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Abstract

Thiol (SH)-terminated surfaces have a wide range of potential uses, including
biomedical and catalytic applications. In the biomedical field, SH-terminated surfaces
have shown great ability as anchoring sites for covalent immobilization of molecules
representing an important criterion for diagnosis of different diseases or the formation
of biosensors. For these applications, a target biomolecule holding a chemical group
(e.g. maleimide, thiol or disulfide) reacts selectively with SH groups on the surface.
Reproducible covalent attachment of bio-compounds is desired since the active sites of
these compounds are generally more readily accessible, and a more even coverage of
the surfaces can be achieved. The strong affinity between gold, Au, and SH groups also
makes SH-terminated surfaces attractive as anchoring platforms for promoting Au
adhesion or as a support for Au nanoparticles, crucial for low temperature catalysis
applications.

The main goal of this research is to examine the synthesis of stable, SH-
terminated organic coatings using chemical vapor deposition (CVD) methods. CVD is
advantageous over wet-chemical alternatives because of its short reaction times, lack
of toxic solvents, and more controllable outcomes through varying process parameters.
Plasma-enhanced CVD (PECVD) is probably one of the most widely used CVD
methods for the functionalization of surfaces. Photo-initiated CVD (PICVD) has
proven to be a good alternative, and it involves exposure of the surfaces to UV radiation
in a reactive gas or mixture of gases. The biggest advantage of PICVD over its plasma
counterpart is a more “targeted” surface chemistry due to the use of mono-energetic
photons rather than “hot” electrons that are characterized by a Maxwell-Boltzmann-
like distribution of kinetic energies. The scalability of PICVD methods is however often

limited, especially at low wavelengths (< 190 nm), due to the strong absorption of air
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in this region, the need for expensive and sensitive materials which are transparent to
those wavelengths, and slow rates of deposition.

The present research first probes the creation and full characterization of SH-
terminated organic coatings from binary gas mixtures, hereafter “BGMs” (as opposed
to single-molecule precursors) comprised of a hydrocarbon gas (either ethylene or
butadiene) and a sulfur-rich functional gas (hydrogen sulfide, H»S). The organic
coatings were created using either a low-pressure (LP) radiofrequency plasma, or
through vacuum ultraviolet (VUV, A<200 nm) irradiation of the gas mixtures with a
near-monochromatic krypton (Kr) lamp. Varying the gas mixture ratio, R, allowed
control over the resulting films’ properties, particularly the sulfur, [S], and thiol, [SH],
concentrations. Surprisingly, coatings obtained from LP plasma treatments
demonstrated higher [SH] values, up to 3%. All coatings showed high [S], up to 48 at.
%, and stability in aqueous solution after immersion for 24 h.

Having learned that it is possible to obtain SH-terminated organic coatings from
BGMs using two different CVD methods, extending this to a further BGM (acetylene
/ HaS) represented the second objective of this research. For this, surface- and gas-phase
phenomena were studied simultaneously as a function of applied power, <P>, and R in
a special PECVD system that included mass-spectrometric diagnostics. The magnitude
of <P> greatly influenced the deposition rate, », [S] and [SH]. Traditionally, single-
molecule precursors that already contain the desired functionality are more often used
in PECVD, and a range of earlier studies describe this deposition approach. Coatings
from BGMs were compared with ones obtained in the same apparatus using
propanethiol as a single-molecule precursor. Resulting [SH] values were found to be

higher when using BGMs, rendering such coatings superior candidates for applications.



Studying VUV irradiation of a BGM comprising acetylene and H>S in more
detail has been the third objective of this work. A first-of-its-kind wavelength (A)-
dependent photo-deposition study was carried out in order to identify a specific photon
energy, hv, leading to maximum [SH]. Results showed that different A4v values
influence deposition kinetics and film composition, reflecting that photolytic reactions
are governed by the gases’ absorption coefficients, k£. Coatings with the highest [SH]
reported so far in the literature (~7.7 %) were obtained with a low-pressure xenon (Xe)
VUV source (A=147 nm).

To summarize, this thesis discusses the formation of SH-terminated organic
coatings from BGMs using two different CVD methods. The results obtained
throughout this study lay a foundation for understanding the mechanisms occurring
during CVD-based formation of SH-terminated surfaces. It further demonstrates how
process parameters can be adjusted to tune [SH] on the surfaces for specific
applications. With this foundation, applications on the created SH-terminated organic
coatings can now be tested, for example their influence on cell growth and -proliferation

or the attachment of specific (bio)molecules to the surfaces.
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Résumé

Les surfaces a terminaison thiol ont une large gamme d'utilisations potentielles, y
compris des applications biomédicales et catalytiques. Dans le domaine biomédical, les
surfaces terminées par des thiols ont montré une grande capacité en tant que sites
d'ancrage pour I'immobilisation covalente de molécules, un critére important pour le
diagnostic de différentes maladies ou la formation de biocapteurs. Pour ces
applications, une biomolécule cible contenant un groupe chimique (par exemple le
maléimide, le thiol ou le disulfure) réagit sélectivement avec les groupes thiols sur la
surface. La fixation covalente reproductible des composés bio est importante car elle
assure une couverture de surface homogene et l'accessibilité¢ au site actif. La forte
affinité¢ entre 1’or et les groupes thiol rend les surfaces a terminaison thiol aussi
attrayantes comme couche intermédiaire pour favoriser 1'adhérence de 1'or ou comme
support pour les nanoparticules d'or, cruciales pour les applications de catalyse a basse
température.

L'objectif principal de cette recherche est d'examiner la synthése de revétements
organiques stables a terminaison thiol, en utilisant des méthodes de dépot chimique en
phase vapeur (CVD pour I'anglais chemical vapor deposition). Les méthodes CVD sont
avantageuses par rapport aux alternatives chimiques humides en raison de leurs temps
de réaction courts, de l'absence de solvants toxiques et de résultats plus contrdlables
grace a des parametres de procédé variables. Le CVD au plasma (PECVD) est la
méthode CVD la plus utilisée pour la fonctionnalisation des surfaces. La déposition
photochimique par CVD (PICVD) s'est avérée €tre une bonne alternative pour la
fonctionnalisation de surface et implique 1'exposition des surfaces et des gaz réactifs au
rayonnement a basse pression. Le plus grand avantage de PICVD par rapport a son

¢quivalent plasma est une chimie de surface plus «ciblée» due a l'utilisation de photons
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monoénergétiques plutdt que d'électrons «chaudsy. La limitation principale du PICVD
est le requis, lorsque la longueur d’onde retenue est faible (<190 nm), d’opérer a basse
pression et d’utiliser des matériaux hautement spécialisés (et onéreux) pour assurer la
transmission de la lumicere.

Le principal but de cette recherche a d'abord été d’explorer la création et la
caractérisation compléte de revétements organiques a terminaison thiol a partir de
mélanges gazeux binaires (plutot que de précurseurs moléculaires) constitués d'un gaz
hydrocarboné (éthyléne ou butadiéne) et d'un gaz fonctionnel riche en soufre (sulfure
d'hydrogéne). Les revétements organiques ont été créés en utilisant un plasma
radiofréquentiel (r. f.) a basse pression ou des rayons ultraviolets énergétiques (VUV
pour I’anglais vacuum ultraviolet, A<200 nm) avec des mélanges gazeux avec une
lampe au krypton quasi-monochromatique. La variation du rapport du mélange gazeux
a permis de controler les propriétés des films résultants, en particulier les concentrations
de soufre et de thiol. Etonnamment, les revétements obtenus a partir de traitements au
plasma a basse pression ont montré des concentrations de thiol plus élevées, allant
jusqu'a 3%. Tous les revétements ont montré une teneur élevée en soufre, allant jusqu'a
48 at. %, ainsi que de la stabilité en solution aqueuse aprés immersion pendant 24 h.

Ayant confirmé qu'il est possible d'obtenir des revétements organiques terminés
par un thiol a partir de mélanges gazeux binaires et par deux méthodes CVD différentes,
le second objectif de cette recherche était donc d’acquérir une meilleure compréhension
des mécanismes de la chimie et de la croissance a partir d'un autre mélange gazeux
binaire (acétyléne et sulfure d'hydrogene) dans un systeme plasma. Pour cela, les
phénomeénes de surface et en phase gazeuse ont été étudiés simultanément en fonction
de la puissance appliquée et du rapport de mélange gazeux. La puissance appliquée

influence grandement la vitesse de dépot, la teneur en soufre et la concentration en thiol.
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Traditionnellement, les précurseurs a molécule unique qui contiennent déja la
fonctionnalité¢ désirée sont le plus souvent utilisés dans le PECVD et une gamme
d'études existe pour cette approche de dépdt. Les revétements de mélange de gaz
binaires ont été comparés avec des revétements obtenus dans une décharge similaire en
utilisant du propanethiol en tant que précurseur de molécule unique. Les concentrations
de thiol se sont avérées plus €levées lors de 1'utilisation de mélanges de gaz binaires,
rendant les revétements a terminaison thiol obtenus a partir de cette approche des
candidats supérieurs pour diverses applications.

Pour compléter cette étude sur les mécanismes en jeu a 1’état plasma, le
troisiéme objectif de ce travail est 1'étude des processus se produisant au cours de
l'irradiation VUV d'un mélange gazeux binaire d'acétyléne et de sulfure d'hydrogene.
Une étude des processus de déposition en fonction de la longueur d'onde a été réalisée
afin de trouver une énergie photonique spécifique conduisant a une concentration
maximale en thiol. Les résultats ont montré que différentes énergies de photons
influencent la cinétique de dépodt et la composition du film, ce qui montre que les
réactions photolytiques sont régies par les coefficients d'absorption des gaz. Les
revétements avec les concentrations de thiol les plus €levées rapportées jusqu'ici dans
la littérature (~ 7,7%) ont été obtenus par rayonnement VUV avec une source
résonnante au xénon (A = 147 nm).

Cette theése présente I’étude de la formation de revétements organiques a
terminaison thiol a partir de mélanges de gaz binaires en utilisant deux méthodes CVD
différentes. Les résultats obtenus dans cette étude constituent une base pour la
compréhension des mécanismes se produisant au cours des méthodes CVD conduisant
a des surfaces terminées par un thiol. Il est d’ailleurs démontré comment les parametres

du procédé peuvent étre ajustés pour contrdler les concentrations de thiol sur les
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surfaces pour d’éventuelles applications spécifiques. Avec cette base, des applications
sur les revétements organiques a terminaison thiol peuvent maintenant étre testées, par
exemple leur influence sur la croissance et la prolifération cellulaire ou la fixation de

(bio) molécules spécifiques aux surfaces.
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Chapter 1 Introduction

1.1 Motivation

Biomaterials are non-living materials intended to be used in medical devices while
interacting with a biological system.!!*2! Over the years, the demand and the need
for more sophisticated and readily available materials has increased. Ideally, a
biomaterial would be a single material which is compatible with the studied
biological system, disintegrates over time (if for the application required), possess
good mechanical properties, and simultaneously promotes cell adhesion, growth,
and differentiation.

Ceramics, metals, alloys, glass, and polymers are common materials used for
the fabrication of biomaterials.3! Synthetic polymers are broadly used as implants,
bio-sensors, prostheses, antimicrobial surfaces, and engineered tissues. The
popularity of these materials can be explained by their excellent bulk properties,
high mechanical stability and elasticity, non-toxicity, and low degradation rate in
the human body.*®! A major difficulty when using synthetic polymers is that
interactions between their surfaces and the biological environment are restricted or
undesirable, since their surfaces are generally chemically inert, minimizing their
performance.

One approach to improve the performance of polymeric biomaterials consists
of enhancing interactions between their surfaces and the biological system through
surface modification. Several surface modification techniques have been developed
to improve biocompatibility by introducing a variety of functional groups. This
enables subsequent immobilization of biological compounds, directly influencing

cell adhesion and differentiation. The main methods for immobilizing biomolecules
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to a surface, as well-discussed by Gorddard et al., are: “(i) adsorption via
electrostatic interactions, (ii) ligand-receptor pairing, and (iii) covalent
attachment”.!®’ Nitrogen- and oxygen-containing functional groups, more
specifically primary amines (NHz), carboxylic acids (COOH), or hydroxyl (OH)
functionalities, have shown to promote protein and cell adhesion through
immobilization method (i).”!?! Immobilization through adsorption can be
advantageous in some applications (i.e. drug release), however, covalent attachment
implies the formation of a firm and stable bond between a (functionalized) surface
and a biomolecule, offering some benefits compared to the other two
immobilization methods. Advantages include the specific attachment of the
biomolecules while making its active side available, greater stability and durability,
and better bioactivity.! '3 In this context, sulfur-containing functional groups,
more specifically thiol (SH) groups, have recently shown great potential for
covalent immobilization of biomolecules via thiol-ene click chemistry.!'¥ Through
the creation of covalent bonds between SH-terminated surfaces and biomolecules,
a well-defined system 1is created with good control over the biomolecule
conformation.!* 1> 161 A detailed description of the importance of sulfur-based
surfaces is given in section 2.1.

Although SH-terminated surfaces offer several advantages for biomedical
applications, their fabrication through surface modification methods, either through
wet-chemical or chemical vapor deposition (CVD) approaches, has not been fully
exploited. While wet-chemical methods can be useful and do not require specialized
equipment, they have demonstrated several disadvantages, namely: non-specificity,
moderate reproducibility, and surface etching. Furthermore, they often require the

use of an expensive, corrosive, and/or toxic solvent to dissolve the desired



monomer. Due to these disadvantages, alternative methods should be considered
for large-scale, industrial applications.[% ¢

In contrast to wet-chemical approaches, CVD methods are considered to be
cleaner and simpler. Many of those are based on non-equilibrium or “cold” plasma
treatments at low or atmospheric pressure (plasma enhanced CVD or PECVD) and
are used for the simple functionalization of surfaces. During plasma treatments,
radicals are created in the gas phase through collisions of electrons with (precursor)
molecules, as well as ions, allowing for the incorporation of new functionalities
onto the surfaces. A detailed description behind the functionalization mechanism
by aid of a low-pressure (LP) plasma is presented in section 2.3.

Photo-initiated CVD (PICVD) methods have proven to be effective alternative

s.[17-181 These methods involve

methods for the functionalization of polymer surface
exposure of surfaces to radiation in reactive gases. The biggest advantage of photo-
induced methods over their plasma counterparts is a more “targeted” surface
chemistry due to the use of mono-energetic photons rather than “hot” electrons, as

19,201 Photo-initiated approaches appear to be

further described in section 2.4.!
superior to plasma chemistry by producing nearly “mono-functional” films, often
with reduced infrastructure requirements. The creation of nearly “mono-functional”
surfaces is specifically desired to better understand the biochemical immobilization

processes. This motivates to further study LP plasma and photo-based surface

functionalization methods in more detail.[*!]

1.2 Objectives

There is increasing interest in the literature in SH-terminated surfaces, as anchors
for further immobilization of biomolecules. Nevertheless, those specific surfaces
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are mainly obtained through tedious and complicated wet-chemical approaches.
CVD methods, especially plasma-based ones, have been studied as an alternative
method to obtain nitrogen- and oxygen-rich surfaces, demonstrating great potential
for a simple and versatile modification technique. However, those methods have
not been fully exploited in the context of sulfur-rich surfaces.

Based on the limited amount of studies found in the literature, the main
objective of the present research is to create SH-terminated surfaces for further
applications using CVD methods. Two methods are explored: plasma-enhanced
CVD (PECVD) and photo-initiated CVD (PICVD). As the surfaces could be of
interest for biomedical applications, they have to be optimized in a sense that they
have a high density of SH-groups and are simultaneously stable in air and aqueous
solutions. To obtain SH-terminated surfaces with either of the two above-mentioned
methods, binary gas mixtures, BGMs, comprising a hydrocarbon backbone and
hydrogen sulfide, H>S, as the functional gas, are used as precursors.

The following specific objectives are addressed in this thesis:

1.  Create SH-terminated films from ethylene / H»S, butadiene / H»S, and
acetylene / HoS BGMs through PECVD and PICVD methods at similar
conditions, and examine the influence of process parameters on the surface
properties, such as chemical composition, morphology and stability;

ii.  Compare SH-terminated films obtained from BGMs and single-molecule
precursors in terms of SH concentrations and stability;

iii.  Investigate the wavelength (A)-dependency of the surfaces by using
different types (different energies) of vacuum ultraviolet (VUV, A<200 nm)

lamps in terms of deposition kinetics, chemistry, and morphology.



1.3 Organization of the thesis

This manuscript-based thesis consists of seven chapters. Following this
introduction (Chapter 1), Chapter 2 gives an overview of the existing literature
and is subdivided into six sections introducing the relevance of sulfur-containing
surfaces, different surface modification techniques, more detailed descriptions
of plasma-enhanced chemical vapor deposition (PECVD) and photo-initiated
(PICVD) techniques, and the importance of the stability as well as the growth of

the created surfaces.

The first part of Chapter 3 describes the experimental setups used to
synthesize SH-terminated surfaces, namely the PECVD and PICVD
experimental setups. For the case of the PICVD setup, where different sources
were used, the experimental determination of the relationship of photon flux as
a function of distance is further described. The second part of Chapter 3 gives an
overview of surface characterization and plasma diagnostic techniques used in

this work.

Experimental results are presented and discussed in Chapter 4 to Chapter 6
and are manuscripts published in scientific peer-reviewed journals. Chapter 4
presents the first ever reported fabrication and characterization of sulfur-rich
films obtained through plasma- and vacuum-ultraviolet photo-polymerization
from binary gas mixtures, BGMs, of a hydrocarbon (either ethylene or

butadiene) and H»S.

Chapter 5 describes the influence of process parameters, especially the
radiofrequency (r.f.) power, on the properties of SH-terminated surfaces

obtained from BGMs of acetylene and H>S using PECVD. Data obtained from



complete surface characterizations are compared with those obtained in a similar
discharge when using propanethiol as single-molecule precursor. Additional
plasma diagnostic experiments are performed to gain better understanding on the

growth mechanisms.

A first-of-its-kind wavelength (A)-dependent study is presented in Chapter 6
aiming to identify a specific photon energy leading to maximum thiol
concentrations, [SH]. BGMs of acetylene and H>S are irradiated with four

different VUV lamps to create SH-terminated films.

Conclusions derived from this work and recommendations for future works
are summarized in Chapter 7. The appendices (Chapter 8) include supplementary
information associated with the presented manuscripts. A list of references cited

in this work follows the appendices.



Chapter 2 Background

2.1 Sulfur-rich organic coatings

Sulfur (S)-containing groups, especially sulfites (-SO3), sulfates (-SOs), disulfides (-S-
S), and thiols (-SH) occur in a variety of biomolecules, particularly proteins,
antioxidants and glycosaminoglycans./?> 23! Thiol and disulfide groups facilitate the
organization of secondary structure in proteins and have shown to be involved in cell
physiology.??! Due to the importance of those S-containing groups, there is interest to
study interactions of material surfaces bearing such functionalities with biological
proteins and their contribution to defining bio-interfacial interactions.*?! Sulfonated

n,24 25

surfaces have shown improved cell adhesio I delayed onset of thrombus

[26-28] desirable characteristics of suitable

formation, and improved hemocompatibility,
biomaterials.

