-like coating at the gas
entrance, where powders are obtained, to a silica-like coating at the end of the
discharge, is detected at O,-to-PMDSO feed ratio of 25. XPS analyses confirm the
carbon content decrease up to 2 % at increasing gas residence time. As for HMDSO, the
powders collected in the downstream position are characterized by typical organic

FT-IR spectra.
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Figure 5.3.2: Deposition rate profiles as a function of the position in the discharge area
at different O,/PMDSO ratio.

The deposition rate profiles of Figure 5.3.2 show as the O, addiction to the feed

affects the deposition rate along the flow direction.
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5.3.2 Effect of the gas feed composition

The effect of the gas feed compaosition on the deposition rate was considered in the
region centred at 25 mm from the gas entrance. In this case Figure 5.3.3 shows that the
0, content significantly affects the deposition rate with a maximum of 200 nm-min™ at
0,/PMDSO =1.
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Figure 5.3.3: Average deposition rate in the 20-30 mm region in the discharge area as
a function of the O,/PMDSO ratio.

As expected, also the film composition significantly varies with oxygen addition, as
shown by the FT-IR spectra of Figure 5.3.4, where also the deposit in downstream

position are reported for comparison (Figure 5.3.4b).
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Figure 5.3.4: a) FT-IR spectra of coatings at different O,/PMDSO ratios; b) FT-IR

spectra downstream of the electrode region.

The coatings deposited in the discharge zone without oxygen show the same typical
features of silicone-like films as found for Ar/HMDSO (see section 5.2.2); few
differences can be evidenced respect to Figure 5.2.4a. The intensity of the absorptions at
841 cm™, assigned to the Si-C rocking in Si-(CHs)s, reduces, while the intensity of the
signal at 798 cm™, due to Si-C rocking in Si-(CHs),, enhances; a higher amount of
Si-(CHj3),, chain-propagating units, is present due to the evident higher absorption at
909 cm™.

Increasing the O, content in the feed gas the absorptions of carbon containing groups
decrease and almost disappear at O,-to-PMDSO ratios higher than 6. The signal of Si-H
disappears, while the broad OH absorption increases, along with the Si-OH signal at
920 cm™. The intense Si-O-Si asymmetric stretching moves to higher wavenumbers, up
to 1068 cm™ at O,/PMDSO = 40, as in SiO,-like films. The intense shoulder at
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1087 cm™ at O,/PMDSO = 1 reduces and moves to 1140 cm™ at higher O,-to-PMDSO
ratios, indicating the presence of short Si-O-Si chains or caged structure in the coating
[3-5].
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Figure 5.3.5: XPS atomic concentrations as a function of the O, content in the feed.

The trend in the downstream position (Figure 5.3.4b) is the same than with
HMDSO. The XPS confirm the carbon content decrease from 55 % to 4 % with O,
addition to the feed (Figure 5.3.5); at O,/PMDSO = 6 the O/Si ratio is higher than 2
(2.15), probably for the presence of Si-OH groups.
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Figure 5.3.6: Static, advancing and receding WCA as a function of the O, content in the
feed.

Static, advancing and receding WCA are reported in Figure 5.3.6. Static WCA
decreases from 107° to 65° as a function of the carbon content in the film. Quite smooth
coating are obtained at low O,/PMDSO ratio, while for ratios higher than 25 powders
are englobed in the coating (Figure 5.3.7). As found with HMDSO, at the
0,-t0-PMDSO ratio of 6 bubbles (Figure 5.3.7¢) are observed.
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Figure 5.3.7: SEM images of the deposited coatings at different O,/PMDSO ratios: a)
0,/PMDSO = 1; b-c) O,/PMDSO = 6: b) is the smooth surface among the bubbles in
figure ¢); d) O,/PMDSO = 25; e) O,/PMDSO = 40.
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5.4 TMDSO/Ar/O, DBDs

5.4.1 Effect of gas residence time

Also with TMDSO containing feeds transparent and compact coatings were
deposited; as O, is added to the feed an appreciable powder formation in the discharge
zone, in the 2-6 mm region from the gas entrance, was detected. Also with TMDSO a

great amount of powders was observed in the downstream position out of the discharge

zone.
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positions of the electrode region at a) O,/TMDSO = 0 and b) O,/TMDSO = 25.

Also with TMDSO the gas injection system affects the chemical composition and

the thickness of the coatings along the gas flow direction. The FT-IR spectra, recorded
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at different gas residence time from the gas entrance and in downstream position, at
0,/TMDSO = 0, 25 (Figure 5.4.1a-b), show a similar behaviour than for HMDSO and
PMDSO. As for PMDSO, the powders obtained at short gas residence time and the
deposit collected in the downstream position at O,/TMDSO = 25 have a silicone-like

character.
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Figure 5.4.2: Deposition rate profiles as a function of the position in the discharge area
at different O,/TMDSO ratio.

The oxygen addition to the feed affects the deposition rate along the flow direction:
the deposition rate profiles at different O,-to-TMDSO feed ratio (Figure 5.4.2) show a
similar trend than for PMDSO.
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5.4.2 Effect of the feeding gas composition on deposited films

As for the other two precursors the effect of the O,-to-TMDSO ratio was considered
in the region centred at 25 mm from the gas entrance. As for PMDSO, the O, content
significantly affects the deposition rate (Figure 5.4.3), with a maximum value of
170 nm-min™" at O,/PMDSO = 0. Also the film composition significantly varies with
oxygen addition to the feed, as shown by the FT-IR spectra of Figure 5.4.4a; the deposit

in downstream position are reported for comparison in Figure 5.4.4b.
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Figure 5.4.3: Average deposition rate in the 20-30 mm region in the discharge area as

a function of the O,/TMDSO ratio.