SH-terminated surfaces demonstrate potential for selective and specific bio-
interfacial interactions through thiol-ene click reactions. The rising interest in thiol-ene
click chemistry!'* 2 plays an important role in potential applications and
significance of SH-terminated surfaces. This specific click reaction between SH groups
and ene moieties leads to the formation of stable thioether bonds (Figure 2-1) and has
demonstrated a high degree of specificity and reactivity. Based on these benefits, this

coupling reaction has been widely exploited for covalent immobilization of antibodies,

enzymes, peptides and DNA [25-40]
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Figure 2-1: Mechanism of thiol-ene click reaction. !/

Besides biomaterials, S-rich organic surfaces have demonstrated potential applications

in conducting films,*'**! proton exchange membranes in fuel cell applications,*> 6]

[47-49] [50]

catalysts in acetalization reactions, biodiesel production, and water

(51531 Depending on the specific application, the thiol concentration on the

purification.
surfaces can be crucial for a successful use of such surfaces. For the specific example
of water purification, SH and SOx(H) functionalized materials, more specifically silica
particles and mesoporous carbon, have shown great potential as electrostatic
adsorbents. These materials can remove (soft) metal ions effectively over a wide pH
range and it was shown that the degree of functionalization greatly influences the heavy
metal removal efficiency. It is therefore evident, that for this specific application high
functional group concentrations are required in order to obtain an efficient removal of
heavy metals from water. This wide field of applications makes the development of S-

containing surfaces important and techniques to simplify their creation are becoming

more significant.



2.2 Surface modification techniques to create S-rich surfaces

2.2.1 Wet-chemical approaches

The most common approach for producing surfaces containing sulfur has been through
wet-chemical techniques,’?” including bulk-polymerization,®**% electrochemical
polymerization,”! and self-assembled monolayers.[??°8-") S_containing functionalities
can also be incorporated onto silica surfaces through a coupling reaction between a
silane sulfur-containing coupling agent, such as 3-mercaptopropyl trimethyloxysilane
(MPTMS), and sinalol groups on the substrate surface.[’!: 2! These approaches can be
complex and complicated, substrate dependent, non-environmentally friendly, highly
time consuming, and can suffer from low efficiency, inhomogeneous distribution of S-
containing functionalities, stability, and reduction of the substrate’s mechanical

integrity.[6>-6]

2.2.2 Chemical vapor deposition (CVD)

Suitable alternatives to wet-chemical approaches for the creation of S-containing
surfaces are chemical vapor deposition (CVD) techniques. These techniques are
recognized to be cleaner, substrate-independent, room-temperature, one-step, solvent-

(67. 681 This approach is often

free processes producing reduced amounts of waste.
referred to as a green approach since chemical reactions are driven and maintained
using electricity, therefore making it possible to take advantage of renewable resources
while reducing the environmental impact.

During CVD a solid product, or organic coating, is created through dissociation
and/or chemical reactions of volatile precursors. The deposition occurs either through
homogeneous reactions between species in the gas phase, in which gaseous species

polymerize and then adsorb onto the surface, and/or heterogeneous chemical reactions,
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in which gaseous species first absorb to the surface and then polymerize on the
surface.!® Depending on the activating environment (heat, light, plasma) to initiate a
polymerization reaction (i.e. creation of radicals) different variations of the CVD

techniques exist, two of which will be discussed in detail in sections 2.3 and 2.4.[67-¢%

70]

CVD processes have shown to be appropriate for the deposition of S-rich

(22,44, 71-B3] however there has only been a limited amount of work reported to

materials,
date compared to oxygen- and nitrogen-rich materials.!'"> 74%31  Among the different

CVD techniques, plasma-enhanced CVD (PECVD) is the most frequently reported

CVD technique for the production of S-rich surfaces.

2.3 Plasma-enhanced chemical vapor deposition (PECVD)

So far, the production of S-rich organic coatings through PECVD has mainly involved
the use of single-molecule precursors. However, such studies have been hindered by a
marked shortage of suitable monomers, as they do not vaporize easily, and are not stable
in the plasma, thus showing low retention of sulfur functionalities on the resulting
organic coatings.??) When using benzene sulfonic acid as a precursor for example,®*!
the resulting organic coatings did not contain sulfonic groups since these groups were
unstable in the plasma. Plasma polymerization of vinyl sulfone derivates, such as
methyl vinyl sulfone, ethyl vinyl sulfone, and vinyl sulfone, demonstrated the presence
of a variety of S-containing groups (R-S-R, R-SO-R, R-SO,-R).*3! The resulting
organic coatings are also often referred to as plasma polymers and should not be mixed
up with conventional polymers as they are significantly different from each other; this
will be discussed in more detail in the following section. Alternatively, plasma “co-

polymerization” of SO> with unsaturated hydrocarbon monomers (CoH> and C2Ha),[?%
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41 or hexamethyldisiloxane (HMDSO),?8) dimethyl sulfoxide (DMSO) and 1,7-
octadiene, gave more promising results; a greater amount of sulfur groups at higher
oxidation states were found in the coatings.[*®!

The desire to obtain SH-terminated organic coatings for specific applications

keeps driving the search for further S-containing precursors to help improve the

[87] 88, 89]

incorporation of SH functionalities. More recently allylmercaptan,’"
thiophene,** 3! 7> %01 and propanethiol”> °!4l have been used as precursors to create
SH-terminated surfaces via PECVD. These precursors were promising choices since
the desired SH functionality is already incorporated in the molecule and they can be
easily transferred into the gas phase. Nevertheless, only Thiry et al. have reported a
complete study combining plasma diagnostics and plasma polymer synthesis,
connecting the influence of different plasma parameters on the chemical properties of
propanethiol plasma polymers.[>°1-3] The same group also developed a derivatization
method allowing specific identification of SH groups and their concentrations on the
surfaces.>!

Since PECVD is one of the most common CVD techniques used for the creation

of S-rich films, its fundamentals, mechanisms, and relevant process parameters will be

discussed in detail in the next section.

2.3.1 Plasma polymerization: Fundamentals and mechanisms

Plasma refers to the state of an ionized gas, which can be completely or only partially
ionized. Plasma contains electrons, ions, and other reactive (but neutral) particles such
as excited atoms and molecules, radicals, and photons (from infrared to vacuum
ultraviolet).3% 9598 Low-temperature or non-equilibrium plasma is used to initiate

polymerization reactions through collisions of the precursor gases with electrons, which
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acquire their kinetic energy directly from the applied electromagnetic field.”" *°-192! As
a result, precursor molecules dissociate and consequently the growth of a film on the
substrate occurs from the absorption of free radicals and molecules, neutralization of
impacted ions, and chemical reactions of the mentioned species with simultaneous

(100, 103

desorption of by-products. 1Overall, plasma can be considered an “energy soup”

in which reaction pathways are difficult to control.

Ideally, PECVD is used to deposit thin (from few nanometers to micrometers),
well-adhering, and highly-functionalized polymer-like films on substrate surfaces. In
reality however, these films do not resemble the precursor’s structure, but rather an
oligomer structure, and often even lose its functionalities (Figure 2-2).[°*! Compared to
conventional polymers, plasma polymers do not show regularly repeating units, are

branched, and show a high degree of cross-linking.!%

OH "
X )<XX X x
A AA
% N real
N _— > Substrate
P — X X
- POV
Substrate ideal
Substrate

Figure 2-2:Scheme of ideally and realistically structured plasma polymers. [*/

The challenge of obtaining better control during PECVD lies in the variety of process
parameters available for tuning. Over the past years, detailed studies have been
undertaken to understand the relationships between different process parameters and
the chemical and/or physical properties of plasma polymer films, aiming to optimize

process parameters to obtain films with desired properties for specific applications.®!
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Through careful tuning of the process parameters, organic coatings with a great variety

of properties can be obtained.

2.3.2 Influence of process parameters on film chemistry and deposition

rate

Process parameters controlling plasma polymerization can be divided into two major

categories:

1. Reactor-specific parameters, which can be altered but in most cases are not
variable, such as reactor geometry, distance between the electrodes and
frequency of the electric power; and

2. Operation-specific parameters, such as discharge power, system pressure,

precursor flow rate, and precursor type.[!%*]

Only operation-specific parameters will be discussed in more detail in the following

sections since these were mainly varied during this research.

Discharge power

In general, increasing the discharge power leads to an increased number of electrons in
the plasma phase, which can consequently collide with molecules resulting in their

dissociation and fragmentation.[!%]

Precursor activation, fragmentation and
dehydrogenation processes increase with the applied discharge power and thus the rate
of polymerization generally increases.!'"> 1% Low power conditions usually yield
reduced fragmentation of the precursor(s) resulting in polymer-like films with high
concentrations of functional groups (if already present in the precursor). High power

conditions yield substantial fragmentation of the precursor(s), resulting in a high

amount of low-molecular weight active species. These active species usually lose great
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parts of the precursor’s original structure, therefore also reducing the incorporation of
functional groups in the resulting polymer-like films, and can recombine to form more
cross-linked structures.['%”) At very high power conditions, high-energy conditions are
enhanced, leading to ablation processes and therefore a decrease in the rate of
polymerization.!%!

Pulsed PECVD represents an alternative PECVD mode (compared to
continuous-wave PECVD) where the applied electric field is pulsed during plasma
polymerization, thus reducing the energy input into the system.['®! During the short
plasma pulses, precursors are exposed to the glow discharge leading to their activation
and initiation of plasma polymerization reactions. During the “off” times, only long-
lived radicals are present in the gas phase initiating purely chemical chain reactions
(Figure 2-3).%% 119 The resulting plasma polymers are expected to consist of more well-

defined repeating units, to exhibit higher concentrations of the desired functional

groups, to be more dense, and to demonstrate an increased stability.
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Figure 2-3: Possible mechanisms taking place during the “on” and “off” times of the

pulsed plasma polymerization. 1'%

Precursor flow

The precursor(s) flow rate(s) greatly influence the deposition kinetics. At very low flow
rates, the residence time of the precursor(s) is high and polymerization reactions will
consume all precursor(s) supplied to the system. As the flow rate increases, the supply
of the precursor(s) also increases, resulting in an increased rate of polymerization. With
further increase of the flow rate, a point will be reached at which the residence time of
the precursor(s) is so small that all active species are removed from the system before
initiating a polymerization reaction, resulting in a decrease of the deposition rate.!''!In
a specific example of plasma polymerization of pure acetylene, using low flow rates
results in a challenge to maintain a stable system pressure, as all acetylene is

immediately consumed and polymerized.
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System pressure

Similar to the precursor flow, the system pressure has a significant influence on the
deposition rate. Most gases under vacuum can be treated as ideal gases and, in a fixed
volume, the pressure can be considered proportional to the gas molecules in the closed
system. Furthermore, the system pressure determines the mean free path, /, of gas
molecules and therefore the frequency of collisions between them and the walls of the
reactor. Generally, with rising pressure the collision frequency between gas molecules
and the reaction probability of active species increases leading to an increase in
deposition rate.[’® * The dependence of deposition rate on pressure has been reported
to follow a p? dependence, which however saturates at high pressure values.[''% 112] At
low pressures, / is long (see equation 2-2) and electrons in the plasma can acquire more
energy from the r.f. field. Therefore, their impact with molecules results in greater
fragmentation and ionization leading to an increase in electron density and therefore
deposition rate. Increasing the pressure results in a decrease in / as well as a decrease
in average electron energy acquired from the r.f. field.l!!?]

The system pressure can be used to determine the nature of gases via the
Knudsen number, K;:

! (2-1)
Kn = E

With the mean free path / and the characteristic length of a given system d. As
mentioned before, the mean free path describes the average distance between collisions

for gas molecules and is inversely proportional to the system pressure p:

ky,T (2-2)

[ =
V20p

Where k, is the Boltzmann constant, 7' the temperature, o the effective area for

collisions, and p the pressure. Viscous gases are characterized by K;<0.01 (high p and
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short /) and the gas flow is dominated by molecule-molecule collisions. When K;>1
(low p and long /), gases are characterized through molecular flow and molecule-wall
collisions are predominant. K; values between 0.01 and 1 describe a transition or slip
flow.[''*] Determining K, for different gases (or mixtures), pressures and temperatures
can be helpful for explaining different phenomena observed in plasma polymer films,
as for example varying composition trends with pressure.

For plasma polymerization processes it should be considered that not only high
energy electrons and photons are responsible for providing energy to create active sites,
but also ions play a significant role. Ions can either yield direct deposition or can use
their energy to create active sites on the substrate facilitating the reactions of active
species from the plasma. The energy provided by ions is orders of magnitude higher
than that of electrons or photons, therefore dominating and should not be neglected.!''?!
At low pressures, ions originating from the plasma might cross the plasma sheath
almost non-collisional and the flux of ions is comparable with that of neutrals. As the
pressure increases, collisions within the sheath increase and at high pressures the sheath
becomes collisional. At this point, the increased probability of collisions between ions
and neutral species results in loss of the ions’ kinetic energy resulting in loss of radical

species with pressure leading to decreased deposition rates.[!10 112 114]

Precursor

The selection of the appropriate precursor is crucial for obtaining thin films with desired
chemical and physical properties. The structure of the precursor has a large effect on
the types of active species that are formed in the plasma, and therefore the composition
of the resulting plasma polymer. Many of the precursors that have been used to obtain

plasma polymers can be considered “polymerizable”, as they contain sites of
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unsaturation, such as a carbon-carbon double bond; a prerequisite for conventional
polymerization reactions.!'%! Sulfur-containing precursors falling into this category are
allylmercaptan or thiophene. However, some precursors that have been used to produce
plasma polymers can be considered “non-polymerizable”, as they are saturated. This
demonstrates the exclusivity of plasma phase reactions and highlights that multiple
simultaneous polymerization pathways might be taking place during plasma
polymerization reactions.!'!>] An example of a “non-polymerizable” precursor for the

creation of S-rich films is the well-studied propanethiol.

To optimize the deposition kinetics of the polymerization reaction, the structure
of the precursor(s) should be considered. At otherwise comparable reaction conditions,
precursors containing sites of unsaturation yield faster polymerization reactions (faster
deposition rates), and the more sites of unsaturation in the precursor molecule the faster
the polymerization.['% !l Acetylene, for example, which contains a triple bond,
polymerizes more than an order of magnitude faster than ethylene, which contains a
double bond. In another example, 1,3-butadiene polymerizes faster than ethylene, due

to 1ts more unsaturated structure.

The selection of an appropriate precursor is also crucial when the stability of
the resulting polymer-like films is of importance. Nitrogen-rich films obtained from
ethylene and ammonia gas mixtures, for example, demonstrated a significant lack of
stability after immersion in water for 24 h.”) By choosing a more unsaturated
hydrocarbon precursor (i.e. butadiene) more stable films could be obtained, since a
higher cross-link density in the films is expected. Acetylene is a good precursor to
increase the stability of the coatings.[®*! In this case, the stability is increased by a more
densely cross-linked structure (compared to ethylene films) due to the present triple

bond in the acetylene molecule.
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Overall, two precursor selection approaches are recognized to create plasma

polymer films with desired functionalities:

(1) Use of a single-molecule precursor that already contains the desired
functional group. In the case of SH-terminated films, allylmercaptan,
thiophene, and propanethiol have been used as single-molecule precursors.

(i1))  Use of binary precursor gas mixtures, consisting of a functional precursor
and a hydrocarbon precursor that is responsible for building the polymer
backbone. This approach has been used in the past to produce nitrogen- and
oxygen-rich films,!!: 76 78, 80. 81, 83, 116, 17l however no such methods have

been used to create sulfur-rich films.

While the first method allows for direct incorporation of the desired functionality into
the films, the second approach allows to adjust the gas mixture ratio R enabling better
fine-tuning of the films’ properties:

F(X) (2-3)

R=—1""—
F(CyHy)

Despite the advantages and great progress achieved with the creation of S-rich
surfaces through PECVD several drawbacks of this approach should be kept in mind.
As mentioned above, plasma resembles an “energy soup” and the reactions occurring
in a plasma are difficult to control. The electrons, the main originators of chemical
reactions in non-equilibrium plasmas, possess a broad, Maxwell-Boltzmann-like

n, 1% 78 115, 118] thereby making the reactions non-specific and non-

energy distributio
selective. Furthermore, the plasma itself can damage the substrate and/or pre-deposit

devices. Moreover, since this technique is usually performed under vacuum the

required equipment and its maintenance can be very costly making its scale-up
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challenging. Photo-initiated CVD (PICVD), which will be introduced in detail in the
next sections, demonstrates great potential for a more selective and controllable

process.1%]

2.4 Photo-initiated chemical vapor deposition (PICVD)

Photo-initiated CVD (PICVD) is very close to PECVD since they share common
basics. One can imagine selecting a single plasma component, namely the photons, to
carry out (photo-)chemistry. By isolating one component with a known energy content
of the rather complex plasma, the reactions are expected to be more selective and easier
to control. The selective and specific nature of PICVD treatments compared to PECVD
has been shown in the past for nitrogen and oxygen-rich organic coatings.[!: 77 119
Another big advantage of using radiation, in this work specifically vacuum ultraviolet
(VUV, A<200 nm), is that most hydrocarbons and organic molecules strongly absorb
at the given spectral range and the energy of the photons exceeds most covalent
chemical bond energies, eliminating the necessity of an initiator required for other
photochemical reactions.!”®! Furthermore, some of the VUV lamps used in this work are

based on an electrodeless radiofrequency (r.f.) electrical discharge in the corresponding

gas at low pressure.

24.1 Photochemistry of gases: Fundamentals and mechanisms
Photochemistry is the study of chemical reactions induced in a system through
radiation. These reactions follow a series of steps:!1?%!

1. Absorption of a photon (4 v) by a molecule (M) and consequent formation of an

electronically excited state (M*);
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2. Consequent reactions of M*, including dissociation, pre-dissociation,
fluorescence, phosphorescence or collisional deactivation to the ground state;
3. Possible molecular rearrangements (isomerization) of the electronically excited
state 1121, 122]
All steps involving M* are part of primary photochemical processes. For some
molecules, M* neither dissociates nor fluoresces immediately and the reactions of
excited states become significant (e. g. acetylene, carbon dioxide). Secondary processes
include all processes which the products of dissociation or the excited molecules either
undergo or initiate.
If photons are energetic enough to break chemical bonds, molecules dissociate

[121,

directly into several fragments, including radicals.!?"" '] Some important bond

dissociation energy values, D, are summarized in Table 2-1. In the present work, VUV

radiation is used to initiate photochemical reactions. In this region, the energy of the

he 1240

photons (up to 10 eV or 124 nm, E(eV) = o = e

) 1s sufficient for the rupture

of most chemical bonds. Therefore, the dissociation energy of a chemical bond is
usually not the limiting factor in the photo-dissociation process. Apart from bond
dissociation energies, the most important data for photo-dissociation is the absorption,
k, of molecules as a function of wavelength, A, since almost all observed absorption

continua correspond to a dissociation process.

Table 2-1: Bond dissociation energies, D, and the corresponding wavelengths, 1, of
common chemical bonds in organic molecules (in case that the molecule absorbs at the

specific 7). (1241257
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Bond Bond dissociation Bond Corresponding

energy, D (kJ/mol) dissociation wavelength, A
energy, D (eV) (nm)
HyC——CH; 377 3.9 318
H,C=2=CH, 602 6.2 200
H,C=2=CH, 743 7.7 161
H,C==CH 690 7.2 172
H,C=C—=-H 347 3.6 344
HC==CH 670 6.9 180
HC==CH 965 100 124
HC==C' 745 7.7 161
‘c==c 596 6.2 200
H,C——H 439 4.6 270
H,C—2—SH 313 42 295
389 4.0 310

H,C—=—OH

Baxamusa et al. suggested a reaction mechanism for PICVD, in which polymerization

7-126] Incident light decomposes the molecules into

reactions are initiated by radicals.!®
radicals by homolytic or heterolytic fission of covalent bonds. Chain growth and

termination occurs through a reaction of the created radicals with reactive species in
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the gas phase, on the surface, or with each other, forming new functional groups, C=C
bonds, or a cross-linked network.['2% 1271 Similar to PECVD treatments, precursor(s) are
exposed to a light source inducing a reaction which leads to deposition of thin films on

substrates.

2.4.2 Common light sources used in PICVD
In photo-induced methods, light is used to initiate photo-reactions and is highly
important. Therefore, different kinds of light sources have been used and studied.!'?’]
The electromagnetic spectrum of light with respective photon energies and wavelengths
is represented in Figure 2-4. For the direct photolysis of organic molecules, vacuum
ultraviolet (VUV, A<200 nm) or ultraviolet (UV, A<400 nm) sources are required to
achieve photo-dissociation. The definition of VUV varies but can be explained by the
fact that air strongly absorbs radiation at A<190 nm and therefore it can be only used
effectively in a vacuum. In some cases, the cutoff of quartz (A=180 nm) is used to define
the boundary between VUV and UVC radiation, however throughout this research the
above-mentioned definition will be applied. The selection of a proper light source is
critical for PICVD. From a practical point of view, output wavelength should ideally
match an absorption band of the precursor(s) used for deposition. In addition, other
factors to consider are intensity, coherence, lifetime, economic, and maintenance

factors.
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Figure 2-4: Electromagnetic spectrum of light from gamma rays to radio waves and a

more detailed illustration of the ultraviolet range relevant to this research.

Low-pressure mercury lamps are commonly used as a photon source. These lamps
generate UV light at 184.9 and 253.7 nm, matching absorption bands of many gases
used for thin film deposition. These lamps have been successfully used in the past to
deposit a-Si:H films from disilane, silicon nitride films from SiH4 and NH3, iron films
from pentacarbonyl iron, and tantalum oxide films from Ta(OCH3), to name a few.!'%]
Further commercial lamps available are arc lamps with continuous emission spectra
above 190 nm, D> lamps with continuous emission spectra between 120 and 400 nm,

1211 Although the latter lamps generate light

as well as rare-gas resonance VUV lamps.|
at low intensities only, they are becoming more popular, since most organic molecules
strongly absorb light at their short emission wavelengths, making them attractive for
PICVD. Besides coherent (V)UV light sources, excimer sources are also commonly

(19,128, 129] Ex cimers are short-lived excited molecules which can be formed in

available.
a dielectric barrier discharge (DBD) and can occur heterodimeric or dimeric:
e"+Xe+Xe—-e +Xe+Xe* > Xe; +e”
Excimers are unstable and decompose typically within less than a microsecond giving
off their excitation energy in the form of (V)UV radiation.[!?-131]
Xe;, = 2Xe + hv(172 nm)

The main emission lines of some of the above-mentioned light sources with their

respective peak wavelengths are shown in Figure 2-5.
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Wavelength (nm) Light Source

Synchrotron
radiation
107 | Ar Rare gas
123.6 —- Kr resonance
147 —f Xe
lamps

172 |- xee —» Rare gas excimer

185 lamp
193 — ArF By
xcimer laser
248 —- KrF
254 — Low-pressure

Hg lamp

515 — Ar* laser

10600 — CO, laser

Figure 2-5: Main emission lines of some common light sources with their respective

peak wavelengths. 1?3/

243 PICVD reactor design

PICVD reactors can differ substantially from each other making the comparison
between reported results challenging. Nevertheless, all apparatuses share some
common components: (i) a reaction cell with the substrate of interest, (ii) a light source,
(ii1) a pumping and exhaust system, and (iv) a gas (precursor) delivering system. An
example of a home-made reactor which was used in this work is presented in Figure
6-2. In order to introduce the desired radiation to the reaction cell an optical window
(often attached to the light source) is required. Depending on the radiation wavelength,

different window materials can be used as shown in Figure 2-6.[123 132]
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Figure 2-6: a) Transmission curves of readily available window materials (from
[132]), and b) absorption spectrum of oxygen in the region 120 to 240 nm (k is given

in units ofatm'l em™ | base e).[133]

If the reactor uses a light source with A>200 nm more readily available and cost-
effective quartz windows can be used, as the light beam can travel efficiently through
air without being absorbed. In addition, expensive pumping systems are not required.
In this research most of the PICVD experiments were carried out at A<170 nm and
therefore specialized window materials, as well as good isolation from air is required.
The need for such materials (in our case MgF, windows) results in high costs of the
light sources and small window areas which in turn results in small deposition areas
(~1 cm?). St-Georges-Robillard et al.!!3*! developed a “conveyor” device in order to by-
pass this limitation enabling the continuous treatment of a moving strip and therefore
increasing the effective coated substrate area.

Another important consideration when designing a PICVD reactor is the
reactor’s geometry and irradiation path relative to the substrate, namely parallel or
perpendicular to it. Truica-Marasescu et al.['*l demonstrated that photochemical
nitriding of various polymer surfaces strongly depends on the substrate orientation.
When the polymer sample was placed perpendicular to the irradiation path, the sample

was subjected to photons and free radicals in the gas phase, resulting in high nitrogen
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incorporation (up to 25 at.%) on the surfaces. In contrast, when the polymer sample
was placed parallel to the irradiation path, it was only subjected to free radicals in the
gas phase, resulting in low nitrogen incorporation on the surfaces (<10 at. %). If
selective-area deposition is desired, the radiation beam can be further focused on a
specific point of interest.

The resulting properties of the photo-polymer-like films, such as deposition
rate, chemical composition, stability, and morphology, strongly depend on the choice

of different arrangements discussed above.

244 Process parameters

Similar to PECVD, process parameters can be adjusted in PICVD to optimize the
deposition kinetics and resulting properties of organic coatings. Parameters found in
PECVD processes, such as precursor(s) flow rate(s), have comparable effects in

PICVD.

System pressure

In contrast to PECVD, in PICVD the pressure only influences the concentration of gas
molecules in the fixed volume and therefore the molecular collision frequency and
creation probability of active species. Increasing the pressure entails a higher
concentration of potential reactive species, which results in more intense
photodissociation and an increase in deposition rate through increased rate of gas phase
collisions and more efficient gas phase nucleation reactions. As the pressure further
increases, light is more strongly absorbed and photodissociation reactions are more
intense in close vicinity to the light source. As a consequence, an important amount of

reactive species might not reach the substrate and will be conducted directly to the
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exhaust system resulting in a reduction in deposition rate. As mentioned in the PECVD
section, the deposition rate in PICVD experiments can also be increased by increasing
the residence time of the gas molecules in the reactor.l'3¢! The longer the precursor
molecules interact with the specific radiation the more active species can be created
resulting in higher deposition rates. Longer residence times can be achieved by

lowering the precursor(s) flow rates and system pressure.!'37]

Precursor

Photon absorption by the desired precursor(s) is crucial for a successful photo-reaction.
The absorptivity of each individual precursor(s) and the subsequent initiation of
photochemical reactions depends on their absorption spectrum. The photochemistry of
different precursors, relevant to this study, will be discussed in the following sub-

sections.
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Figure 2-7: Absorption spectrum of ethylene in the region 120 to 200 nm (k is given

in units ofatm'] em’! ) base e). [138,139]

The absorption spectrum of ethylene (Figure 2-7) consists of diffuse bands between
A=165-185 nm which become a continuum at shorter wavelengths.!'40-142] At 3>200
nm, ethylene is basically transparent to UV radiation.

Three primary processes of similar importance have been identified upon irradiation of

ethylene over its absorption range, leading to the formation of acetylene, hydrogen, and

excited vinyl radicals:!138 1431431
C,H, + hv - C,H, + H, (2-4)
C,H, + hv - C,H, + 2H (2-5)
Colla v = GH+H 2-6)

The excited vinyl radical, [-C2H3*], can be stabilized by collisions at high pressures and

its creation drastically decreases with decreasing photon energy, as reported by Back et
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al.[143: 1961 Secondary processes include the formation of ethyl radicals, -CoHs, and

further reactions of the latter to create high molecular species, such as C2Hg, and C4Hjo.

Photolysis of ethylene at different wavelengths yields the same products.[!47- 1481
Butadiene (C4Hs)
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Figure 2-8: Absorption spectrum of butadiene in the region 120 to 260 nm (k is given

in units of atm™ cm™’, base e). ['* 130

The absorption spectrum of butadiene (Figure 2-8) shows a first strong absorption at
about A=225nm and continues with diffuse bands at shorter wavelengths.!!>! Diverse
primary processes have been reported at different spectral regions and only the ones

relevant to this study will be discussed below.
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A=220-260 nm

Primary processes of the photolysis of 1,3-butadiene in the far-UV region include the

formation of acetylene, ethylene, hydrogen, and vinylacetylene:!!5% 153
1,3 —-C4Hg + hv - 1,3 — C,Hg (2-7)
1,3 - C4H; - C,H, + C,H, (2-8)
1,3—-C4Hg - Hy, + C,H, (2-9)

Furthermore, isomerization to excited 1,2-butadiene has been observed, which can

decompose subsequently in several radical or molecular channels:

1,3 — C4Hg + hv - 1,3 — C,H; > 1,2 — C,H; (2-10)
1,2 — C,H; - C,H, + C,H, (2-11)

1,2 — C,H. - H, + C,H, (2-12)

1,2 — C,H; -+ CHs +- C3H, (2-13)

At increased pressures, a decrease in the quantum yields of the products has been
observed due to increased collisional deactivation of the excited molecules:
1,3—-C,H; + M - 1,3 — C4H, (2-14)

1,2 — C,H + M - 1,2 — C,H, (2-15)

A=147 nm
An additional primary process observed during the photolysis of 1,3-butadiene at
A=147 nm is the direct dissociation of the central carbon-carbon bond resulting in two
vinyl radicals: 152!
1,3—-C4Hg +hv - 1,3 —-C4,Hg —» 2-C,H; (2-16)
This process is not possible in the far-ultraviolet region, since not sufficient energy is

available to break this bond. Apart from reaction (2-16), the same primary processes

((2-8) and (2-9)) are reported in the vacuum-ultraviolet region.
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A=123.6 nm
The increased photon energy from 8.4 eV to 10 eV has shown to have very little effect
on the product distribution during the photolysis of 1,3-butadiene.['*?] A possible
additional reaction in this high-energy region is the formation of the (parent) ion of 1,3-

butadiene since its ionization potential of 9.1 eV lies well below the photon energy.

Acetylene (C2H>)
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Figure 2-9:Absorption spectrum of acetylene in the region 120 to 200 nm (k is given

in units of atm™’ cm™, base e). (1?1

The absorption spectrum of acetylene (Figure 2-9) contains a system of weak, diffuse
bands superimposed in a continuum in the 155-200 nm region. The vibrational structure
below 155 nm suggests the formation of an electronically excited acetylene. At all

wavelengths of interest, two primary processes have been identified:['?!> 134-157]
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(1) Direct dissociation

C,H, + hv (> 5.8eV) » C,H - +H - (2-17)

And

(i1) The formation of an excited, metastable acetylene molecule

C,H, + hv (> 5.8 eV) - C,H; (2-18)

Polymer formation can occur through recombination of the created radicals in
reaction (2-17) or through collisions of the metastable acetylene molecule with
ground state acetylene.

Although the same primary processes have been identified for all wavelengths
of interest, differences in quantum yield of reactions (2-17) and (2-18) are

wavelength- and pressure-dependent.[!8: 159

A=123.6 and 147 nm

At low pressures (p<0.8 Torr) the quantum yield of reaction (2-17) is higher compared
to reaction (2-18) and direct dissociation is the most important primary photochemical
process. As the pressure increases (p>0.8 Torr), reaction (2-18) becomes more likely
and an increased formation of (stable) molecules, such as diacetylene, benzene, and
ethylene, are observed. Besides the creation of stable molecules, deactivation of the
metastable acetylene molecule through collisions with the reactor walls or other

molecules becomes more important and less polymer formation is observed.!!37: 169
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A=172 and 185 nm

At low pressures the quantum yield of reaction (2-18) is higher than of (2-17) and the
deactivation of the excited, metastable acetylene molecule has been reported to be more
probable than polymer formation. As pressure increases, reaction (2-17) becomes more
significant and deactivation less relevant through higher probability of radical creation,

increasing polymer formation.[!37- 18, 161]
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Figure 2-10: Absorption spectrum of hydrogen sulfide in the region 120 to 260 nm (k

is given in units of atm™ cm™, base e). 1!/
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The absorption spectrum of hydrogen sulfide (Figure 2-10) shows a broad absorption
in the 160-250 nm region. The direct photolysis of hydrogen sulfide has been identified
as primary process for all A<309 nm:[!62-163]

H,S + hv (> 4.0 eV) — SH - +H - (2-19)

Secondary reactions can be initiated through the created radicals and main products

include hydrogen and sulfur.

Radiation wavelength

As seen above, each precursor responds differently to different radiation wavelengths
based on their absorption properties. In order to optimize the deposition and
incorporation of functionalities in a coating, absorption of photons must be significant.
Through judicious selection of a proper light source, the absorption of photons by the
precursors can be maximized.

Ideally, in PICVD reaction pathways should be controllable through selective
excitation However, an observed complication is the occurrence of uncontrolled
secondary reactions, therefore reducing the asset of selective excitation. This limitation
can be mitigated by using monochromatic light sources. Once a truly selective
excitation is achieved, differences in photo-reactions and in the properties of the
resulting organic coatings as a function of radiation wavelength can be obtained.!'*’]
Selective excitation has not been studied in detail so far, mainly due to the lack of

suitable light sources. With more suitable and readily available light sources, a truly

controllable deposition technique could be achieved.
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Photon flux and radiation intensity

The number of photons emitted by a source can be characterized by its flux, ®, which
is defined as the number of photons passing through a unit area per unit time and is

related to the radiation intensity:[!¢¢!

I I-2 (2-20)

Where [ is the radiation intensity (W/m?), E, the photon energy (eV), A (m) the peak
wavelength of the lamp, / (6.626-10* m?-kg/s) the Planck’s constant, and c (2.998-10%
m/s) the speed of light in vacuum.

The photon flux represents an important process parameter in PICVD because
it allows us to understand how many photons are actually interacting with the precursor
gases and therefore how many active species can be generated to initiate deposition
reactions. Generally, by increasing the intensity of a source (and therefore the number
of photons) the rate of polymerization can be increased.!'®”! The more photons are
present, the more active species can be created, leading to an increase in film-forming
species and therefore deposition rate. Thus, the concentration of created radicals is

135

proportional to the photon flux.'*3! At very high fluxes, however, the reaction rate

saturates due to very fast polymerization and the diffusion of the precursor(s) becomes
the rate-limiting factor.!!¢]

From a technical point of view, the biggest disadvantage of PICVD, specifically
when dealing with VUV radiation, is the absorption of air in this spectral region. All
experiments must be performed under vacuum to avoid absorption of A<190 nm
through air and a good isolation during irradiation is unavoidable. Additionally, only

specialized materials transparent to those wavelengths can be used during such

experiments, as discussed in detail in section 2.4.3.
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2.5 Stability of S-rich organic coatings

An important requirement of new created surfaces for (biomedical) applications is their
stability in air, commonly referred as ageing, or in aqueous media. In general,
(chemical) stability can be defined as a surface’s ability to withstand changes when in
contact with different environments (or chemicals). Possible post-treatment reactions
when exposed to air include oxidation of dangling bonds or (unstable) functional

groups, and reorganization of near-surface regions.[!!8- 168, 169]

The main factors affecting the stability of plasma- or photo-polymer-like

coatings include:- 1%

e High reactivity of certain functional groups; this can change the desired

functionality and affect the material’s physico-chemical properties.

e Presence of free radicals, mainly tertiary carbon radicals, in the (cross-linked)
organic coatings; those radicals represent reactive sites where oxygen
incorporation can occur when the surface is exposed to air, as shown in the

reactions below.

C-40,-C-0-0- (2-21)
C—0—-0-+R—H—C—0—0H+R- (2-22)
(2-23)

C—0-0-4C-0-0—>C—-0—-0—C+0,
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C—0—0HorC—0-0-C (2-24)

— Ketones, aldehydes, alcohols, esters

The reactivity of functional groups upon exposure to the atmosphere needs to be
considered. Thiols are susceptible to oxidation by molecular oxygen and it is best to
eliminate as much oxygen as possible in order to preserve the desired

g [170

functionalitie 1 For the specific case of sulfur-rich films, drastic reduction in sulfur

931 During plasma

content (up to 75%) upon ageing in air has been reported in the past.
polymerization of sulfur-rich precursors, stable molecules are created in the plasma (i.e.
H,S, CS»), which do not contribute to film growth but remain unbound and can be
trapped in the polymer-like network. Upon exposure to atmosphere or in solution, the
trapped sulfur molecules in the organic coatings are released, leading to a decrease in
overall sulfur content.[’ 87> 92. 93 1711 Other than the release of stable sulfur-based
molecules upon exposure to air, the ageing behavior of sulfur-rich films was found to
be similar in process to oxidation of nitrogen-rich films, where oxidation of carbon-

centered radicals dominates the reaction pathways. Interestingly, the extent of oxidation

was found to be much smaller than with nitrogen-rich films.*!

If the newly engineered surfaces are meant to be used for biomedical
applications, their behavior in aqueous solutions is of specific importance. In this work,
a coating was considered to be stable in aqueous solution, if a change in film thickness
after immersion is <20 %. Three distinctive phenomena have been observed when
plasma- and photo-polymer-like coatings are subjected to aqueous solutions, and their

extent depends on the precursor(s) and process parameters employed to create them:

(1) Hydrolysis reactions,
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(i1) Dissolution of non-covalently bonded, soluble, low molecular weight fractions

(oligomers), observed as a decrease in thickness, and

(ii1) Swelling, observed as an increase in thickness, dictated by the cross-link degree

and chemical properties of the organic coatings.* 172!

For nitrogen- and oxygen-rich organic coatings it has been reported that the solubility
of the coatings increases with initial concentration of functional groups. This can be
explained by a higher concentration of polar groups and their strong affinity for polar

solvents.””> 3] Furthermore, Rupper et al.l'”?!

reported low-density polymer-like films
with increasing oxygen concentration due to a decreased mass deposition rate.