As found for HMDSO and PMDSO, without oxygen in the gas feed a silicone-like
coating is deposited. Some differences can be noticed in the 700-900 cm™ region: strong
absorptions due to the Si-C rocking in Si-(CH;), are observed at 909 cm™ and 798 cm™;
more intense H-Si-O hybrid vibrations contribute to the signals at 835 and 770 cm™ (the
last one is also due to the Si-C rocking in Si-(CH3);).
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Figure 5.4.4: a) FT-IR spectra of plasma-polymerized coatings obtained in the central
region of the discharge zone at different O,/TMDSO ratios; b) FT-IR spectra of the

relative deposits obtained downstream of the electrode region.

As O, is added to the gas feed the absorptions of carbon containing groups

completely disappear at O,-to-PMDSO ratios higher than 1; as confirmed also by the

intense Si-O-Si asymmetric stretching at 1070 cm™, silica-like films are obtained. As for

HMDSO and PMDSO, the Si-H signal disappears, while the OH absorptions increase;

anyway, weaker OH signals and features at 3650 cm™, due to free Si-OH, not hydrogen-

bonded to other Si-OH groups, are observed [4, 18].
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Figure 5.4.5: XPS atomic concentrations as a function of the O, content in the feed.

The same trend than with HMDSO and PMDSO is observed for the FT-IR spectra in
downstream position (Figure 5.4.4b). XPS analyses (Figure 5.4.5) confirm the carbon
content decrease from 50 % to 4 % with O, addition to the feed; an O/Si ratio higher
than 2 (2.12), for the presence of Si-OH groups, was obtained for the silica-like

coatings.
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Figure 5.4.6: Static, advancing and receding WCA as a function of the O, content in the
feed.

Static, advancing and receding WCA are shown in Figure 5.4.6. As for PMDSO,
static WCA decreases from 107° to 50° at increasing O, content in the feed. Differently
from the other two precursors grainy coatings, due to englobed powders, are obtained
also at low O, content in the feed (Figure 5.4.7); the bubbles observed in the HMDSO
and PMDSO coatings, are always present at O,-to-TMDSO ratios higher than 6 (Figure
5.4.7 b-d).

87



Figure 5.4.7: SEM images of the deposited coatings at different O,/TMDSO ratios: a)
0,/TMDSO = 1; b) O,/TMDSO = 6; c) O,/TMDSO = 25; d) O,/TMDSO = 40.

5.5 Discussion

The results presented in the previous sections show that, under the adopted
experimental conditions, organosilicon thin films with tuneable properties can be
deposited. The FT-IR spectra of the coatings obtained without O, suggest the deposition
of poorly crosslinked coating with high structure retention of the starting monomer. The
addition of O, to the feed affects the deposition process of the investigated disiloxanes
in a different way. With HMDSO an appreciable amount of residual carbon is still
present in the deposit, also at high O, content in the gas feed. With PMDSO the residual
amount of residual carbon is lesser and it completely disappears with TMDSO. The
FT-IR spectra of coatings deposited at a stoichiometric O,-to-monomer ratio (Figure
5.5.1), i.e. O/HMDSO = 12, O,/PMDSO = 10.5 and O,/TMDSO =9, clearly show that
more oxidized coatings are obtained as the number of methyl units reduces in the

precursor (TMDSO > PMDSO > HMDSO): only with TMDSO completely oxidized
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coatings were obtained. The strong reduction of organic moieties could also explain the

decrease of the deposition rate observed for PMDSO and TMDSO.
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Figure 5.5.1: FT-IR spectra of plasma-polymerized coatings obtained in the central

region of the discharge zone at each O,/Monomer stoichiometric ratio.

The maxima observed in the trend of deposition rate as a function of the position in
the discharge for the three precursors suggest that O, promotes the monomer
fragmentation at the gas inlet, where organic coatings are obtained, and oxidation
reactions at increasing gas residence time [19-20]; a contribution of the increasing
power input to the enhanced fragmentation cannot be excluded. Thicker and dusty
coatings were deposited at the entrance as more Si-H units are in the starting precursor:
in comparable experimental conditions (i.e. same O,/monomer ratio and similar power
input) TMDSO seems more reactive than PMDSO and HMDSO. Morphological

investigations support this statement as powders were always detected in the TMDSO
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coatings, accounting for gas-phase nucleations occurring also in the discharge zone [21-
22].