Therefore, a balance between high density of functional groups and high stability of the

films in aqueous media has to be found for each newly engineered surface.

A special note concerning the stability of photo-polymer-like coatings should
be addressed. These coatings have shown to possess great physical and chemical
stability due to a high cross-linking degree, originating from the photo-polymerization
process. The high cross-linking degree caused through (V)UV irradiation has been
already observed in early experiments during irradiation of (conventional) polymers
and was explained to be caused through recombination reactions between the carbon-

[18, 174, 175

centered radicals and resulting bond scissions. I Due to this cross-linking near

the surface, (V)UV treated samples are believed to have a higher resistance towards

ageing than their low-pressure plasma counterparts.[!® 135 168, 1751

Since the stability of plasma- and photo-polymer-like coatings plays such an
important role for further applications, different strategies are currently applied to
reduce ageing on those surfaces. A common strategy includes the enhancement of

stability by increasing the cross-link density in the films. The higher the cross-link
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density in the polymer-like coating the lower the probability of water molecules to enter
into the polymer-like structure. However, this is mostly achieved at the expense of the
degree of functionalization in the films, which might be relevant for applications. 7!
Alternatively, the formation of vertical gradient structures, consisting of a highly cross-
linked base structure followed by the growth of a (highly-)functional, thin top-layer has
shown promising results. This new architecture of polymer-like organic coatings allows
to obtain a highly-functionalized, yet stable organic coating.['®-!"7] Besides changes in
the synthesis approach of the coatings, storage can also greatly help to reduce the ageing
behavior of the polymer-like coatings. Storage at -20°C showed almost
undistinguishable results from freshly prepared nitrogen-rich coatings.!”®) A further
approach to reduce the ageing of the samples prior to analysis, done throughout this
work, is to build the experimental set up inside a nitrogen-filled glovebox. This system

makes it possible to precisely study the native properties of the new-engineered films

without considering the changes introduced through ageing.

2.6 Thin film growth

When designing new (biomaterial) thin films, it is important not only to consider the
films’ deposition kinetics and chemical composition, but also growth and topological
features. These can affect the performance of the films because they determine the
mechanical properties, stability, solubility, and interactions with bio-compounds.['””]
The growth of thin films on planar surfaces depends on the interactions between
adparticles and the underlying substrate. During plasma- or photo-polymerization,

reactive species are generated in the gas phase and adhere to the surface forming

adparticles. These adparticles can then stick to other adparticles forming islands or stick
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to the underlying substrate forming a layer-by-layer film. Three basic growth modes
are used to describe how thin films are formed (Figure 2-11):[180- 181]

1. Island growth (Volmer-Weber): small stable aggregates of adparticles stick to
the substrate and grow in three dimensions to form islands. This is the case when
homogeneous interaction forces between adparticles are stronger than
heterogeneous interaction forces between the adparticles and the underlying
substrate. These islands can continue to grow and coalesce on the surface,
resulting in chemically homogeneous but roughened surfaces, which might
become smooth after sufficient thickness is reached.

2. Layer-by-layer growth (Frank-van der Merwe): small stable clusters diffuse fast
in two dimensions, resulting in the formation of a layer-by-layer film. In this
growth mode heterogeneous interaction forces between the adparticles and the
underlying substrate are stronger. The resulting layers are smooth and generally
strongly adhered to the substrate.

3. Mixed growth (Stranski-Krastanov): combination of the two other modes. After
forming one or more layers, subsequent layer growth becomes unfavorable and

islands start to form.

s i

Krastanov

Figure 2-11: Basic modes of thin film growth. /'8
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Different growth modes have been reported for nitrogen-rich plasma polymers, which
are observed to be dependent on the precursor used. Michelmore et al. were able to
show that, while films obtained from n-heptylamine showed Volmer-Weber growth,
films from allylamine demonstrated smooth surface morphologies resembling the
Frank-van der Merwe growth mechanism.['®? Sulfur-rich films obtained through
plasma polymerization of thiophene demonstrated island-like growth for the first
seconds of deposition, and continued to grow and coalesce with increasing deposition
time.!'331 While the growth kinetics of metal or oxide thin films are well-known, there
are only few examples reporting the growth kinetics of polymer(-like) thin films. Their
lack of information remains an issue leading to a restriction in the application of these

films.

In summary, it became evident from the reviewed literature that even though there is
an increasing interest in SH-terminated surfaces for different applications (i.e.
biomedical), their fabrication is still in the early development stages. So far, these
surfaces have been mostly obtained through wet-chemical approaches and there is a
drive to continue finding simpler, faster, and more reliable methods to obtain high SH
group concentrations on material surfaces. Plasma-based CVD methods are becoming
more popular for the fabrication of sulfur-rich surfaces; however, such studies are still
very limited and in no means comparable to the body of work existing for nitrogen- and
oxygen-rich organic coatings. Moreover, such studies focused on the use of single-
molecule precursors only. Based on the limited amount of studies found in the
literature, the main objective of this research is to create stable SH-terminated surfaces,
which can be of potential use for biomedical applications. We aim to expand the

(13

available studies on SH-terminates organic coatings by introducing the “co-
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polymerization” of gas mixtures comprising a hydrocarbon backbone and hydrogen
sulfide, acting as the functional gas. This method has shown to be advantageous in the
possibility to fine-tune the properties of the obtained coatings compared to the
traditional single-molecule precursor approach. Furthermore, photo-initiated CVD
methods will also be examined. These methods have proven to be a good alternative to
PECVD methods as their reactions have shown to be more selective and specific,
creating nearly “mono-functional” organic coatings for the case of nitrogen- and
oxygen-rich films. Nonetheless, such methods have not been studied for sulfur-rich
films. Therefore, it is of major interest to study the fabrication of SH-terminated
surfaces through such methods and to investigate the influence of different process
parameters, especially the photon energy and system pressure, on the properties of the
resulting organic coatings. As these surfaces might be of interest for biomedical
applications, they have to be optimized in a sense that they have a high density of SH-

groups and are simultaneously stable in air and aqueous solution.
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Chapter 3 Experimental Methodology

In the following two sub-sections additional information, which is not provided in
Chapter 4 to Chapter 6, on the experimental setups (PECVD and PICVD) is presented,
followed by the determination of the photon flux as a function of distance of the VUV
sources. In the following sections, surface characterization as well as plasma diagnostic

techniques are presented.

3.1 Deposition of sulfur-rich coatings

3.1.1 PECVD experimental setup

Low-temperature plasmas can be created in an AC or DC discharge using different
coupling methods (capacitive or inductive), frequencies (r.f. or m.w.), and electrode
configurations. In an AC discharge, the excitation source is either a continuous wave
or in a pulsed mode. In a typical capacitively coupled PECVD setup (Figure 3-1), the
sample to be treated is placed on either the grounded or hot electrode within an enclosed
vacuum chamber, while in an inductively coupled PECVD setup (Figure 5-1) the
sample is placed on a sample holder close to the coil. In the case of the capacitively
coupled reactor, the developed negative self-bias on the surface connected to an RF
power supply can be significant and influences the processes happening at the surface
(e.g. deposition). The negative self-bias on the surface is created as a result of different
thermal velocities between electrons and ions. As a consequence, positive ions are
accelerated towards the surface and can participate in deposition and/or etching
processes. The influence of ions on the deposition of thin films is less pronounced in
inductively coupled PECVD setups, usually yielding lower deposition rates. Before

starting a deposition run, the vacuum chamber is evacuated to low base pressures,
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followed by the introduction of the precursor(s) at desired flow rates. Using different

valves, the working pressure is maintained constant during depositions.

Plasma Chamber
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Figure 3-1: Schematic of a parallel plate, capacitively coupled system for PECVD

treatment.

3.1.2 PICVD experimental setup

General considerations when designing a PICVD setup were discussed in section 2.4.3.
The “home-made” experimental setup used in this research to obtain photo-polymer-
like films consisted of a stainless steel “cross chamber” (Figure 6-2), in which the
substrates can be mounted on a stainless-steel sample holder that can move axially
within the treatment chamber. By varying the distance, d, between the sample and the
VUYV source, the photon flux, @, arriving at the substrate surface can be varied. Before
starting a deposition run, the chamber is evacuated to low base pressures, followed by
the introduction of the precursor(s) at desired flow rates. Using different valves, the
working pressure is maintained constant during depositions. On account of the available

VUV lamps’ small MgF> windows and the substrate holder, photo-polymer-like films
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can be deposited only on a small area (~1 cm?) per deposition run. The different VUV

sources used in this research are described in the next section.

3.2 VUV sources

Four VUV sources were used to deposit sulfur-rich polymer-like organic coatings.
Three of these sources are non-coherent, commercially available lamps (Resonance
Ltd., Barrie, ON, Canada), based on an electrodeless radio-frequency (r.f., 100 MHz)-
powered discharge plasma. Depending on the wavelength of the VUV source, a noble
gas, such as Krypton, Kr, or Xenon, Xe, is contained in a high-grade Pyrex ampoule

sealed with a MgF> window (cut-off wavelength, A=112 nm, Figure 3-2).[20: 119 135, 184]
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Figure 3-2: a) Schematic illustration of a resonant VUV source; b) Photograph of

the front of a resonant VUV source.

The discharge inside the source is initiated by an inductively coupled, power source (up
to 5 W of r.f. power). All parts are enclosed within a sealed aluminum tube preventing

r.f. leakage.['® The lamps are directly incorporated into the VUV setup through an

adaptor flange designed for the current setup.
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Spectral intensity distributions, /(4), of the three VUV sources were obtained
by Truica-Marasescul'®! through calibration using a VUV spectrophotometer. The
results obtained at d=6 cm (Figure 6-3) show that the Kr resonant lamp (KrL, Figure
6-3a)) is nearly monochromatic, with 90% of its irradiance at A=123.6 nm and about
10% at A=116.5 nm. The Xe resonant lamp (XeL, Figure 6-3b)) is also observed to be
nearly monochromatic, with a narrow emission line at A=147 nm. The Xe * excimer
lamp (XeE, Figure 6-3¢)) shows an emission line centred at A=172 nm.

The fourth lamp used in this work is an ozone producing, short-wave, low-
pressure, mercury (Hg) lamp (STER-L-RAY®, Hauppauge, NY, USA). This lamp is
operated by a preheat start circuit that employs a relatively compact ballast. In order to
integrate this lamp into the PICVD setup, it was mounted in front of a flanged fused
silica window (Figure 3-3). The Hg lamp shows several emission lines, the most
pronounced being at A=253.7 nm. However, due to the absorption profiles of the
precursors of interest (see section 2.4.4), the important emission line for the

experiments presented in this research is at A=184.9 nm, representing about 7% of the

lamp’s total output (Figure 6-3d)).

Figure 3-3: Photograph showing Hg source mounted on a flanged silica window.
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3.2.1 Variation of photon flux, ®, with frontal distance, d

The number of photons emitted by a source can be characterized by its flux, @, which
is generally defined as the number of photons passing through a unit area per unit
time.['%) The determination of ® as a function of the distance, d, was of great
importance to determine the decay of @ for each source. To do so, the photocurrent, i,
of each source at different d, using two different photodiodes, Csl and CsTe (NIST
calibrated, Resonance Ltd., Barrie, ON, Canada) was measured; their response curves

are shown in Figure 3-4.
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Figure 3-4: Spectral response, R, of the a) CsI and b) CsTe photodiodes. %]

The photocurrent generated by the different VUV sources was measured under high
vacuum in the PICVD experimental chamber by placing the respective photodiode at
different d with respect to the source’s window. Depending on the spectral response,
the photocurrent, i, of the KrL and XeL sources was measured using the CslI
photodiode, while the CsTe photodiode was used to measure i of the XeE and Hg
sources. Using the measured photocurrent, the intensity, / (W/cm?), of the VUV sources

was calculated using following equation:

(-1
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With the photocurrent, i (A), the photodiode’s response, R (A/W), and the photodiode’s
active surface area, S (cm?). By measuring i at different distances, / as a function of d
could be obtained.

Since we are interested in knowing how many photons actually interact at the
surface at a specific distance, the following equation was used to calculate ® (ph/cm?/s)

from the previously obtained intensity:

I 12 (3-2)

Where E, is the photon energy (eV), A (m) is the peak wavelength of the lamp, 4
(6.626-103*m?-kg/s) is Planck’s constant, and ¢ (2.998-10® m/s) is the speed of light in
vacuum.

The obtained @ as a function of d for the four different sources are plotted in
Figure 3-5. The presented ® values are the average of six measurements and the error
bars represent the standard deviation of these measurements. The ®=®(d) curves were
fitted with an allometric function ®(d)= a-d®; a and b are constants determined by the

fitting procedure.
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Figure 3-5: Photon flux, @, as a function of distance, d, for a) KrL, b) XeL; c) XeE

and d) Hg lamps. The photon flux was calculated from the measured photocurrents, i,

using two different photodiodes Csl and CsTe.

The empirically obtained photon flux decay functions for each lamp are summarized in

Table 3-1.

Table 3-1: @(d) for different VUV sources. Functions were obtained from a fitting

procedure.

Lamp Empirical photon flux decay functions
KrL O(d)=1.2-101-4 '

XeL O(d)=2.2-10"-d'

XeE O(d)=2.9-10"*-d2>2
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uvce O(d)=3.9-10"7- g*?°

It is well established that regardless of the type of source, its flux decreases with
increasing distance travelled. However, the decrease in flux depends on the type of

[166] Theoretically, if light is emitted from a non-coherent point

source and radiation.
source, the flux decreases with d from the source following an inverse square

relationship:

(3-3)

Where d is the distance between the point source and the receiver where the flux is

calculated.

Truica-Marasescul'® had already reported that the ®~d™ relationship quite

closely applies to the “Resonance” lamps , even though these are far from being point
sources. In the present work (Table 3-1), we also observe values of b=-2 and we can
conclude that the photon flux of our sources, even of the Hg one, which deviates the
most from being a point source, indeed decreases according to the theoretically

predicted inverse square law.

3.3 Surface Characterization

The main techniques used to characterize the created sulfur-rich films in this work are

briefly described in the following sections.
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3.3.1 Profilometry

The estimation of film thickness is usually one of the first characterization methods
used.!'®®1 If a mask or a scratch down to the substrate is used during deposition to define
a step to the film, thickness can be determined directly with a surface profiler, an easy
and fast analytical tool for measuring thickness. This instrument drags a needle with a
constant tracking force across the film and differences in height are converted in electric
signals.!'*”! Disadvantages of this technique are that (1) very thin films cannot be
measured (minimum thickness is around ~10 nm), (2) soft films can be destroyed if a

high force is used, and (3) only surfaces with low roughness can be measured reliably.

3.3.2 X-Ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an analytical tool to study the chemical
composition and state of ~10 nm depth of material surfaces. XPS is based on the
photoelectric effect. The surface is irradiated with X-rays (hv) which interact with core-
level electrons in the material and eject photoelectrons (Figure 3-6). The kinetic energy
of the ejected photoelectrons, which is characteristic of each core-level/element
combination, is measured by an electron analyzer and can be converted to electron

binding energy:!1%!: 10

Eg=hv—Ex—¢ (3-4)

Where E3 is the binding energy, Ex is the measured kinetic energy of the photoelectron,

hv is the X-ray energy, and ¢ is the work function of the spectrometer.
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Figure 3-6: Basic principle of XPS measurements. (%%

Since photoemission peaks arise from different energy levels of different elements, the
obtained data reveals the target chemical element and information regarding the
quantity of this element. Small shifts in the binding energy values can additionally be
used to determine chemical environment of the atoms in the sample, identifying
functional groups. These shifts arise from changes in electronegativity of the bonded
atom(s).

For the specific case of sulfur-rich films, especially for quantification of thiol
groups on the surface, a main disadvantage of XPS has to be considered. Functional
groups with similar electronegativities give rise to overlapping peaks, making the
analysis of the spectra and assessment of the chemical environment challenging. In
general, as pointed out by Siow et al., the high-resolution S2p peak can include three
categories of components with different oxidation states:[*% 6]

1. Unoxidized sulfur-containing groups (S-H, S-C, S-S) at binding energies of

163-165 €V,
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2. Oxidized sulfur-containing groups in low oxidation states (SO, SO.) at binding
energies of 165-167 eV, and
3. Oxidized sulfur-containing groups in high oxidation states (SO3H, SO3, SO4) at
binding energies 167-169 eV.
Specific functionalities within these three groups are difficult to distinguish and identify
with certainty. This is also due to large discrepancies in the reported binding energy
values recorded on numerous S-containing surfaces, as reviewed by Siow et al. (Figure

3-7).371
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Figure 3-7: XPS S2p binding energies of various organo-sulfur compounds.’s”/

The chemical shift of the Cls peak associated with different carbon-sulfur-based
chemical functionalities (e.g. C-SH, C-S-C, C=S, C-S-S) is too low compared to the

XPS resolution to allow for a truthful analysis.”” In order to determine specific groups
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with more certainty, derivatization reactions in combination with XPS measurements

are commonly used.

333 Derivatization reaction with /N-ethylmaleimide

Derivatization reactions consist of a chemical reaction between a functional group of
interest and a labeling compound holding a specific function which can be easily
detected by an analytical technique. This approach is already used for the quantification
of several nitrogen- and oxygen-containing functional groups, such as primary amines
(C-NH,),l 178 189, 1901 carboxylic acids (C-COOH),I’* alcohols (C-OH),!'¥% 11 and
ketones (C=0).[1?]

Thiry et al. developed a derivatization technique to quantify thiol functionalities
on surfaces, which involves the selective and quantitative reaction between N-
ethylmaleimide (as labeling compound) and SH groups (as functional groups of
interest).”* N-ethylmaleimide reacts with SH groups on the surface via an addition
reaction across the double bond to form a stable thioether bond and is an example of
the earlier described thiol-ene click reaction (Figure 3-8).['70: 193 194 Maleimide
reactions are specific and selective for SH groups in the pH range 6.5-7.5. Even though
the reaction between a thiol group and a maleimide moiety is known to be quantitative,
Thiry et al. demonstrated that only a maximum thiol concentration of 40 % can be
reached using this derivatization method due to steric effects of the N-ethylmaleimide

molecule.
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Figure 3-8: Derivatization reaction between a thiol group and N-ethylmaleimide.

Following the derivatization reaction, new elements (N, OCN, RCN) that can be
detected by XPS are incorporated on the surface. Therefore, a successful derivatization
reaction should reveal the presence of nitrogen and new carbon-based functionalities
(C-N and O=C-N) in the XPS spectra. Assuming a selective reaction between N-
ethylmaleimide and the available SH groups, the concentration of carbon bearing SH

groups, [SH], can be calculated as follows:

v (3-5)
[CT— 6[N] 100 (%)

[SH] =
Where [N] and [C] represent the atomic nitrogen and carbon concentration measured
by XPS. The term 6[N] is related to the amount of carbon introduced through the

derivatization reaction.**]

3.34 Infrared spectroscopy

Infrared (IR) spectroscopy is a further important experimental tool used to obtain the
chemical composition of (rather thick) films. In attenuated total reflection infrared
spectroscopy (ATR-IR) an optically dense crystal with a high refractive index is
irradiated with IR light (typically between 1000 and 4000 cm™'). The IR light enters the

crystal at such an angle that total internal reflection occurs. This internal reflection
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creates an evanescent wave, which probes a few micrometers beyond the crystal surface
into the sample. The beam is reduced at frequencies corresponding to the vibrational
modes of the sample structure.l!*! IR spectroscopy is mainly used for qualitative and
sometimes quantitative characterization. Quantitative characterization can be
challenging since the bands of interest should have a high molar absorptivity and should
not overlap with other bands. Ideally, a known band is used to create a calibration curve
from which a quantitative analysis can be performed for other desired
functionalities.['*® Since the depth of analysis of this technique is >1 pm, the polymer-
like films need to be thick enough or the bulk rather than the surface properties of the
films may be determined.['8!- 1%7]

Compared to conventional polymers, the IR spectra of a plasma- and photo-
polymer-like films generally become less resolved, show broader bands, and have some
peaks that are significantly reduced in intensity.['% The observed broader bands are
caused by variable bond angles, characteristic of bond angle strain in a highly cross-
linked polymer.[??! Unfortunately, the C-S-H stretching vibration gives rise to very
weak absorptions in the IR spectrum, and the SH band (2600-2550 cm™) is considered

to be useful for general characterization only.!%®!

3.35 Atomic force microscopy (AFM)

Atomic force microscopy (AFM), a method belonging to the scanning probe
microscopy family, is a high-resolution imaging technique capable of measuring
topographical features to less than 1 nm in different media and atmospheres.['*! To
image surfaces beyond the resolution of optical microscopy, a flexible cantilever with
a sharp probe tip is scanned across the sample collecting information about the sample

surface and its structure. Deflection of the cantilever is proportional to the forces acting
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between the tip and the surface and is measured by reflecting a laser beam off the back
of the cantilever onto a position sensitive photodiode. Resolution of this imaging
technique is limited by the sharpness of the tip, which is usually less than 10 nm radius.
[188, 199] AFM can be used to image topographical features on plasma- and photo-

polymer-like surfaces, but also to follow their growth over time.

3.4 Plasma diagnostic techniques

Surface characterization techniques alone are usually not sufficient to completely
understand the complex processes taking place during plasma- (or photo-)
polymerization. Investigating the composition of the plasma (or photoactive gas) is
necessary for identifying reactive species participating in the polymer-like formation.
Insight can be gained by combining surface characterization techniques with those
analyzing the chemical composition of a plasma (or photoactive gas) such as mass
spectrometry (MS), optical emission spectroscopy (OES), as well as gas-phase Fourier
Transform Infrared Spectroscopy (GFTIR). From the techniques mentioned above,

only MS was used in the present work and will be discussed in the following section.

34.1 Mass spectrometry (MS) measurements to elucidate plasma

polymerization processes

Mass spectrometry (MS) has emerged as a practical diagnostic technique for
investigating plasma polymerization processes. Among many advantages, MS is able
to measure ions, radicals, and stable (neutral) species from the plasma without showing

limitations characteristic to optical techniques.!?*"!

59



In general, MS is an analytical technique used to detect gas-phase ions
generated from a gas, liquid, or solid sample allowing to determine its composition.
Depending on the analysis mode, MS enables the detection of neutral (residual gas
analysis, RGA, mode) and charged (glow discharge mass spectrometry, GDMS, mode)
species present in the gas phase. In RGA mode, ionization of neutral particles has to
occur first. The most common approach to create ions is by heating up a filament
generating an electron beam which results in ionization of the neutral species through
electron impact leading to formation of cations. For both analysis modes, ions are
transferred through an energy analyzer and separated according to their mass-to-charge
(m/z) ratio. Once the ions have been separated, they are converted to a measurable
signal using a secondary electron multiplier detector, following the conversion to a
mass spectrum. Since the measurements are based on precise manipulation of ion
trajectories by electric and magnetic fields, the collisions with other species must be
avoided. Therefore, any mass spectrometer must be operated under high vacuum
(<5-10° Torr) to ensure long mean free paths of the ions.[!97: 113.200]

A drawback of the RGA analysis mode comes with the required ionization
process. As mentioned before, in order to analyze neutral species, ionization needs to
take place, bringing those species to an excited state. Due to the high energies required,
further fragmentation of the molecular ions can take place, resulting in additional peaks
in the mass spectra. These additional peaks are not directly related to the species formed
during plasma polymerization and can lead to misinterpretation of the obtained mass

spectra.[!07]
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Chapter 4 Sulfur-rich Organic Films deposited by Plasma-

and Vacuum-ultraviolet (VUV) Photo-polymerization

4.1 Preface

This chapter presents an article published in the journal of “Plasma Processes and
Polymers”. The complete citation of the published manuscript is:

E. Kaparek, J. R. Tavares, M. R. Wertheimer and P.-L. Girard-Lauriault
(2016), Sulfur-rich Organic Films Deposited by Plasma- and Vacuum-
ultraviolet (VUV) Photo-polymerization, Plasma Processes and Polymers
13(9): 888.

The research was planned, analyzed and written by E. Kasparek (Ph.D. candidate).
Dr. Girard-Lauriault, Dr. Tavares and Dr. Wertheimer were responsible for supervision
and review of the work.

With interest in obtaining sulfur-rich materials, especially for biomedical
applications, it became evident that new, simple, and fast methods need to be developed
to obtain nearly “mono-functional”, stable materials. In this article we report two
different methods for creating sulfur-rich, thiol-terminated, organic coatings. The first
method involves the use of a low-pressure plasma, while the second uses
monochromatic radiation; a method that had not been used for the creation of any
sulfur-rich organic coatings in the past. For the first time, SH-terminated organic
coatings were obtained from binary gas mixtures of a hydrocarbon (either ethylene or

butadiene) and hydrogen sulfide.
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Sulfur-rich Organic Films deposited by Plasma- and Vacuum-

ultraviolet (VUV) Photo-polymerization

Evelyne Kasparek?, Jason R. Tavares®, Michael R. Wertheimer®, Pierre-Luc Girard-
Lauriault®

?Plasma Processing Laboratory, Department of Chemical Engineering, McGill
University, Montreal, QC H3A 2B2, Canada; ®Photochemical Surface Engineering
Laboratory, Department of Chemical Engineering, Ecole Polytechnique de Montréal,
Montréal, QC H3C 3A7, Canada; “Groupe des couches minces (GCM) and
Department of Engineering Physics, Ecole Polytechnique de Montréal, Montréal, QC
H3C 3A7, Canada.

Abstract

Thiol (SH)-terminated surfaces have been progressively gaining interest over the past
years as a consequence of their widespread potential applications. Here, SH-terminated
thin films have been prepared by “co-polymerizing” gas mixtures comprising ethylene
(C2H4) or butadiene (C4He) with hydrogen sulfide (H2S). This has been accomplished
by either vacuum-ultraviolet (VUV) irradiation of the flowing gas mixtures with near-
monochromatic radiation from a Kr lamp, or by low-pressure r.f. plasma-enhanced
chemical vapor deposition (PECVD). Varying the gas mixture ratio, R, allows one to
control the films’ sulfur content as well as the thiol concentration [-SH]. The deposits
were characterized by X-ray photoelectron spectroscopy (XPS), before and after
chemical derivatization with N-ethylmaleimide, and by ATR FTIR. VUV- and plasma-
prepared coatings were found to possess very similar structures and characteristics,
showing chemically bonded sulfur concentrations, [S], up to 48 at. % and [-SH] up to
3%. All coatings remained essentially unchanged in thickness after immersion in water

for 24 h.
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4.2 Introduction
4.2.1 General introduction

Thiol (SH)-terminated surfaces have been gaining interest over the past years, to

201-204] g [205-208]
b

promote adhesion of gold layers! and nanoparticle and for

immobilization of biomolecules like DNA, !> 82091 carbohydrates,®® and proteins.!*!
In particular, protein immobilization can be accomplished by covalently attaching them
to the surface through thiol-ene click chemistry. Such covalent attachment is important
because it ensures homogeneous surface coverage and accessibility to the active site(s)

n;[39, 40, 210

of the protei 1 it therefore appears superior to electrostatic attachment, the

presumed surface interaction for amine (NH,)-rich organic thin films.[% 10 119 211]

So far, SH-terminated surfaces have been synthesized using wet-chemical
approaches comprising several different steps,l*> ! with different solvents and long
reaction times. An alternative solvent-free, single-step process is low-pressure (LP)
plasma deposition of thin coatings, something that has been accomplished using single
volatile organic precursors with the desired functionality.l’!> °1: 9% %4 Additionally,
binary gas mixtures if SO> and hydrogen have recently shown to be able to create thiol
containing surfaces,®’- 212 2131 but no complete characterization of these surfaces was
performed. In this study, binary gas mixtures comprising a hydrocarbon, here ethylene
(C2Hy) or 1,3-butadiene (C4Hs), and hydrogen sulfide (H2S) are used to create SH-
terminated surfaces. This approach of using feed-gas with controllable gas mixture
ratios, R, has been demonstrated to be at least equal, if not superior, 10-20-83. 1191 5 the
single-molecule precursor for nitrogen-containing coatings (amongst others),!7-19-23-2%]
as R allows for increased versatility to achieve coatings with tailored properties.

Although binary-mixture feeds have been already used by Yasuda!'®®! and more
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recently by Hegemann and coworkers, 3% 81-214. 215 neijther they, nor any other group,

have so far reported using H»>S as a co-reagent, to the best of our knowledge.

For a number of years, nitrogen (N)- [or better, amine (NH2)]-rich polymer
surfaces have been created using low-pressure plasma polymerization of C;Hs-
ammonia (NH;3) mixtures.[> 77> 111 More recently, vacuum-ultraviolet (VUV, A < 200
nm)-assisted photo-polymerization of such mixtures using quasi-monochromatic

s!2%- 19 hag also been demonstrated. In essence, VUV -assisted processing retains

source
only one energy-source component of the plasma, the VUV photons, to carry out
(photo-) chemistry, thus potentially allowing for better control of the overall process.
Indeed, VUV-based deposits tend to possess higher amine concentrations, [-NHz],
likely due to more specific and selective reactions occurring via mono-energetic
photons; “hot” electrons, the main originators of chemical reactions in low-pressure
plasmas, necessarily possess a broad, Maxwell-Boltzmann-like energy distribution.!'*
78 191 In addition, VUV radiation can more readily promote intermolecular cross-
linking, leading to more stable films compared with their low-pressure plasma

counterparts.['*]

The purpose of the present research is to compare S-containing organic thin
films created by photo- and plasma-assisted polymerization of C2Hs4 or C4He with HoS,
and to gain insight into the reaction pathways that favor high thiol concentrations and
coating stability. It is useful, however, to first present some introduction into the
photochemistry of small molecules,'?!! particularly those relating to the above-listed

gaseous reagents.
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4.2.2 VUYV photolysis of C2Hs4, CsHs and H2S

In order to achieve appreciable sulfur (S) incorporation into the organic thin films,
absorption of photons in the precursor gas mixtures (and thus, their photo-dissociation)
must be significant. Absorption coefficients, &, should ideally be high at the VUV
emission wavelength of the KrL lamp used here (see Section 4.3), Ak, = 123.6 nm.
Figure 4-1 shows plots of & for the three precursor gases as a function of the wavelength,
A, as well as Ak, where all three k values are seen to be very high, favoring bond

scissions and formation of reactive radicals for film-forming reactions.
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Figure 4-1: VUV absorption coefficients, k (atm™cm™, base e), of gaseous a) C2Hy,

(138139 p) CyHg " 13 and c) H>S'"!; the wavelength of the Kr (Ax-= 123.6 nm)

resonant VUV lamp is also shown.

Two primary dissociative processes of similar importance have been reported for

ethylene, C2Ha, both leading to the formation of acetylene:!% 77- 78 1191.1138]
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CoH, + hv = CyH, + H, 1)

CyHy + hv = [CoH; + H] = CyH, + H, (4-2)

Secondary reactions include those of H to form ethyl radicals, C>Hs-, and reaction of

the latter to form higher species, such as C4H1o, CoH4 and C2Hs.

Photolytic reactions of butadiene, C4Hsg, include the formation of hydrogen,
radicals and other unsaturated molecules. Additionally, low structural isomers of 1,3-
butadiene can be formed, namely 1,2-butadiene, cyclobutadiene and bicyclobutadiene.
Five primary reaction channels have been reported for the dissociation of 1,3-butadiene,

including three radical (4-3 to 4-5) and two molecular (4-6 to 4-7) channels:!>3!

C4Hg + hv > C3H5 -+ CHs (4-3)
CyHg+hv = CyHs -+ H (4-4)
CyHg + hv - CyH3 - +CoH; - (4-5)
CoHe + hv = CoHy + CoH, (4-6)
(4-7)

C4Hg + hv - C4H, + H,
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The primary photo-reaction of H>S at short wavelengths (A < 317 nm) is

predominantly the production of hydrogen atoms and SH- radicals:!?!]

H,S+hv - H-+HS - (4-8)
Secondary reactions include:
H-+H,S - Hy + HS - (4-9)
2HS > H,S+ S (4-10)
2HS - HS, - +H - (4-11)
2HS > S, + H, (4-12)
2HS -5 H,S, (4-13)

Recombination of radicals from the photolysis of CHs-H2S or CsHe-HaS

mixtures then clearly leads to reaction pathways that form the polymer-like thin films.

4.3 Experimental Section

4.3.1 VUV photo-polymerization
The experimental set-ups shown in Figure 4-2 are housed in a glovebox (see photograph
in Figure 4-2a), on account of the highly toxic nature of H»S; the reactor used for VUV
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photo-chemical experiments, shown in Figure 4-2c¢), is very similar to that of Truica-

20, 119, 127, 135, 168]

Marasescu et al.l

VUV Source
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Plasma Chamber [[ :|:|
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@ Movable Sample
b RF Generator C Holder

Figure 4-2: (a) Photograph showing the experimental setups inside a glovebox (top)

and schematic views (bottom) of (b) the low-pressure r.f. reactor; and (c) the vacuum
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ultra-violet (VUV) photo-chemical reactor, used for depositing sulfur-rich thin

organic thin films, L-PPE:S, L-PPB:S and UV-PE:S, UV-PB:S, respectively.

Briefly, it consists of a stainless steel ‘‘cross’’ chamber, evacuated to high vacuum
using a turbo-molecular pump supported by a two-stage rotary vane pump (base

[9.10,77. 78,83, 119 the operating pressure

pressure p = 107 Pa). As in previous experiments,
during deposition was maintained near p = 13 Pa (100 mTorr). The flow rate of the
high-purity hydrocarbon source gases C:Ha (99.999%, Megs Inc., Montreal, QC,
Canada), Fc2n4, or C4Hs (99.8%, Megs Inc., Montreal), Fcsns, was kept constant at 10
sccm using mass flow controllers (Brooks Instruments, Hatfield, PA), while the flow
rate of H2S (99.5%, Megs Inc., Montreal), Fi2s, was varied between 0 and 15 sccm,
also using a mass flow controller; this yielded values of R (e.g. Fru2s/Fcsns) ranging

from 0 to 1.5. The polymer-like!?!®!

coatings resulting from the photo-chemical
reactions, henceforth designated ‘‘UV-PE:S’’ (for ‘‘ultraviolet- polymerized sulfurized
ethylene’”) and “UV-PB:S” (for “ultraviolet- polymerized sulfurized butadiene”), were
deposited on 500 um-thick (100) p-type silicon wafers (University Wafer, Boston, MA,
USA), or on glass slides with a thin (ca. 100 nm) Au coating, substrates being placed
at a frontal distance, d, of 10 mm facing the VUV source. The exact value of d is
important, because radiation intensity decreases as d>.['*>) We used a non-coherent
commercial VUV (“KrL”) lamp (Resonance Ltd., Barrie, ON, Canada), based on an
electrodeless radio-frequency (r.f.,, 100 MHz)-powered discharge plasma in krypton
(Kr) gas at low pressure: the Kr is contained in a Pyrex ampoule sealed with a MgF»
window (cut-off wavelength, A = 112 nm), as described in further detail elsewhere!"-

19,1331 a5 already mentioned in the section on VUV photolysis, its (resonant) emission

wavelength is Axr = 123.6 nm (photon energy ca. 10 eV).
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Finally, it is appropriate to mention that plasma and VUV effective power

values at the substrate during deposition are of comparable magnitude, ca. 0.1 W cm™.

4.3.2 Plasma polymerization

For comparison, we have also used low-pressure r.f. plasma to deposit thin plasma
polymer (PP) films with the same gas mixtures and the same R values, henceforth-
designated ‘‘low-pressure plasma-polymerized, sulfurized ethylene’’, L-PPE:S, or
“low-pressure plasma-polymerized, sulfurized butadiene”, L-PPB:S. Depositions were
performed in a cylindrical stainless steel vacuum chamber (20 cm in diameter and 50
cm in height), with a disc-shaped powered electrode (10 cm in diameter) onto which
substrates were placed (Figure 4-2b). A showerhead gas distributor and the metallic
chamber walls served as the grounded electrode. L-PPE:S and L-PPB:S films were
deposited under mild plasma conditions (r.f. power, P =20 W, resulting in a bias voltage

of -40 V, gas pressure, p = 80 Pa = 600 mTorr).

4.3.3 Characterization studies

All deposits were characterized by X-ray photoelectron spectroscopy (XPS), performed
in a ThermoScientific K-Alpha™ instrument (Waltham, MA, USA), using a
monochromatic AlKa radiation source (hv = 1486.6 eV). The elemental composition
(in atomic %, at. %) and the chemical environment of the elements in the deposits were
obtained by XPS analyses (survey- and high-resolution, HR, spectra). Survey spectra
were acquired at a pass energy of 160 eV, a dwell time of 200 ms and energy steps of
1 eV. HR spectra were acquired at a pass energy of 20 eV, a dwell time of 200 ms and
energy steps of 0.1 eV. No evidence of X-ray induced damage was ever observed, based

on observation of the Cls spectra before and after analyses. Spectra were acquired at
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0° emission angles, normal to the sample surface; possible charging was corrected by
referencing all peaks to the Cls peak at binding energy (BE) = 285.0 eV. The
constituent elements were quantified from broad-scan spectra using 2.3.16 PR 1.6 Casa
XPS software, by integrating the areas under relevant peaks after a Shirley-type
background subtraction, and by using sensitivity factors from the Wagner table. Cls
spectra were peak-fitted according to BEs of the different possible chemical bonds,

before and after derivatization reactions (Table 4-1).