On the contrary in HMDSO and PMDSO fed discharges dusty coatings are obtained
only at exceeding O, content (O,-to-monomer = 40), while at lower O,/monomer ratio
powders were detected only downstream out of the discharge zone: since powders
formation in the discharge zone has been reported for DBD fed with O, and HMDSO
[23-24], it is reasonable to assume that under these experimental conditions, due to the
high flow rate (i.e. low residence time) and the minor reactivity of HMDSO and
PMDSO, if compared to TMDSO, the processes responsible for powder formation and

deposition are scarcely efficient in the plasma zone.
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CHAPTER 6: RESULTS AND DISCUSSION: GAS PHASE ANALYSIS BY GC-
MS INVESTIGATION

6.1 Optimization of the method

For a correct quantification of the amount of residual monomer the sampling yield
of the liquid nitrogen trap was preliminarily evaluated. The effective flow rate of
precursor injected into the reactor, was evaluated for each monomer by the reservoir
weight variation per unit time (see section 4.3). The effective flow rate was than
compared to the flow rate evaluated by sampling the precursors contained in the exhaust
in plasma off condition and GC-MS analysis. As shown in Figure 6.1.1, it was found
that the sampling yield increases at low flow rates and is the 100 % for precursor flow
rates lower than 0.03 sccm. Under the working condition selected (1 sccm) the sampling

yields is 29 % for HMDSO, 21 % for PMDSO and 28 % for TMDSO.
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Figure 6.1.1: Liquid nitrogen trap sampling yield as a function of the real precursors
flow rate.

The relation between real (@) and detected (Pcoiq wap) flow rate can be expressed by

equation 6.1.1. The constants A, B and C are reported for each precursor in Figure 6.1.2
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P old trap = A exP(-@/B)+C eq. 6.1.1

These calibration curves allows to calculate the real flow rates of HMDSO, PMDSO
and TMDSO in the exhausts under plasma on conditions. Since the flow rates of all
other compound present in the exhaust are lower than 0.01 sccm, a 100 % sampling

yield was safely considered.
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Figure 6.1.2: Liquid nitrogen trap calibration curves evaluated for each precursor.
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6.2 Qualitative analysis of the exhaust

Typical chromatographic analyses of exhaust gas in AryfHMDSO, Ar/PMDSO and
Ar/TMDSO are shown in Figures 6.2.1, 6.2.2 and 6.2.3, respectively. Oxygen addition
reduces the number of detectable species, even though a detectable amount of residual

monomer is always present.
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Figure 6.2.1: Typical gaschromatogram of exhaust in Ar/HMDSO discharges.
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Figure 6.2.2: Typical gaschromatogram of exhaust in Ar/PMDSO discharges.

trimethylsilane
trimethylsilanol

TMDSO

1 PMDSO

Intensity (a.u.)

hexamethyltrisiloxane

t; (min)

Figure 6.2.3: Typical gaschromatogram of exhaust in Ar/TMDSO discharges.
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A list of the identified by-products detected in the exhaust gas is reported in Table
6.2.1: the number of detected species decreases with the number of —CHj units in the
starting momomer (i.e. HMDSO>PMDSO>TMDSO). There are silanes with low
molecular mass, (i.e. trimethysilane, tetramethylsilane ethyltrimethysilane), silanols
(i.e. dimethylsilanol, trimethylsilanol and hydroxypentamethyldisiloxane) as well as
linear and cyclic compounds with up to 5 silicon atoms and general formula
Me-(Me,Si0),-SiMe; (n = 1-4) and (Me,Si0), (n= 3-4), respectively, which derive
from oligomerization processes: i.e. chain propagation and ring formation or expansion.
As the Table 6.2.1 shows, heavier species were found only in the Ar/HMDSO exhaust,
while in the Ar/PMDSO and Ar/TMDSO exhausts compounds with no more than 3
silicon atoms were detected. Considering the sampling procedure utilized, it seems
reasonable to assume that heavier compounds (e.g. compounds containing more than
five Si atoms) are not sampled for their low volatility, while light species (e.g., CO,
CO,, CHy, SiH,, etc.) are lost during manipulation of the condensate for their high
volatility.

In agreement with FT-IR analyses of deposited films species containing one or two
Si-H bonds and -CH, moieties (e.g. ethylpentamethyldisiloxanes) were also found in the
Ar/HMDSO exhaust. These species could derive from the recombination of the active
species formed by plasma activation; these recombination reactions could occur either
in the plasma phase or outside the discharge zone and could involve both ionic and
neutral species (such as radicals) leading to the stable products retained by the cold trap.
On the contrary neither Ar/PMDSO nor Ar/TMDSO exhausts contain species with -CH,
moieties, while, in spite of the reduced number of identified compounds, the presence of

the Si-H unit was expected as it is contained in the starting precursors.
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Table 6.2.1: Identified species detected in the exhaust gas of Ar¥fHMDSO/O,,

Ar/PMDSO/O, and Ar/TMDSO/O, fed DBD.

Compound Formula HMDSO PMDSO TMDSO
Trimethylsilane (CH;);SiH v v v
Tetramethylsilane (CH;),Si v v v
Dimethylsilanol (CH;),HSiOH v v
Trimethylsilanol (CH3);SiOH v v
Ethyltrimethylsilane C,H;5Si(CH;); v
1,1,3,3-Tetramethydisiloxane (S?}I;I (%211;13 11_0_ v v v
Pentamethyldisiloxane (CH;),HSi-O-Si(CH;); v v v
Hexamethyldisiloxane (CH;)5Si-O-Si(CH3)3 v v v
Ethylpentamethyldisiloxane (CH3);Si0Si(CH;),C,Hs v
Hydroxypentamethyldisiloxane (S?(Ié}-lhig}-l v v
1,1,3,3,5,5- (CH;),HSi-O-Si(CH;),- P P P
hexamethyltrisiloxane O-SiH(CHa;),