Table 4-1: Assignment of expected chemical bonds to binding energies (BE) of peaks

labelled C1-C4 for sulfur-rich thin films (a) as-deposited, and after (b) derivatization

with N-ethylmaleimide.
C1s peak assignments
a) As-deposited b) After derivatization
Peak label - -
Possible Peak BE (eV) Possible Peak BE (eV)
Chemical Bond Chemical Bond
C1 C-C, C-H 284.8+0.22!17] C-C,C-H 284.8+0.2[217]
C2 C-S 285.3+0.2[2!17] C-S 285.3+0.2[217]
C3 C-OR 286.5+0.2217]
C4 N-C=0 288.1+0.2[217]

Fourier-transform infrared (FTIR) spectroscopy (Digilab FTS7000-UMA600
instrument, equipped with a mercury cadmium telluride (MCT) detector) in ATR mode

was used for further chemical characterization.
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4.3.4 Chemical derivatization with N-ethylmaleimide

To quantify thiol concentrations, [SH], we used the chemical derivatization reaction
with N-ethylmaleimide (98%, BioShop Canada, Inc., Burlington, ON, Canada), as
recently described by Thiry et al.**! The reaction mechanism is shown in Scheme 4-1,
wherein N-ethylmaleimide reacts selectively with SH-groups via a nucleophilic
addition between the S atom and the double bond in the maleimide structure (thiol-ene

click reaction), forming a stable thio-ether.

N \N
Ovo 'e) o)
—_—
RS

Scheme 4-1: Derivatization reaction between a thiol and N-ethylmaleimide.

In a typical experiment, the derivatization reaction was carried out in a phosphate buffer
solution at pH = 7, where the N-ethylmaleimide concentration was fixed at 0.1 M. The
samples were immersed in this solution for 40 h, following which they were rinsed in
simple buffer solution for 5 min to eliminate any unreacted molecules, then dried under
a flow of dry nitrogen.

XPS survey spectra were obtained before and after performing the
derivatization reaction, allowing nitrogen, [N], and carbon, [C], concentrations to be

quantified; the concentration of thiol groups, [SH], is then calculated as follows:

[N] (4-14)
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4.3.5 Deposition rates

The deposition rates, » (in nm min™), were determined from the thickness, T,
measurements as a function of the duration of deposition by evaluating the depth of
a “scratch” produced by a sharp needle using a surface profilometer (Veeco

Dektak’*ST-Surface Profile Measuring System, Plainview, NY, USA).

4.3.6 Stability studies

The stability against dissolution of all coatings was examined after immersion in Milli-
Q water or toluene for 24 h. Profilometry was used to measure possible changes in film
thickness, 7, (before and after immersion on three different points, A7, in %) due to
partial dissolution. The rationale for using these two solvents will be presented later in

this text.

4.4 Results and Discussion
4.4.1 Deposition Kinetics

Figure 4-3 shows plots of deposition rates, » (in nm/min) of the all coatings, as a

function of the gas mixture ratio, R.
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Figure 4-3: Deposition rates, r, of (a) L-PPB:S (squares, 20 W) and UV-PB:S

(circles, KrL) and (b) L-PPE:S (squares, 20 W and, UV-PE:S (circles, KrL) as a

function of gas mixture ratio, R. Error bars show standard deviation of three

measurements. The lines are to guide the reader’s eye.

The most striking features noted are as follows:

(@)

(i)

When comparing photo- and plasma-polymerized films for both source
gases, it can be observed that values of r for the VUV-deposited films are
significantly lower than those from plasma polymerization. This may be due
to higher efficiency of radical creation by plasma compared with VUV
irradiation, as first pointed out by Truica et al.[!”]

Comparing the two different source gases, it can be noted that butadiene-
based  values are much higher than those with ethylene, likely due to two
double bonds and twice as many C atoms in the former molecule. These
features render the butadiene molecule more reactive than ethylene, which
is also understandable when looking at Equation (4-3 — 4-7). A related
finding occurred when acetylene, C,H>, was used as source gas.®¥ In

addition, when using CsHg, no drop in » was observed, even at higher R

values; this is somewhat surprising, because » decreased substantially in
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4.4.2

previous experiments with C2Hs and N- or O-containing gas mixtures.['% 7"

781191 1 those previous works it has been shown that NH3, for example, acts
as an etchant for organic materials, because with increasing R values atomic
H is released during fragmentation, leading to a decrease in 7.[**! Of course,
the relative concentration of CxHy radicals decreases with rising R when p
and Fcxy are kept constant. Therefore, the decrease in » with increasing R
when using C>Hs, as observed in previous experiments, comes as no
surprise.”” 1”1 The near-constant » value when using H>S (except for
UV:PE:S films) shows that deposition (not etching) dominates, even at

higher R.

Compositions of deposited films

Figure 4-4 shows surface-near sulfur concentrations, [S], from broad-scan XPS, as a

function of R, for the four different types of coatings.
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Figure 4-4: Surface-near sulfur concentrations, [S] (in at.- %), as measured by XPS

of (a) L-PPB:S (squares, 20 W) and UV-PB:S (circles, KrL) and (b) L-PPE:S

(squares, 20 W) and UV-PE:S (circles, KrL) as a function of gas mixture ratio, R. The

lines are to guide the reader’s eye.
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[S] is seen to increase monotonically with rising R; for the case of C4Hs (Figure 4-4a),
no apparent distinction can be made between the photo- and plasma-polymerized films,
and [S] values up to 30 at.% could be obtained. The similarity between the photo- and
plasma-polymerized films had previously been observed for N-containing films based
on C,H4.!"' In contrast, here, when using the latter hydrocarbon, PP films yield higher
[S] values, up to 48 at.% (Figure 4-4b). Similar results were also reported for O-
containing films,”® a clear indication that the plasma- and VUV-based chemistries are
quite different and complex. Further, surface oxygen concentrations were always below
5 at.% (results not shown), which could be an indication that these films are more stable

toward aging compared to nitrogen containing films.

Figure 4-5 presents [SH] values obtained from derivatization experiments, as a
function of R for the four different types of films. While the evolution of [S] as a
function of R (Figure 4-4) is very similar between the photo- and plasma-polymerized

films, this is not the case for [SH].
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Figure 4-5: Thiol concentrations, [SH] (in %), determined using chemical
derivatization XPS: (a) L-PPB:S (squares, 20 W) and UV-PB:S (circles, KrL) and (b)
L-PPE:S (squares, 20 W) and UV-PE:S (circles, KrL) as a function of gas mixture

ratio, R. The lines are to guide the reader’s eye.
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Transmittance (a.u.)
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Contrary to expectations and to results for N-containing films,!'* ") L-PPB/E:S
coatings are seen to be richer in thiols (up to 3%) than their UV-PB/E:S counterparts
(only 1.6 %). This is surprising since the retention of functional groups is believed to
be limited in plasma polymerization due to heterogeneous reactions of gas phase
species competing at the growing surface. The reason of this opposed result is under
current investigation. For comparison, Thiry et al.’* reported [SH] values up to 5 %,

using the SH-containing precursor molecule, propanethiol.

4.4.3 Infrared spectra

Figure 4-6 shows selected ATR FTIR reflection spectra of L-PPB:S (Figure 4-6a) and

UV-PB:S (Figure 4-6b) films at two different R values, R=0and R = 1.
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Figure 4-6: ATR FTIR spectra of (a) L-PPB:S and (b) UV-PB :S films. Comparison
between L:PPB:S (20W) and UV-PB:S (KrL) deposited with R values (R= 0 and R=1,
[S]~22 at. %). See Table 4-2 for assignments of bands “I1”, “II”, “Ill”, “IV" and

6« V})
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Peak assignments in the principal absorption regions, labeled “I - V”, are listed in Table

4-2.
Table 4-2: Infrared peak assignments of sulfur-containing thin films.'8!
Bands Peak (cm™) Peak assignment
I 2969-2965 Antisymmetric CHj3 stretch
2929-2912 Antisymmetric CH; stretch
2884-2883 Symmetric CHj3 stretch
2861-2849 Symmetric CHa stretch
11 2590-2560 SH stretch
111 1725-1700 C=O0 stretch
v 1648-1638 C=C stretch
\% 1473-1443 CH3, CH; deformations
1466-1465 CH3 deformation
1385-1368 CH3 symmetric
deformation

Unfortunately, C-S and C-S-H stretching vibrations tend to give rise to very weak
absorptions in the infrared spectrum,!'*®] but the thiol S-H band can be considered to be
of use for general characterization. Therefore, most noteworthy is the appearance of
band “II” for R = 1, assigned to SH stretch vibrations (shown amplified in Figure 4-6

insets). This reconfirms the presence of S bound in the form of thiol groups, as also

identified via N-ethylmaleimide derivatization. The bands appearing in region “V”
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(around 1300 cm™) could also arise from sulfur-oxy compounds. Since the sulfur
containing films were found to have very little (if any) oxygen, this region can be rather

attributed to CHx deformation as stated in Table 4-2.

Additionally, we note structural differences between the plasma- and VUV

films, as also confirmed XPS data in the next sub-section.

4.4.4 High-resolution (HR-) XPS spectra

HR-XPS can help one to assess the nature of chemical bonding in the different films,
before and after chemical derivatization. Possible bond types and their corresponding
binding energies are shown in part (a) of Table 4-1. Typical Cls HR-XPS spectra for
different films at R = 0.5 reveals two components: (i) aliphatic C-C and C-H bonds
(C1); and (ii) carbon-sulfur bonds (C2) (Figure 4-7). For all films, the sub-peaks were
placed and fixed at binding energy positions relative to the Cls peak, following a
procedure described by Girard-Lauriault et al.l'’® To obtain the best overall fits, the
Gaussian-Lorentzian product peak shape parameter was set at 30. Different types of S-
bonding do not result in appreciable chemical shifts in the S2p HR-XPS spectrum, as

the 2p electron of S in C-S, S-S and S-H bonds has a similar binding energy.?!*-22!]
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Figure 4-7: Typical high-resolution Cls XPS spectra of sulfur-containing deposits
(R=0.5): (a) L-PPB:S, (b) UV-PB:S, (c) L-PPE:S, (d) UV-PE:S fitted with two

component-peaks (FWHM 1.2 eV, peak shape GL(30)).

In Figure 4-8, relative Cls peak fit component areas (in %) in four different films are

shown plotted versus R.
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Figure 4-8: Evolution of HR-XPS Cls peak fit components for (a) L-PPB:S (squares,
20 W) and UV-PB:S (circles, KrL) and (b) L-PPE:S (squares, 20 W) and UV-PE:S
(circles, KrL) deposits as a function of gas mixture ratio, R. The lines are to guide the

reader’s eye.

As before, the plasma- and VUV data for the C4Hs- and C2Ha-based films show similar
behavior. Figure 4-8a is consistent with the XPS survey spectra, in that C-S peak
intensity increases monotonically with rising R. Figure 4-8b, although Iless
straightforward to interpret (especially for the plasma C2Hs-based films), also shows an
increase of the C-S peak intensity with rising R. The Cls peaks offer very few
distinguishing features making it difficult to obtain information from these peaks.

Therefore, the peak fitting procedure is very sensitive to noise in the signal.

Assignments of likely chemical bonds after derivatization with N-
ethylmaleimide are shown in part (b) of Table 4-1, while typical high-resolution Cls

spectra are presented in Figure 4-9.
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Figure 4-9: High-resolution Cls XPS spectra of sulfur-containing deposits (R=0.5)
after derivatization with N-ethylmaleimide: (a) L-PPB:S, (b) UV-PB:S, (c) L-PPE:S,

(d) UV-PE:S fitted with four component-peaks (FWHM 1.2 eV, peak shape GL(30)).

Unlike those in Figure 4-7, these now show additional components (C3 and C4,
attributed to C-OR and C-N=0) corresponding to new functionalities after

derivatization (see Scheme 4-1).

4.4.5 Physico-chemical stability in water and toluene

The stability of plasma- and VUV-deposited coatings in aqueous media is of crucial
importance if they are to be used in biomedical applications. Indeed, the stability of

NH;-containing coatings has been extensively discussed, and it was pointed out that
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primary amines in those films oxidize to form other functional groups, such as amides,
in the presence of water and atmospheric oxygen.> 1781 Moreover, high concentrations
of bonded heteroatoms (N and/or O) increase the solubility of coatings in polar solvents
(e.g. water). This is attributed to the presence of highly soluble, low molecular weight
fractions formed during the deposition process, which are extractable in polar

(172, 2221 Tn this context, it was also reported that VUV films tend to be less

solvents.
soluble than their plasma counterparts of comparable compositions, due to a higher

cross-link density in the former that result from the photo-polymerization process."’

All C4Hs-based coatings (plasma- and VUV alike) showed limited solubility in
Milli-Q water, for 0 < R < 1.5, although data did show some scatter, and in one case (R
=0.5) a20% loss in thickness (AT). A possible explanation of the high stability of these
coatings might be a particularly high cross-link density resulting from the molecule’s
two double bonds. This seems to be supported by the slightly higher observed solubility
of the CoHs-based (plasma- and VUV-) coatings, although the latter also manifested no

clear solubility increase with rising R (0 <R < 1.0).

Immersion in toluene should in principle remove all elemental sulfur that might
be present.?232251 Considering that S bound in the form of thiol groups, [SH], accounts
for at most 3% of [S] (see Figure 4-4 and Figure 4-5), other S-based functionalities (or
possibly even elemental sulfur) must certainly be present. Regrettably, these cannot be
identified on the basis of (inexistent) chemical shifts in high-resolution XPS spectra

(see Figure 4-7).

In Figure 4-10, changes in thickness, AT, are plotted versus R (R < 0.6) for both

C4He- (a) and CoHs-based (b) coatings.
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Figure 4-10: Stability in toluene of as deposited L-PPB(E):S (squares, 20 W) and UV-

PB(E):S (circles, KrL) films deposited using H>S-C4Hs(C2H4) mixtures. Loss of

thickness, AT, (in %) of: (a) L-PPB:S (squares, 20 W) and UV-PB:S (circles, KrL)

and (b) L-PPE:S (squares, 20 W) and UV-PE:S (circles, KrL) as a function of gas

mixture ratio, R, after immersion in toluene for 24 h. Error bars show standard
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Figure 4-11: Sulfur surface concentrations, [S] (XPS, in at. %), before (full symbols)

and after (open symbols) immersion in toluene of (a) L-PPB:S (squares, 20 W) and
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Only relatively few data points have been taken, and A7 manifests possible ambiguities
(negative values, suggesting swelling, i.e. gain of T, as opposed to loss via dissolution).
Comparing (a) and (b), the highest AT values, ca. 60% and 20%, are respectively noted
for L-PPB:S (R > 0.2) and L-PPE:S (R = 0.5), while their VUV counterparts display
significantly lower AT values, that is, greater stability in toluene. Indeed, the CoHs-

based coatings appear to perform better.

In Figure 4-11, changes in [S] are plotted versus R (R<0.6) for both C4Hs- (a)

and C,Hs-based (b) coatings.

The following may be noted: over the whole range of R values investigated, PP
films systematically showed smaller reductions than their VUV counterparts. While
there was virtually no change for L-PPB:S, UV-PBJ/E:S films displayed a change in [S]
~ - 10% at the higher R values. Compared with the AT data discussed above, this
outcome is difficult to explain, particularly for the case of L-PPB:S (highest AT but

lowest change in [S]).

4.5 General Discussion and Conclusions

While single-molecule precursors that incorporate the desired functionality have been
used to create amine-, hydroxyl- and/or carboxyl-, and thiol-rich plasma-polymer films,
the “co-polymerization” approach we present here for SH-containing films is
unprecedented; it improves control over experimental outcome, and it can maximize
the concentration of the desired functional group. We have demonstrated, to our
knowledge for the first time, the possibility to create SH-terminated surfaces by co-
polymerizing mixtures of a hydrocarbon (here C4Hg or C2Ha) and H>S by both vacuum-

ultraviolet photo-initiated CVD and low-pressure r.f PECVD.
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In Figure 4-3 we noted that the deposition rates, », of UV-PB/E:S and L-
PPB/E:S coatings as a function of the gas mixture ratio, R, are quite different, the latter
(plasma) method yielding higher » values. Such systematic differences were not
apparent in regard to sulfur concentration, [S] (Figure 4-4), where we noted a
monotonic increase with rising R, 2 < [S] < 48 at. %. Furthermore, no significant
distinction between photo- and plasma-polymerized films could be observed, beside
that noted in Figure 4-5: the plasma-based coatings are seen to be richer in [SH] groups,
up to ca. 3%. This result is somewhat surprising, considering that photo-polymerized
coatings from CoH4-NH3 mixtures presented in the literature proved to be highly amine
(NH»)-rich, with [NHz]/[N] selectivity values exceeding 75%. Clearly, this does not

apply in the case of CoHs / HoS or C4Hs / H2S mixtures.

The different types of coatings were all found to be quite stable after 24 h of
immersion in Milli-Q water, a key criterion for biomedical applications. Contrary to
earlier reports for N- or O-rich coatings, we did not observe an increase in solubility
with rising R values, nor significant differences between the photo- and plasma-
polymerized coatings. Further stability tests conducted in toluene demonstrated that the
sulfur in the films not in thiol form is likely of organic nature (Figure 4-10). Since the
surfaces mainly showed non-oxidized sulfur, it is very difficult to identify different
types of S-bonding through HR-XPS, because chemical shifts in the S2p HR-XPS

spectrum are not significant.

Butadiene-based coatings show great stability over a wide range of R values,
confirming our hypothesis for using butadiene as a hydrocarbon source gas: its higher
unsaturated structure compared with CoHy4 presumably leads to more active species in

the plasma, thereby increasing the cross-link density in the resulting coatings.
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In general, when comparing UV-PB/E:S and L-PPB/E:S coatings, all have
proven to possess similar attributes, namely a high sulfur concentration, [S], and
stability in water. The main differences occur in [-SH] values, the plasma-polymerized
films being superior. Understanding this rather surprising result is of great interest, and

it is the objective of ongoing further studies.
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Chapter 5 Growth Mechanisms of Sulfur-rich Plasma

Polymers: Binary Gas Mixtures versus Single Precursor

5.1 Preface

This chapter presents an article published in the journal of “Plasma Processes and
Polymers”. The complete citation of the published manuscript is:

E. Kaparek, D. Thiry, J. R. Tavares, M. R. Wertheimer, R. Snyders and P.-
L. Girard-Lauriault (2018), Growth mechanisms of sulfur-rich plasma

polymers: Binary gas mixtrues versus single precursor, Plasma Processes
and Polymers, 1800036.

The experimental part of this research was performed at the Materia Nova Research
Center in Mons, Belgium. The research was planned, analyzed and written by
E. Kasparek (Ph.D. candidate). Dr. Thiry was responsible for training and supervision,
and review of the work at the foreign institution. Dr. Girard-Lauriault, Dr. Tavares, Dr.
Snyders, and Dr. Wertheimer were responsible for review of the work.