Hexamethycycloltrisiloxane (SiO(CHj3),)3 v v
1,1,1,3,5,5,5- (CH3)5Si-0O-Si(CH;)H- v v
heptamethyltrisiloxane 0-Si(CHj);
1,1,1,3,3,5,5- (CH;);Si-O-Si(CH),-O- P P
heptamethyltrisiloxane SiH(CH;),
Octamethyltrisiloxane (S(i:(lé}{)}S;_O'SI(CHQZ'O_ v v
1-Ethyl-1,1,3,3,5,5,5- C,H;5-(Si(CH3),0 ),- v
heptamethyltrisiloxane Si(CH3);
(CH3)3Si-0O-
heptamethyticione | SCHICH -0- ‘
Si(CHs)s

Octamethycycloltetrasiloxane (SiO(CHjs),)4 v
1,1,1,3,3,5,7,7,7- CH;-(Si(CH3),0), — v
Nonamethyltetrasiloxanes Si(CH;)H-O-Si(CHj3),
1,1,1,3,3,5,5,7,7- CH;-[Si(CHj3),01]s5- v
Nonamethyltetrasiloxanes Si(CH3),H

. (CH3);Si-0O-
Decamethyltetrasiloxane [Si(CHy),]O]- Si(CHs)s v
2,2,4,4,5,5, T-octamethyl-3,6- (CH3)3Si-0-Si(CHj3),- v
dioxa-2,4,5,7-tetrasilaoctane Si(CHj;),-O-SiH(CHj;),
2,2,4,.4,5,5, 7,7-octamethyl- (CH3)sSi-O-Si(CHy),-
3,6-dioxa-2,4,5,7- Si(CHs),-O-Si(CHy) v v
tetrasilaoctane 32 33
Dodecamethypentasiloxane (CH;);Si-0- v

[Si(CH;),]0]5-Si(CHa)s
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6.3 Quantitative analysis of the exhaust

6.3.1 Monomer depletion

Figure 6.3.1 shows that under all the explored experimental condition, apart slight

differences among the three precursors, the amount of reacted monomer (see section

4.5.1) was always higher than 50 %.
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Figure 6.3.1: Reacted HMDSO, PMDSO and TMDSO (Monomergepieiion) trend in the
exhaust as a function of the O,/HMDSO, O,/PMDSO and O,/TMDSO ratios in the feed,

respectively.

The oxygen addition to the gas feed does not improve the monomer

activation/utilization since its depletion is always lower than without oxygen for

HMDSO, or remains almost constant for PMDSO and TMDSO.
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6.3.2 Quantification of silane and siloxane by-products

In the exhausts of all the three monomers the concentrations of the lowest molecular
weight identified species (i.e. trimethylsilane and tetramethylsilane) decrease below the
quantification limit increasing the O, content in the feed. As shown in Figure 6.3.2 very

low amounts were detected in the PMDSO and TMDSO exhausts without O, in the feed

if compared with the analogue from HMDSO discharges.
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Figure 6.3.2: Trimethylsilane and tetramethylsilane flow rate in the exhaust gas for

PMDSO TMDSO

Ar/HMDSO, Ar/PMDSO and Ar/TMDSO discharges.

As shown in Table 6.2.1 the exhaust of each monomer contains the other two
investigated precursors as by-product. Figure 6.3.3 shows that independently on the

starting monomer, disiloxanes concentration steeply decreases with oxygen addition to

the gas feed.
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Figure 6.3.3: Disiloxanes flow rate in the exhaust gas of each precursor as a function of
the O,/monomer ratio in the feed: a) TMDSO, PMDSO and ethylpentamethyldisiloxane
(EPMDSO) flow rate in the exhaust gas as a function of the O,/JHMDSO ratio in the
feed; b) HMDSO and TMDSO flow rate in the exhaust gas as a function of the
0O,/PMDSO ratio in the feed; c) HMDSO and PMDSO flow rate in the exhaust gas as a
function of the O,/TMDSO ratio in the feed.

Among the detected disiloxanes, pentamethyldisiloxane is the most abundant by-
product both in HMDSO, where also the ethylpentamethyldisiloxane was taken into
account, and in the TMDSO exhausts. On the other hand hexamethyldisiloxane and
tetramethyldisiloxane do not decrease below the quantification limit at increasing O,-to-

PMDSO ratios.
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Figure 6.3.4: Octamethyltrisiloxane, 1,1,1,3,5,55-heptamethyltrisiloxane and
1,1,3,3,5,5-hexamethyltrisiloxane flow rate in the exhaust gas as a function of the

0O,/HMDSO ratio in the feed.

Similarly methyltrisiloxanes concentrations decrease below the quantification limit
increasing the O, content in the feed, as shown in Figure 6.3.4 for the HMDSO exhaust.
Moreover it was observed that the relative abundance of trisiloxanes in the exhausts
depends on the chemical composition of the starting monomer (Figure 6.3.5). With
HMDSO the trisiloxane concentration is higher as the number of methyl groups in the
molecule increases (i.e. octamethyltrisiloxane > 1,1,1,3,5,5,5-heptamethyltrisiloxane >
1,1,3,3,5,5-hexamethyltrisiloxane); with PMDSO, 1,1,1,3,5,5,5-heptamethyltrisiloxane,
containing one Si-H bond, is the most abundant, while with TMDSO, although below
the quantification limit, only 1,1,3,3,5,5-hexamethyltrisiloxane, containing two Si-H

bonds, was detected.
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Figure 6.3.5: Octamethyltrisiloxane, 1,1,1,3,5,55-heptamethyltrisiloxane and
1,1,3,3,5,5-hexamethyltrisiloxane flow rate in the exhaust gas of Ar/HMDSO and

Ar/PMDSO discharges.

6.3.3 Quantification of silanol by-products

In the exhaust of HMDSO containing plasma also the silanol (trimethylsilanol and
hydroxypentamethyldisiloxane) concentration decreases with oxygen addition (Figure
6.3.6a) but, unlike the other species, they can be quantified also at high O, addition,
since they are never below the quantification limit of the analytical procedure. On the
contrary with PMDSO, the amount of trimethylsilanol remains almost constant, while

the hydroxypentamethyldisiloxane flow rate significantly increase with oxygen addition

to the feed (Figure 6.3.6b).
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Figure 6.3.6: Trimethylsilanol and hydroxypentamethyldisiloxane flow rate in the
exhaust gas as a function of the a) O,/HMDSO ratio, b) O,/PMDSO ratio in the feed.

6.4 Discussion

The results presented in the previous sections, in comparison with that shown in
chapter 5, allow to make some hypothesis about the reactions occurring in the plasma
phase and the deposition mechanism.

The list of by-products detected in the exhausts of the three monomers, compared
with the FT-IR spectra of the deposited coatings discussed in the chapter 5, suggests
that oligomerization could proceed mainly through condensation of precursors with a
chemical structure close to that of the starting monomer, i.e. the pentamethyldisiloxanyl
((CH;);8i-O-Si(CH3);) units in HMDSO and PMDSO fed discharges, the
tetramethyldisiloxanyl ((CH3),SiH-O-Si(CH3),) unit in TMDSO fed discharges. As
reported in published works on low pressure plasmas, [1-3] the main HMDSO
fragmentation route occurs via the loss of a methyl unit. This reaction path is further
supported by the experimental evidence that, in HMDSO-containing DBDs without
oxygen addition to the feed, apart from the unreacted monomer, pentamethyldisiloxane,
(CH;);Si-0O-Si(CH3),H, and hydroxypentamethyldisiloxane, (CH;);Si-O-Si(CH3),OH
are the most abundant species in the exhaust. Both compounds could be formed from

one HMDSO molecule, with replacing a methyl group with -H and -OH, respectively.
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This indicate that under the experimental conditions utilized, Si-CH; bond breaking
plays an important role in HMDSO activation and film growth [4-6].

As the Si-H bond is weaker than Si-CHj, the first most probable fragmentation step
for PMDSO and TMDSO is Si-H bond cleavage [7-9], but since fully methylate
polysiloxanes (e.g. HMDSO) are present, also methyl units are lost and recombine with
available dandling bonds. Due to the presence of silanes in the exhausts of all
monomers, the breaking of the Si-O bond cannot be neglected.

The progressive reduced number and amount of detected by-products in the exhaust
of the three precursors (HMDSO>PMDSO>TMDSO) confirm the higher reactivity for
compounds with lower number of methyl units (TMDSO>PMDSO>HMDSO). The
dramatic reduction of oligomerization products with oxygen addition, observed for all
the precursors, is realistically due to the oxidation of oligomerizing species.

The hypothesis about oxidation reactions occurring at higher gas residence time in
O, containing feeds, discussed in the chapter 5, is supported by the fact that the shape of
the deposition rate profiles obtained at higher O,-to-monomer ratios (see sections 5.2.1,
5.3.1 and 5.4.1) cannot be ascribed to a complete monomer utilization since some
residual monomer is always contained in the exhaust. Moreover, the increase of input
power (see section 5.1), detected as a function of the oxygen content in the feed, does
not result in an increase of the monomer utilization, as shown by the trends of the
monomer depletion.

The observed decrease of the HMDSO depletion with oxygen addition could be due
to the increases of the filamentary character of the discharge: the plasma is less
homogeneous, more concentrated in the filaments and, therefore, the effective plasma
volume is smaller, thus resulting in a overall less efficient monomer activation. The
variation of the discharge regime with input power does not seem to affect the PMDSO
and TMDSO utilization.

The decrease of HMDSO depletion with oxygen addition could be also ascribed to
the fact that oxygen is not responsible of the HMDSO activation (i.e. the first step of the
overall reaction): as it was already reported for HMDSO in RF low pressure plasmas
[10] electron impact could be the main activation channel. This is a quite debated point
since other authors observed different trends [11-12]. Another possibility is that the

monomer activation is due to Ar metastables which are also responsible of oxygen
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activation and therefore, when the O, content of the feed increases, the monomer
activation is reduced because Ar metastables are mainly involved in oxygen activation
[13].