In Chapter 4 we demonstrated that it is possible to synthesize stable SH-
terminated films from binary gas mixtures comprising a hydrocarbon and hydrogen
sulfide. The previous study also showed that the growth mechanisms of these films are
not easy to predict and, contrary to our expectations, films obtained from a low-pressure
r.f. plasma were richer in SH groups than ones obtained via photo-polymerization. In
this article, we improved the understanding of the growth mechanisms of sulfur-rich
plasma polymers. In addition, we compared our approach of using binary gas mixtures
with the more conventional single-molecule precursor approach. With this study we
broaden the library of hydrocarbon gases that can be used to obtain SH-terminated

films.
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Abstract

Thiol (SH)-terminated surfaces have gained interest over the past years due to their
potential applications, especially in the biomedical field. In this work, SH-terminated
films have been prepared by “co-polymerizing” gas mixtures of acetylene (C2H2) and
hydrogen sulfide (H2S) using low-pressure r.f. plasma-enhanced chemical vapor
deposition. R.f. power greatly influences the deposition rate, sulfur content, [S], and
thiol concentration, [SH], of the films, as confirmed by XPS (both before and after
chemical derivatization), FTIR, and mass spectrometry measurements. These data are
compared with those obtained in a similar discharge by using a single molecule
precursor, propanethiol. Among other differences, it is demonstrated that [SH] is higher

when using binary gas mixtures compared to the single molecule precursor.
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5.2 Introduction

The development of thiol (SH)-functionalized surfaces is of great interest in surface
modification and functionalization due to their increasing fields of applications, ranging

40,71, 88,201, 226-228] The presence of SH groups on surfaces

from biomedicine to optics.!
allows for further functionalization via reaction with electron-rich-enes, alkynes,
electron-deficient-enes, epoxies and halogens, generating a “chemical toolbox” that
offers a large variety of functional moieties for rapid manipulation of surface

228, 2291 Especially in the biomedical field, SH-terminated surfaces can be

properties.!
used for thiol-based coupling reactions, where a series of (bio) molecules (e.g. biotin,
DNA, proteins) are attached to the surfaces with retention of their biological

activities.[230 231]

Synthesis of surfaces supporting -SH groups through direct
polymerization of monomers featuring these groups poses real challenges, since the
thiol moiety is not tolerated in radical polymerization.?*?! Therefore, SH-terminated
surfaces have been synthesized using complex, multi-step wet-chemical approaches,
often involving multiple different (toxic) solvents and long reaction times. !> - 2281

In this context, low-pressure (LP) plasma deposition of plasma polymer films
(PPFs) offers an alternative solvent-free, single-step, low reaction time and
environmental friendly process to synthesize SH-terminated surfaces. The properties of
the resulting PPFs depend on different plasma process parameters such as absorbed
power, P, pressure, p, precursor flow rate(s), F, mixture ratio, R, and precursor type.
Two approaches are generally used to incorporate a desired functionality into PPFs,
namely the use of (i) single molecule precursors, in which the desired functionality is
already present; or (ii) binary gas mixtures comprising a hydrocarbon and a sulfur-
based functional gas. In the specific case of —SH containing surfaces, allylmercaptan

)[72, 91-94,226

(AM)[71:88- 891 and more recently propanethiol (Pr lare two examples of single
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molecule precursors that have been used. On the other hand, we have previously
reported the use of binary gas mixtures of butadiene (C4Hg) or ethylene (C>Hs) and
hydrogen sulfide (H2S) to create SH-terminated PPF surfaces.>*) While the single
molecule approach allows for direct incorporation of the functionalities into PPFs, the
use of binary mixtures has been demonstrated to be at least equal, if not superior, in
terms of functional group density and stability!® !%-20-77.83. 106, 1191 (¢ o for the case of
nitrogen (N)-containing coatings). The controllable gas mixture ratio, R, allows for
increased versatility to achieve coatings with tailored properties. In our previous

23] we were able to grow PPFs with adjustable surface-near sulfur

study,
concentrations, [S], ranging from 2 to 48 at.%, presenting thiol concentrations, [SH],
up to 3%; these films exhibited high stability in aqueous solution, making them ideal
candidates for further use in biomedical applications. Nevertheless, despite their
promising properties, only few studies have so far been dedicated to the full
characterization and understanding of the growth of SH-terminated PPFs. In addition,
all those works focused on single monomer discharge plasmas. Thiry et al. reported a
complete study, combining plasma diagnostics and PPF synthesis, regarding the
influence of different plasma parameters on the chemical properties of propanethiol
plasma polymers (Pr-PPF) deposited in r.f. discharges.l’>?!3! These same authors also

developed a derivatization method allowing specific identification of SH groups and

their concentrations, [SH].’¥

Given this background, the main purpose of the present research has been to
gain better understanding of growth mechanisms of S-containing PPFs prepared from
binary gas mixtures of acetylene (C2H2) and H»S, correlating plasma-phase and surface
phenomena. Varying R and <P> (the mean absorbed power per cycle, see section 5.3.1),

the plasma chemistry is examined by residual gas analysis (RGA) mass spectrometry,
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and these data are correlated with chemical composition of the PPFs using X-ray
Photoelectron Spectroscopy (XPS) and Fourier Transform Infrared Spectroscopy
(FTIR), along with PPF deposition kinetics. In addition, these data are compared with

those for single precursor Pr-PPF counterparts.

5.3 Experimental Section

5.3.1 Thin film deposition and characterization

Figure 5-1: 3D view of the plasma reactor: 1 — Pumping line, 2 — Water-cooled RF

copper coil, 3 — Substrate holder, 4 — Mass spectrometer inlet port.

The experimental setup (Figure 5-1) consisted of a cylindrical stainless steel vacuum
chamber (65 cm in length and 35 cm in diameter), evacuated by combined turbo-
molecular and primary pumps to a base pressure, p < 2 - 107® Torr. The power was
applied using a single-turn copper coil (10 cm diameter) connected to an Advanced
Energy 13.56 MHz r.f. power supply (CESAR 1310). The operating pressure during
depositions was maintained at p=80 mTorr by a throttle valve connected through a
capacitive gauge (both from Nor-Cal Products). The flow rate of the hydrocarbon C>H>

(99%, Air Liquide), F(c2n2), was kept constant at 30 sccm, while that of HoS (99%, Air
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Liquide), Fps), was varied between 0 and 30 sccm; this yielded values of R
(=Fm2s)/F(c2n2)) ranging from 0 to 1. The flow rate of 1-propanethiol (99%, Sigma-
Aldrich, the single molecule precursor), F(p,, was fixed at 50 sccm, so as to maintain
essentially the same total ' as in the gas mixture experiments where the elemental feed
ratio (X=S/C=1/3) was identical (i.e. for R=0.66 in the gas mixture). The PPFs,
henceforth designated “L-PPA:S” (for “low-pressure plasma-polymerized, sulfurized
acetylene”) or “Pr-PPF” (for “propanethiol plasma polymer”) were deposited on 500
um-thick silicon wafers (Si-Mat) using pulsed plasma polymerization. The (nominal)
value of mean power, <P>, absorbed in the plasma was modulated by varying the duty
cycle, A; the relationship between the plasma “on” time and the pulse period, is shown

in equations (1) and (2), where Ppear is input power during the plasma “on” time.

< P >= PpegrA (-1
t -
A= on (5-2)
ton + tofr

Table 5-1 summarizes the electrical power conditions used.

Table 5-1: Electrical conditions used in the present study.

<P> [W] Ppeak [W] A [%] ton [mS] toff [mS]
12 120 10 0.2 1.8
48 120 40 0.8 1.2

All PPF deposits were characterized by X-ray photoelectron spectroscopy (XPS),
performed in a PHI 500 VersaProbe instrument (Physical Electronics), using
monochromatic Al Ka radiation (Av = 1486.6 eV). The elemental composition (in

atomic %, at. %) and the chemical environment of the elements were obtained by
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survey- and high-resolution, HR spectra, respectively. The former were acquired at a
pass energy of 117.4 eV, a dwell time of 50 ms and energy steps of 1 eV, the latter at
pass energy of 23.5 eV, dwell time of 50 ms and energy steps of 0.2 eV. Spectra were
obtained at 45° emission angles; possible charging was corrected by referencing all
peaks to the Cls peak at binding energy (BE)=285.0 eV. The constituent elements were
quantified from survey spectra using 2.3.16 PR 1.6 Casa XPS software, by integrating
the areas under relevant peaks after a Shirley-type background subtraction.

Fourier-transform infrared (FTIR) spectroscopy (Bruker IFS 66V/S) was used
for further chemical characterization. PPFs (~200 nm thick) were deposited on KBr
pellets and spectra (average of 32) were obtained within a spectral range from 4000 to
600 cm™! in transmission mode at a resolution of 4 cm™. A blank KBr pellet served to
acquire background spectra.

To quantify thiol concentrations, [SH], chemical derivatization with N-
ethylmaleimide (99 %, Sigma-Aldrich) was used, as recently described by Thiry et
al.’ The reaction mechanism is shown in Scheme 5-1, where N-ethylmaleimide reacts
selectively with SH via nucleophilic addition between the S atom and the double bond
in the maleimide structure (thiol-ene click reaction), forming a stable thio-ether bond.
The thiol-maleimide reaction offers several benefits, including high selectivity in the
presence of multiple functional groups, rapid and quantitative conversion at low

concentrations, and high stability in aqueous environments.>**]
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Scheme 5-1: Derivatization reaction between a thiol group and N-ethylmaleimide.

Typically, the derivatization reaction was carried out in phosphate buffer
(KH2PO4/Na;HPO4, Chem Lab) solution at pH = 7, the N-ethylmaleimide
concentration being fixed at 0.1 M. The samples were immersed in this solution for 78
h, following which they were rinsed in clean solution for 5 min to eliminate any
unreacted molecules, then dried under a flow of dry nitrogen. XPS survey spectra were
obtained before and after derivatization, allowing nitrogen, [N], and carbon, [C],

concentrations to be quantified; [SH], was then calculated as follows:

% x 100 (%) (>-3)

[SH] =

Deposition rates were determined by measuring coating thickness, 7, with a
Dektak 150 mechanical profilometer (Veeco), using a diamond tip with 2.5 um
curvature radius and an applied force of 0.1 mN. The coatings’ stability against
dissolution was examined after immersion in Milli-Q water for 24 h, using the
profilometer to measure possible changes in 7 (47, in %) before and after immersion

at three different points.
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5.3.2 Plasma characterization

Gas-phase species in the plasma were investigated using a quadrupole mass
spectrometer, MS (model HAL EQP 1000, Hiden Analytical), connected to the
chamber by a 100 um extraction orifice located about 30 cm from the coil. Residual
gas analysis (RGA) MS measurements involved neutral species entering the instrument,
which were then ionized by electron impact (EI) with electrons of kinetic energy fixed

at 20 eV so as to avoid excessive fragmentation.

5.4 Results and Discussion
54.1 Deposition kinetics and composition of PPF coatings

Deposition rates, 7 (in nm/min), of the L-PPA:S films as a function of gas mixture ratio,
R, for <P>=1]2 and 48 W, show that r decreased with rising R in both cases (Figure
5-2), as also observed in previous experiments with ethylene (C2H4), butadiene (C4Hp),

or C2H, and N- or O-containing gas mixtures, % 77 78,83, 119,234]
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Figure 5-2: Deposition rates, r, of L-PPA:S films (squares, <P>=12 W; circles,
<P>=48 W) as a function of gas mixture ratio, R, and of Pr-PPFs (triangle, <P>=12
W; star, <P>=48 W, overlapping here) at equivalent elemental feed ratio
(X=S8/C=1/3). Error bars show standard deviations of three measurements. The lines

are to guide the reader’s eye.

This is due to the decreasing relative concentrations of CxHy radicals that create the
PPFs’ polymer-like backbone. Furthermore, with increasing R, more HaS in the gas
mixture gives rise to more of the highly reactive H and S~ radicals; the former can etch
the growing film and thereby lead to a transition from radical-induced deposition to an
ablation regime, thus the observed decrease in 7.[**! Similar behavior observed in the
past for the case of N-rich films was also attributed to a threshold for the production of

[76. 117.214] Besides etching, quenching of radical species in the plasma,

etching species.
through recombination reactions, could also lead to a decrease in r. Indeed, radicals

produced from H>S dissociations (e.g. H and S~) could readily recombine with the ones
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formed from C;H>, thus reducing the availability of radicals for film deposition, leading

to a decrease in deposition rate.

Note that at <P>=48 W, L-PPA:S films showed significantly higher » values
than at <P>=12 W. Referring to Table 5-1, at <P>=48 W the plasma “on” time was
higher (0.8 vs. 0.2 ms), thereby leading to greater precursor fragmentation and higher
concentration of film-forming species. Deposition rates of Pr-PPFs (Figure 5-2),
prepared at the constant elemental feed rate (X=C/S=1/3) and total flow comparable to
L-PPA:S films obtained at R=0.66, revealed the same behavior, although significantly
smaller, due to several reasons: (i) the saturated structure of propanethiol likely led to
more dehydrogenation, which can induce increased etching; (ii) absence of
unsaturations (i.e. double or triple bonds) in propanethiol, in contrast to CoH, prevented
uptake of unactivated precursor into the PPF; and (iii) mass spectrometry measurements
(see Figure 8-1) also showed very little fragmentation of the propanethiol precursor

under the applied conditions, compared with previous results of Thiry et al.
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Figure 5-3: Sulfur concentrations, [S] (in at.%), as measured by XPS for L-PPA:S
films (squares, <P>=12 W; circles, <P>=48 W) as a function of gas mixture ratio,
R, and of Pr-PPFs (triangle, <P>=12 W, star, <P>=48 W) at equivalent elemental

feed ratio (X=S/C=1/3). Error bars show standard deviations of three measurements.

The lines are to guide the reader’s eye.

For both <P> values, [S] is seen to have increased monotonically with rising R, up to
[S] = 50 at. %, tending to plateau for R > 0.66 (Figure 5-3). Similar behavior was also
observed in our previous work, where [S] up to ~48 at. % was obtained with C,Hs as
the hydrocarbon feed gas.**) Lower [S] values at high <P> can presumably be
attributed to higher fragmentation, leading to many small volatile S-rich stable
molecules that were pumped out of the chamber and did not contribute to film
growth;7% 93 173 176. 2331 the higher the fragmentation, the less S-containing moieties
might then be available for incorporation into the growing films. Similar trends for [S]

were observed for Pr-PPFs, namely higher [S] was obtained at lower <P> (more details
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under section 5.4.3). These data also reveal a major difference when comparing with
N- or O-based PPFs: especially at low <P>, [S] significantly exceeded that element’s
concentration in the feed gas mixture or in the precursor, an observation that was also
reported when using propanethiol and attributed to trapped H>S in the plasma polymer
network.’"> %1 A major advantage of binary gas mixtures over a single molecule
precursor is the following: Figure 5-3 and previous studies!’”> 83 118:233. 2341 3]] showed
that heteroelement concentration, [X] (here: [S]), can be controlled over a remarkably
wide range (here: 10 at.% < [S] < 50 at.%). This flexibility evidently opens the use of
these PPFs for numerous applications where a particular [X] value is required, for

example to select a specific value of refractive index.!??6]

Due to the complexity of plasma-chemical reactions, a large variety of S-
containing groups are created, but the measured [S] value does not reveal whether it
occurs as the SH-groups desired, for example, in biomedical applications. Indeed, S can
exist in different allotropes (S-S-S, C-S-C, C-SH, ...), but these cannot readily be
identified by XPS because different types of S-bonding do not result in appreciable
chemical shifts, neither in the S2p nor in Cls HR-XPS spectra.[*!?-22!] Therefore, in
order to measure [SH] in L-PPA:S and Pr-PPFs, the selective and quantitative chemical
derivatization reaction based on N-ethylmaleimide as labelling molecule was used.!¥

Figure 5-4 plots [SH] as a function of R at two different <P> values, with FTIR

measurements confirming the presence of these thiol moieties (see Figure 8-2).
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Figure 5-4: Proportion of carbon bearing the —SH group, [SH] (in %), determined
using chemical derivatization XPS of L-PPA:S films (squares, <P>=12 W circles,
<P>=48 W), as a function of gas mixture ratio, R, and of Pr-PPFs (triangle,
<P>=[2 W, star, <P>=48 W, overlapping here) at equivalent elemental feed ratio
(X=S/C=1/3). Error bars show standard deviations of three measurements. The lines

are to guide the reader’s eye.

For R < 0.5 and <P>=48 W it was not possible to measure [SH] of L-PPA:S films
because the coatings cracked during derivatization, likely due to high internal stress
caused by the higher power and carbon content.[>*6-23] At lower <P>, [SH] was seen
to be nearly constant up to R=0.66, ~1-1.7 %, within experimental error, while the value
dropped with further increase in R. At the higher <P>, [SH] increased with rising R,
up to about 3.4 %. Therefore, even if [S] was overall lower at higher <P>, deposits of
greater quality (higher [SH]) were obtained. Contrary to propanethiol, where higher

I'l,[7’ 72, 107

fragmentation resulted in lower thiol retentio I'in the case of gas mixtures

101



fragmentation was needed to create that desired chemical functionality. At higher <P>,
higher fragmentation led to more of such active thiol-forming species, hence to the
observed increasing [SH] values. Similar observations were reported by Buddhadasa et
al.l'%l for the case of ammonia / butadiene feed-gas mixtures, where the concentration
of amino groups, [NHz], was found to increase with rising P.

[SH] (~ 0.6%) of Pr-PPFs was apparently not affected by <P>, as previously
observed for other electrical and pressure conditions,!”? being significantly lower than
for L-PPA:S ([SH] ~ 1.5 and ~ 2.5 %). The use of binary mixtures was therefore
advantageous for higher thiol incorporation. At this stage, the exact mechanism(s)

remain elusive and require further experiments over wider parameter ranges.

5.4.2 Ageing in water and in air

The stability of PPFs in water and in air is of crucial importance for potential biomedical
applications, for example. For the case of N- and O-rich PPF coatings, stability has
already been extensively discussed:!> 1% 78 1991 high concentrations of heteroatoms (N
or O) lead to higher solubility in polar solvents (e.g. water) and a higher instability in
air, commonly referred to as “ageing”. This is attributed, among other factors, to the
presence of soluble low molecular weight (LMW) fractions formed during deposition,
which are extractable in polar solvents, and to oxidation of dangling bonds and
degradation of unstable functional groups in contact with air.l- 10- 78 118, 172-174, 2221 Iy the
specific case of sulfur-based coatings, Thiry et al. showed that S-containing species
(e.g. H2S) were trapped in the PPF matrix and released after immersion in water.”!!
Therefore, S/C ratios of our coatings were measured before and after immersion in N-
ethylmaleimide solution (Figure 5-5). Except for the <P>=48 W / R=1 sample,

conditions under which many stable molecules were created (see section 3.3), little
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reduction in S/C was observed after immersion; this suggests that a small proportion of
S-containing molecules were trapped in the PPF matrix and/or that the degree of
chemical bonding was sufficient to prevent release of such possibly trapped molecules

during immersion.
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Figure 5-5: S/C ratios measured by XPS before (squares) and after (circles)
immersion in N-ethylmaleimide solution: a) L-PPA:S films obtained at <P>=12 W,
and b) at <P>=48 W, as a function of gas mixture ratio, R. Error bars show standard

deviations of three measurements. The lines are to guide the reader’s eye.