On the contrary, in the case of PMDSO- and TMDSO-containing DBDs, besides
electron impact or Ar metastables, oxygen molecules or atoms could be also responsible
of monomer activation because they reasonably react with the Si-H units in hydrogen
abstraction or insertion reactions [14]. The contribution of these reaction could balance
the decrease of monomer depletion related to the reduction of the effective plasma
volume due to the enhanced filamentary regime; as a consequence the PMDSO and
TMDSO depletion remains almost constant as a function of the oxygen content in this
feed. The occurrence of reaction of oxygen molecules/atoms with PMDSO could be
further supported by the increasing hydroxypentamethyldisiloxane flow rate at higher
0,-t0-PMDSO feed ratios. The different hydroxypentamethyldisiloxane trend in the
HMDSO and PMDSO gas phase accounts for a different hydroxypentamethyldisiloxane
formation mechanism that involve the starting monomer in the PMDSO discharges,
while the pentamethyldisiloxanyl unit, due to the methyl abstraction, in HMDSO
discharges.

Apart the hydroxypentamethyldisiloxane behaviour in the PMDSO gas phase, the
general silanols decrease with O, addition to the feed could depend on the fact that
oxygen promotes both the formation of Si-OH units and the oxidation of organic
fragments to form CO, and H,O. If the trends of silanols in the HMDSO exhaust are
compared with the FT-IR spectra of the deposits collected inside the discharge and
downstream at high O,/HMDSO ratios (see section 5.2), it can be observed that higher
amounts of Si-OH were detected in the coating when the silanols content in the exhaust
is very low; this evidence suggests that the formation of the Si-OH groups in the
coatings occurs mainly on the film surface through heterogeneous reactions during the
growth process. Without oxygen addition to the feed, although the quantity of silanols
in the exhaust is maximum (Figure 6.3.6), no absorption of Si-OH groups can be
detected in the FT-IR spectra of deposits collected both in the discharge zone and
downstream (Figure 5.2.1a). This evidence allows to enhance the hypothesis that
silanols formed in the plasma phase, even at high concentrations, are not incorporated in

the growing coating. The same conclusion cannot be expressed for PMDSO coatings
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where, due to the particular hydroxypentamethyldisiloxane trend, the contribution of the
silanols produced in the plasma phase cannot be completely ruled out at high O, content

in the feed.
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CONCLUSIONS

This thesis reported a fundamental study on the deposition of thin organosilicon
films in Dielectric Barrier Discharges (DBDs) fed with Ar/HMDSO/O,, Ar/PMDSO/O,
and Ar/TMDSO/O, mixtures. The properties of the coatings produced with each
disiloxane at different O, contents in the gas feed, were correlated to GC-MS analyses
of the exhausts.

Without oxygen addition to the feed silicone-like coatings with high structure
retention of the starting monomer were deposited. Several by-products, such as silanes,
silanols and linear and cyclic siloxanes, were detected in the exhausts. The dissociation
of the Si-CHj; bond plays an important role in HMDSO activation, while the Si-H unit is
also involved in PMDSO and TMDSO activation. The Si-H group is also supposed to
be responsible of the enhanced reactivity of TMDSO and PMDSO with respect to
HMDSO molecule. Both FT-IR spectra and GC-MS analyses show that the
dimethylsiloxane (-Si(CH;),0-) repeating unit can be considered to be the most
important  building blocks in the HMDSO oligomerization, while the
hydromethylsiloxane (-SiH(CH3)O-) repeating unit is also involved in TMDSO
oligomerization processes; both these building blocks contribute to oligomerization in
PMDSO DBDs.

The O, added to the feed enhances the filamentary character of the discharge and the
delivered power and promotes the dramatic reduction of the concentration of
by-products in the exhaust, realistically due to oxidation of oligomerizing species.

As also found in some cases in low pressure plasmas, oxygen addition to the gas
feed does not improve the monomers activation, since the monomers depletion does not
increase with O, content. Despite of the increased power, the smaller plasma volume
available for the monomers activation, due to the enhanced filamentary regime with
increasing O, content in the feed, was supposed to be responsible of the HMDSO
depletion trend. Species responsible for the monomer activation (i.e. electrons, Ar
metastables) are supposed to be involved also in oxygen activation, with the consequent
decrease of the monomer depletion in the case of HMDSO.

In addition a different activation mechanism was supposed for the three precursors:
for PMDSO and TMDSO reasonably hydrogen abstraction or insertion reactions of

oxygen molecules or atoms with the Si-H units could balance the effect of the change of
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the discharge regime and account for a stationary monomer depletion trend as a function
of the O, content in the feed.

Oxygen addition strongly influences the chemical characteristics of the deposits and
the composition of the exhausts. More crosslinked and inorganic coatings were
deposited with increasing O, content in the feed, but, under the adopted experimental
conditions, only with PMDSO and TMDSO completely oxidized coatings were
obtained. As expected, the concentration of all organic by-products, except silanols, was
reduced below the quantification limit as a function of the oxygen content in the feed.

Some evidences induce to claim that, in HMDSO fed discharges, the silanols
contained in the deposits are formed through heterogeneous (plasma-surface) reactions
during film growth and not from the contribution of silanol-containing species formed
in the plasma; on the contrary for the Si-H containing precursors both heterogeneous
and homogeneous reactions could contribute to the formation of Si-OH units in the
deposits.

In the framework of this work, a reactor for the treatment, in continuum, of 30 cm
long web of textile or paper, was built up, but not yet used. In the perspective of future
research on the application of the deposition processes studied in this work to the textile
treatment, the performances of the three precursors could be tested onto natural and
synthetic fabrics. Anyway, as non oily, smooth coatings were generally obtained,

PMDSO seems to be the more promising precursor.
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CONCLUSION

Cette thése présente une étude fondamentale sur le dépdt des couches minces
d’organosiloxanes par des Décharges a Barriére Diélectrique (DBD), alimentées par des
mélanges gazeux de Ar/HMDSO/O,, Ar/PMDSO/O, et Ar/TMDSO/O,. Les propriétés
des couches minces obtenues a partir de chaque précurseur organosilicié, mélangé avec
des quantités différentes de I’oxygene, ont été reliées aux analyses des gaz sortant du
réacteur par GC-MS.

Sans ajout de l’oxygeéne au gaz alimentant la décharge, des couches minces
contenant beaucoup de carbone et retenant la structure du précurseur de départ, ont été
réalisées. Différents sous-produits, a savoir les silanes, silanols et siloxanes linéaires et
cycliques, ont été trouvés dans le gaz sortant du réacteur. La dissociation de la liaison
Si-CHj; joue un rdle trés important dans le procédé de I’activation du HMDSO, tandis
que le groupe Si-H est impliqué dans ’activation du PMDSO et du TMDSO. Nous
pensons que le groupe Si-H est aussi responsable de la majeure réactivité du PMDSO et
du TMDSO par rapport au HMDSO. Les spectres FT-IR et les analyses par GC-MS
montrent que ’unité de répétition diméthylsiloxane (-Si(CH;),0O-) peut étre considérée
comme étant le groupe de construction le plus important dans le procédé
d’oligomérisation du HMDSO dans la décharge. Tandis que I'unité a répétition
hydrométhylsiloxane (-SiH(CH;)O-) joue aussi un 71dle dans le procédé
d’oligomérisation du TMDSO; tous les deux groupes de construction participent au
procédé d’oligomérisation dans les décharges alimentées par PMDSO.

L’oxygeéne, ajouté au gaz d’alimentation, augmente la nature filamentaire de la
décharge ainsi que la puissance injectée, et, en méme temps, il favorise une forte
réduction de la concentration des sous-produits dans le gaz sortant du réacteur, suite aux
réactions d’oxydation des espéces chimiques oligomérisant.

Comme il a été déja trouvé dans des procédés plasma a la basse pression, I’ajout
d’oxygéne au gaz d’alimentation de la décharge n’améliore pas 1’activation du
précurseur organosilicié, puisque le monomére n’ayant pas réagi ne diminue pas en
augmentant I’oxygene. On pense que la raison pour cette tendance, pour le HMDSO en
particulier, est due a 1’augmentation du régime filamentaire de la décharge en
introduisant une proportion plus importante d’oxygéne dans le gaz d’alimentation.

Méme si en présence d’une concentration plus importante d’oxygeéne la puissance
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injectée dans la décharge est plus importante, le volume du plasma disponible pour
I’activation du précurseur est plus faible. De plus il se peut que les espéces responsables
de l’activation du précurseur (électrons, métastables de I’Ar, etc.) soient consommées
par I’oxygeéne et ses produits de décomposition, ce qui va conduire & un taux de
décomposition du HMDSO plus faible.

En revanche dans les décharges alimentées par PMDSO et TMDSO, des réactions
d’abstraction ou d’insertion des molécules ou des atomes d’oxygeéne avec les groupes
chimiques Si-H pourraient raisonnablement compenser le changement du régime de la
décharge et, au méme temps, expliquer la tendance stationnaire de la conversion du
PMDSO et du TMDSO en augmentant la proportion d’oxygéne dans le gaz
d’alimentation.

De plus, I’ajout d’oxygene influence fortement la composition chimique des dépots
et des gaz sortant du réacteur. Pour des proportions d’oxygéne/monomére plus
importante dans le gaz d’alimentation, des couches minces plus réticulées et plus
inorganiques ont été obtenues. Un autre résultat important que nous avons obtenue est
que dans les conditions expérimentales utilisées dans ce travail, les dépdts totalement
oxydés exempte de carbone ont été obtenus seulement avec le PMDSO et le TMDSO.
Comme attendu, en augmentant le rapport oxygene/monomere la concentration de tous
les sous-produits organiques, sauf les silanols, diminue en dessous de la limite de la
quantification de la technique d’analyse GC-MS.

Grace aux résultats expérimentaux, il semblerait que dans le cas du précurseur
HMDSO les groupements silanols détectés dans les dépdts se soient formés, pendant la
croissance de la couche mince, par des réactions hétérogénes (phase plasma - surface),
et non par les réactions homogéne en phase gazeuse. En revanche, pour les précurseurs
PMDSO et TMDSO, contenant le groupe Si-H, les réactions hétérogenes, ainsi que les
réactions homogenes, pourraient contribuer a la formation des groupes Si-OH dans les
dépdts. En ce qui concerne la qualité des films obtenus a partir des trois précurseur, le
PMDSO semble le précurseur le plus prometteur, car des couches minces lisses et
non-huileuses ont été obtenues uniquement dans le cas de ce monomére.

Dans le cadre de cette these, un réacteur, permettant de traiter des bobines de textile
ou de papier de 30 cm de longueur en continu, a été concu, mais faute de temps, nous

n’avons pas pu de I'utiliser. Donc comme perspective de ce travail de recherche, il serait
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intéressant d’évaluer les performances des couches minces obtenues a partir des trois

précurseurs organosiliciés déposés sur les textiles naturels et synthétiques.
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CONCLUSIONI

Questa tesi tratta uno studio fondamentale sulla deposizione di film sottili
organosilanici in Scariche a Barriera di Dielettrico (DBDs) alimentate con miscele
gassose di Ar/HMDSO/O,, Ar/PMDSO/O, ed Ar/TMDSO/O,. Le proprieta dei film
prodotti a partire da ciascun organosilossano, ¢ a diversi contenuti di O, nel gas di
alimentazione, sono state correlate alle analisi GC-MS dei gas esausti.

In assenza di ossigeno nella miscela di alimentazione, sono stati depositati film di
tipo siliconico, con elevata ritenzione della struttura del monomero di partenza. Nei gas
esausti, invece, sono stati rinvenuti alcuni prodotti di ricombinazione, come silani,
silanoli e silossani lineari e ciclici. La dissociazione del legame Si-CHj; svolge un ruolo
importante nell’attivazione del’HMDSO, mentre anche 1’unita Si-H risulta coinvolta
nell’attivazione del PMDSO e del TMDSO. Si pensa altresi che il gruppo Si-H sia
responsabile della piu elevata reattivita del TMDSO e del PMDSO rispetto al’HMDSO.
Sia gli spettri FT-IR sia le analisi GC-MS mostrano che 1’unitd di ripetizione
dimetilsilossano (-Si(CH3),0-) pud essere considerato il “building block” piu
importante nel processo di oligomerizzazione del’HMDSO, mentre nel processo di
oligomerizzazione del TMDSO ¢ coinvolta anche 1’unita di ripetizione
idrometilsilossano ~ (-SiH(CH3)O-);  entrambe  queste  unitd  contribuiscono
all’oligomerizazione del PMDSO nelle DBDs qui studiate.

L’aggiunta di O, al gas d’alimentazione aumenta sia il carattere filamentare della
scarica, sia la potenza immessa, ¢, contemporancamente, favorisce una forte riduzione
della concentrazione dei prodotti di ricombinazione nei gas esausti, realisticamente a
causa di reazioni di ossidazione che coinvolgono le specie oligomerizzanti.

Com’¢ stato riscontrato anche in alcuni casi in plasmi a bassa pressione, 1’aggiunta
di ossigeno al gas d’alimentazione non migliora 1’attivazione del monomero, dal
momento che 1’abbattimento del precursore non aumenta all’aumentare dell’O,. Si
pensa che, nonostante la potenza immessa aumenti con 1’0O,, [’andamento
dell’abbattimento del’HMDSO sia dovuto alla riduzione del volume di plasma
disponibile per I’attivazione del monomero, causato dal maggior carattere filamentare
della scarica. Le specie responsabili dell’attivazione del monomero (elettroni,
metastabili dell’Ar, etc.) sono probabilmente coinvolti anche nell’attivazione

dell’ossigeno, provocando, pertanto, la diminuzione dell’abbattimento dell’HMDSO.
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Un diverso meccanismo d’attivazione ¢ stato ipotizzato per i tre precursori
organosilanici: per il PMDSO ed il TMDSO, reazioni di astrazione di idrogeno o di
inserzione di atomi o molecole di ossigeno con il gruppo Si-H potrebbero,
plausibilmente, bilanciare 1’effetto del cambiamento del regime di scarica e giustificare,
pertanto, 1’andamento costante dell’abbattimento di tali precursori in funzione della
quantita di O, contenuta nel gas di alimentazione.

L’aggiunta di O,, inoltre, influenza fortemente la composizione chimica sia dei film
depositati, sia dei gas esausti. All’aumentare del contenuto di O, nel gas di
alimentazione, si ottengono film via via piu inorganici e reticolati, ma, nelle condizioni
sperimentali adottate in questo lavoro, film completamente ossidati, cioé senza
carbonio, sono stati ottenuti solo con il PMDSO ed il TMDSO. Come atteso, la
concentrazione di tutti i prodotti di ricombinazione, fatta eccezione per i silanoli, si
riduce al di sotto del limite di quantificazione della tecnica analitica GC-MS in funzione
del contenuto di O, nella miscela di alimentazione della scarica.

Alcune evidenze sperimentali inducono ad affermare che, nelle scariche alimentate
con HMDSO, le funzionalita Si-OH individuate nei film depositati si formino durante la
crescita del film per reazioni di ossidazione eterogenee (fase plasma - superficie), e non
ci sia alcun contributo da parte dei silanoli che si formano nella fase plasma; al
contrario, per i precursori contenenti I'unita Si-H (PMDSO e TMDSO), reazioni di
ossidazione sia eterogenee sia omogenee potrebbero contribuire alla formazione dei
gruppi Si-OH contenuti nei film.

Nell’ambito di questo progetto di ricerca ¢ stato progettato e costruito, ma non
ancora utilizzato, un reattore in grado di trattare substrati di tessuto o di carta lunghi
fino a 30 cm. Pertanto, nell’ottica del prosieguo di tale attivita di ricerca, volta ad
applicare al trattamento dei tessuti i processi di deposizione studiati in questa tesi, si
dovrebbero testare su tessuti sia naturali sia sintetici i film ottenuti con tutti e tre i
disilossani indagati. Ad ogni modo il PMDSO sembra il precursore pit promettente, dal

momento che sono stati ottenuti film non oleosi e generalmente lisci.
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