To complete this part of the study, possible thickness loss after immersion in Milli-Q
water during 24 h was also examined, as extensively reported in the literature for

9,78,79, 83,222,233,239-241] Slmllal' to the case Of

several other families of plasma polymers.
C4Hs- and CoHy-based PPF coatings, the present L-PPA:S films were found to be
largely insoluble in Milli-Q water, for 0 < R < 1: the largest observed values of AT/T
were about 20% (positive or negative), comparable to the cumulative measurement
uncertainty (see Figure 8-3). Pr-PPFs deposited at <P>=12 W showed similar stability

to the corresponding L-PPA:S films while for <P>=48 W, a higher solubility was

observed (~25 % loss of thickness, see Figure 8-3). A possible explanation for their
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stability might be that these coatings were particularly highly cross-linked on account

of acetylene’s triple bond, as also reported for L-PPA:N films.[**

To complete the study of ageing, surface-near oxygen concentrations, [O], of
the L-PPA:S films were measured by XPS as a function of R after storing them in

ambient air for 3 days.
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Figure 5-6: Surface-near oxygen concentrations, [O] (in at.-%, obtained by XPS) as a
function of gas mixture ratio, R, of L-PPA:S films (squares, <P>=12 W, circles,
<P>=48 W) stored for 3 days in ambient air. Error bars show standard deviations of

three measurements. The lines are to guide the reader’s eye.

Figure 5-6 shows that [O] decreased with rising R for both values of <P>. As already
discussed, increasing R decreased the concentration of CxHy radicals in the plasma,
hence that of C-centered radicals in the coatings (as opposed to S-bearing groups).

Figure 5-5 clearly revealed proportional rise of S/C with increasing R; since
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atmospheric oxygen presumably only reacted with C-centered radicals, the drop in [O]

noted in Figure 5-6 therefore stands to reason.[*4> 243]

54.3 Mass-spectrometry measurements

To better understand growth mechanisms of L-PPA:S films, plasma chemistry of the
gas mixtures was examined by mass spectrometry measurements using residual gas
analysis (RGA). Mass spectra of the precursor gases (Figure 5-7a) and b)) revealed
peaks at m/z = 26 for C2H; and m/z = 34 for H>S in the absence of plasma. Additional

peaks in Figure 5-7a) can presumably be assigned to slight impurities in CoH.[44!
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Figure 5-7: Mass spectra of a) C2H> and b) H>S at plasma “off” conditions (spectra

show no significant fragmentation of the pure gases in the ionisation source of the

spectrometer); of three different CoH> + H>S mixtures (R=0, R=0.66, and R=1) in

plasmas sustained at c) <P>=12 W and d) <P>=48 W; and mass spectra of pure H>S

plasmas sustained at e) <P>=12 W and f) <P>=48 W (Note; creation of CS2, m/z =

76, was observed at <P>=48 W only).

Plasma ignition led to changes in concentrations and to the production of new species,

depending on R and <P> (Figure 5-7c) and d)). All peaks in the mass spectra are

identified in Table 5-2.
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Table 5-2: Attribution of peaks observed in the various mass spectra, Figure 5-7 (a-f).

m/z Ions

25-28 [CoHy )" ¢=1-4
32-34 [H,S]" x=0-2
76 [CS2]"

At R=0, a quite intense peak at m/z=50 corresponding to C4H> was detected. As R
increased (more H>S was present in the gas mixture), an additional peak corresponding
to CS; appeared at m/z=76, which increased in amplitude with rising R and <P>,
whereas that corresponding to C4H> decreased. The abundance of CS: points to
reactions between feed gas species in the plasma; on the other hand, earlier studies
showed little evidence of such reactions between ammonia and the hydrocarbon.[!%
However, etching reactions can apparently also contribute to formation of CSz: when a
pure H>S discharge was ignited at <P>=48 W (Figure 5-71)), the m/z=76 peak revealed
that etching of PPF coatings on the chamber walls must have taken place. Those etching
reactions also contributed to the drop in r, as previously evoked. CS; production in S-
containing discharges had already been reported for propanethiol,’> !
methanethiol,'**] and thiophene plasmas. Here, the creation of CS> can mainly be
attributed to gas phase reactions between C2Hz and H»S in the plasma, because its peak
at m/z=76 was much higher than that corresponding to etching reactions.

Lower-mass fragments detected in previous work, especially in acetylene
plasmas (e.g. Ha, H-, and C2H-), were not noted here to any appreciable extent, 244 246]

This may have been due to a lower detection limit of the mass spectrometer, but also to

the high sticking coefficient, B, of C2H- (B~0.9),1246] which rendered detection of this
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radical particularly challenging: It has been recognized as the major contributor to a-
C:H film growth in pure acetylene plasmas.[244 246, 247]

In order to connect mass spectrometry results with L-PPA:S film characteristics,
we examined the extent of fragmentation of both precursors, a, as a function of R at
different <P> (Figure 5-8), according to equation (5-4):

a = Let(M)on — Lret(M) o (5-4)
where ..i(m)on and I.i(m),s are the relative peak intensities of precursor (m) when the
plasma is “on” and “off”, respectively. The relative abundance of mass m species,

Lrei(m), in the plasma is then defined as:

I(m) (5-5)
Ym (M)

Lye (m) =

where /(m) are the experimentally observed values recorded in the mass spectra of mass

m, respectively.
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Figure 5-8: Extent of fragmentation, o, for a) CoH> and b) H>S (squares, <P>=12 W;
circles, <P>=48 W) as a function of gas mixture ratio, R. Error bars show standard

deviations of three measurements. The lines are to guide the reader’s eye.
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Based on equation (5-4), negative o values indicate decreased peak intensity, thus
higher fragmentation of the precursors; the more negative, the higher the extent of
fragmentation in the plasma. Some fragmentation was observed at all values of R,
although little at low <P> for C,H>; for H,S, increased fragmentation was observed
with rising R, especially at the higher <P>. Indeed, for both gases, fragmentation was
higher at <P>=48 W, confirming the assumptions reported in section 5.4.1: the
precursors were exposed to the plasma for a longer period of time, thereby increasing
the probability of collisions with energetic electrons. This led to higher fragmentation
and it can explain the observed larger values of r, lower [S] and higher [SH].
Nevertheless, decreased [S] and increased [SH] cannot readily be explained solely by
higher precursor fragmentation. We therefore also focused on the evolution of other

important species, such as CS; (m/z=76) (Figure 5-9).
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Figure 5-9: Plot of 1e(76)(squares, <P>=12 W; circles, <P>=48 W) as a function of
gas mixture ratio, R. Error bars show standard deviations of three measurements. The

lines are to guide the reader’s eye.

109



Lower amounts of CS> at <P>=12 W could be directly observed in the mass spectra
(Figure 5-7c¢)) and correlated with a lower extent of precursor fragmentation (Figure
5-8); at <P>=48 W, fragmentation was high, giving rise to increasing production of CS»
with rising R, up to saturation for R>0.66, probably due to insufficient numbers of CxHy
radicals. The concentration of CS; in the discharge correlates inversely with [S] in the
PPFs:*lincreased CS; production at high <P> could therefore help explain the reduced
amount of sulfur available for incorporation into the growing films, hence the observed

lower [S] values than at lower <P> (Figure 5-3).

To help better understand the evolution of [SH] with rising R (Figure 4), we
next focused on fragments that could possibly insert -SH moieties into the growing L-
PPA:S films, namely SH- (m/z=33) and S (m/z=32). Both of these already being
observed in the absence of plasma (Figure 5-7b)), equation (5-6) takes into account
fragments produced in the ionization source of the mass spectrometer by electron

impact:[197]

1(34)on -0
<’ (Mon = (1o I((34—))ff>>
2 I(M)

Ic(m) =

where I.(m) 1s the corrected intensity of mass m (here either 33 or 32), and /(m),, and
I(m)f are the experimentally observed peak intensities for mass m when the plasma is
on and off, respectively; I(34) is the peak intensity corresponding to the H>S precursor

gas.
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Figure 5-10: Evolution of species that could lead to SH-groups in L-PPA:S films a)
SH-and b) S-- (squares, <P>=12 W; circles, <P>=48 W) as a function of gas
mixture ratio, R. Error bars show standard deviations of three measurements. The

lines are to guide the reader’s eye.

I(33) is seen to have increased with rising R, reaching a maximum near R=0.66 (Figure
5-10a)). Furthermore, for similar R values, the relative amount of SH- was higher at
<P>=12 W. Figure 5-4 depicts a rather different trend in [SH] than the one shown here,
namely a monotonic decrease with rising R. This would imply that SH- radicals were
not directly responsible for SH-groups in L-PPA:S films. Now examining Figure
5-10b), the atomic S-- peak (m/z=32) was also seen to increase with rising R for both
<P> values, reaching maxima at R=0.66. However, contrary to SH- (Figure 5-10a)), the
creation of S-- was greater at the higher <P>, presumably on account of multistep
fragmentation (i.e. H>S - SH- = S--). This would indeed be favored at high <P> due
to longer exposure time in the plasma, which in turn might help explain the increased
formation of CS;. Considering that larger amounts of atomic hydrogen were available
at higher <P> with rising R (see Figure 5-8), the incorporation of S and accompanying
formation of -SH groups in growing L-PPA:S films would therefore be favored, as

indeed observed in Figure 5-4.
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Summarizing, knowledge of the plasma composition from mass spectrometry
measurements enables a better understanding of deposition kinetics and film
composition (at least in terms of [S]); however, the evolution of [SH] cannot yet be
fully explained by gas phase reactions only. Theoretical calculations could help in
predicting different fragmentation pathways as a function of the employed plasma
parameters and thus give a better understanding for the evolution of [SH], as was

previously done for a propanethiol plasma.l’> %3

5.5 Discussion and Conclusions

The chemistry and growth mechanisms of plasma-assisted deposition from single-
molecule precursors have been extensively studied in the past, relating to the fabrication
and characterization of amine-, hydroxyl- and/or carboxyl-, and thiol(SH)-rich plasma-
polymer films. However, no such studies have been reported for the case of feed-gas
mixtures leading to SH-terminated films, conducted by the present authors. Here, we
have aimed to gain deeper knowledge of the chemistry involving a new family of SH-
containing films, namely acetylene-based sulfur-rich ones (L-PPA:S), created by “co-
polymerizing” mixtures of a hydrocarbon (here C2Hz) and H>S by low-pressure r.f
plasma polymerization. The impact of varying gas mixture ratio, R, and applied power,
<P>, was investigated by way of surface- (XPS and FTIR) and plasma-related (MS)

analyses.

Deposition rates, », of L-PPA:S coatings as a function of R followed the same
trends for both values of <P> investigated, higher <P> leading to higher » values. This
could be correlated with more pronounced precursor fragmentation at higher <P>, as

also confirmed by MS measurements. Sulfur concentrations, [S], in the films increased
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monotonically with rising R, up to [S] ~ 50 at. % at <P>=12 W, while higher <P> led
to a decrease in [S]. This was attributed to intense precursor fragmentation that resulted
in the production of many S-rich stable molecules, which did not appreciably contribute
to film growth and were pumped out of the chamber. This was also confirmed by MS
measurements, namely increased production of CS, at higher <P>. Somewhat
surprisingly, higher thiol concentrations, [SH], were found to occur in the higher <P>
L-PPA:S films. Contrary to the case of a single molecule precursor, extensive
precursor-gas fragmentation is first needed to produce the desired functionality(ies),
here [SH], when using binary gas mixture. Therefore, [SH] increase at higher <P> is
again correlated with the higher extent of precursor fragmentation under these
conditions. Nevertheless, MS measurements revealed that SH- in the gas phase was not
alone responsible for [SH] in the films, but that other surface reactions need to be

considered in addition.

Comparison with Pr-PPF films prepared using the single-molecule precursor,
propanethiol, with a constant S/C ratio (= 1/3), revealed comparable [S], but lower r
and [SH] values than those obtained for the case of L-PPA:S films. This is surprising
because the propanethiol molecule already possesses the thiol functionality, which
ought to lead to higher [SH]; this had so far been considered an advantage of the single

molecule approach over the use of gas mixture.

In conclusion, binary gas mixtures offer (i) excellent control of [S] over a wide
range (here: 10 at. %< [S] <50 at. %); (ii) flexibility over the desired [S] due to the
ability to readily vary and control R; (iii) higher retention of thiol functionalities in the
films; and (iv) excellent stability towards dissolution in aqueous media and ageing in
air. All of these mentioned advantages together render L-PPA:S films superior

candidates for applications, for example, biomedical ones.
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Chapter 6 VUV Photo-deposition of Thiol-terminated Films

— A Wavelength-dependent Study

6.1 Preface

This chapter presents an article published in the journal of “Langmuir’. The complete
citation of the manuscript is:

E. Kaparek, J. R. Tavares, M. R. Wertheimer and P.-L. Girard-Lauriault
(2018), VUV Photo-deposition of Thiol-terminated Films — A Wavelenght-
dependent Study, Langmuir, DOI:10.1021/acs.langmuir.8b01691.

The research was planned, analyzed and written by E. Kasparek (Ph.D. candidate).
Dr. Girard-Lauriault, Dr. Tavares and Dr. Wertheimer were responsible for supervision
and review of the work.

In Chapter 4 and Chapter 5 we examined the synthesis of SH-terminated organic
coatings from different gas mixtures. The resulting films showed a great diversity of
properties that can be tuned by selecting specific process parameters. We were able to
show that SH-terminated films obtained from binary gas mixtures were richer in SH
groups than their single-molecule precursor counterparts. This makes the former ones
overall better candidates for potential biomedical applications based on their higher SH-
concentration and stability. While deeper understanding of the growth mechanisms of
the plasma-based SH-terminated films was gained, films obtained through photo-
polymerization needed further investigation. The present article presents a wavelength-
dependent deposition study, in which four different VUV sources were used to create
SH-terminated films. The goal was to gain deeper insight in possible deposition
mechanisms and to find an ideal combination of the correct photon energy and gas

mixture ratio to create nearly “mono-functional” films.
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Abstract

Photo-initiated chemical vapor deposition (PICVD) has become attractive for selective
and specific surface functionalization, since it relies on a single energy source, the
photons, to carry out (photo-) chemistry. In the present wavelength (A)-dependent
study, thiol (SH)-terminated thin film deposits have been prepared from gas mixtures

of acetylene (C;H;) and hydrogen sulfide (H;S) via PICVD using four different
vacuum-ultraviolet (VUV) sources, namely KrL (Apeak=123.6 nm), XeL

(Apeak =147.0 nm), XeE (Apeak =172.0 nm) and Hg (A=184.9 nm) lamps. Different A
influence the deposition kinetics and film composition, reflecting that photolytic
reactions are governed by the gases’ absorption coefficients, &(A). Thiol concentrations,
[SH], up to ~7.7 %, were obtained with the XeL source, the highest reported in the
literature so far. Furthermore, all films showed island-like surface morphology,

irrespective of A.
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6.2 Introduction

6.2.1 General introduction

Synthetic polymers are broadly used in biomaterials due to their favorable bulk
properties, such as high mechanical stability and elasticity, non-toxicity, and low
degradation in the human body.[ ¢ Nevertheless, their surfaces are generally
chemically inert and show poor biocompatibility, leading to inadequate interactions
with cells, generating strong foreign body reactions such as inflammation, clotting and

1. 248, 2991 Therefore, commercial polymers must often undergo surface

infection.!
functionalization, which will aid their surfaces to adapt to biological demands by
immobilizing biomolecules onto the polymers. The principal methods of immobilizing
a biomolecule to a polymeric surface are adsorption via electrostatic interactions,
ligand-receptor pairing, and covalent attachment. Non-covalent adsorption can be

desirable for certain applications (e.g. in drug delivery), and there is broad evidence in

the literature that nitrogen (N)- and oxygen (O)-containing functional groups, more
specifically primary amines (-NH3) and carboxylic acid (-COOH) or hydroxyl (-OH)

functionalities, respectively, are often advantageous in promoting protein and cell

7.8, 10, 11l However, covalent immobilization of

adhesion via non-covalent adsorption.!
biomolecules has been shown to be superior by providing a stable bond between the
biomolecules and the functionalized surface, extending the shelf-life of the
biomolecule, and allowing for continued bioactivity.[% '3 Sulfur (S)-rich, more
specifically thiol (SH)-terminated surfaces offer excellent platforms for covalent
immobilization of biomolecules through specific and selective thiol-ene coupling

reactions. This coupling reaction has been widely exploited for the construction of

immobilized antibodies, enzymes and peptides.!334%!
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So far, SH-terminated surfaces have been mainly synthesized through tedious,
non-specific, multi-step wet-chemical approaches, often involving various toxic and
expensive solvents.’34%l Over the last decade, the synthesis of SH-terminated surfaces
has been also accomplished through plasma-enhanced chemical vapor deposition
(PECVD) techniques using single-molecule precursors (e.g. allylmercaptan,l’!> 881
propanethioll’> %2 2261) and more recently, using gas mixtures comprising a hydrocarbon

).[233

(either ethylene or butadiene) and hydrogen sulfide (H,S I Plasma-based techniques

offer several benefits over the wet-chemical ones, such as low processing temperatures,
no solvent requirement, and fast reaction times. Despite these advantages, the reactions
occurring in a plasma are difficult to control since the main originators of chemical
reactions, ‘“hot” electrons, possess a broad, Maxwell-Boltzmann-like energy
distribution,[! ") thereby making the reactions non-specific and non-selective.

More recently, photo-initiated CVD (PICVD) techniques have emerged. This
method has been studied extensively and it has established a firm position as a CVD
method capable of producing high quality, functional thin films, often comparable to

20,123, 135, 136, 250) 1n PICVD, the energy required to induce

traditional plasma CVD.!
reactions leading to deposition is provided by photons. Therefore, only one energy
component carries out (photo-) chemistry, potentially allowing for better control of the
overall process compared to plasma counterparts. To obtain thin films from specific
precursors, absorption of photons by the precursors must be significant, and photon

energies must be sufficiently high to overcome bond dissociation energies, Dy, to

induce photo-dissociation.””] Therefore, photo-absorption by molecules as a function
of wavelength, k()), must be considered for successful photo-induced deposition.[!?*]

Almost all of the observed absorption continua correspond to dissociation processes;

by choosing a specific photon wavelength, A, different dissociation products can be
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generated. Wavelength dependency has been observed for deposition kinetics and film
quality.[!> 2521 Nevertheless, selectivity in excitation has not been fully exploited so
far, partly due to a lack of available light sources and other required equipment. This is
of high importance since it could aid in selectively designing thin film deposits by
simply using different A values.['% 20 119127, 135]

In our previous study,”*’! we synthesized SH-terminated coatings using

ethylene (CaH4)/H2S and butadiene (C4Hg)/HoS gas mixtures with a single non-

coherent VUV source (A, = 123.6 nm). We obtained adjustable sulfur concentrations,

[S], ranging from 2 to 30 at.% and thiol concentrations, [SH], up to 1.75%. In the
present work, we broaden the experimental window by performing a A-dependent
deposition study of SH-terminated coatings using variable gas mixture ratios, R, of

acetylene (C2H>) and H3S and four different A values, namely Ak, = 123.6 nm, AxeL =

147.0 nm, Axeg = 172.0 nm, and Apg = 184.9 nm. In this context, we aimed to

understand the growth mechanisms of the synthesized SH-terminated films using
PICVD, since only one kind of excitation (VUV photons) at a specific wavelength is
active and available for initiating reactions. Besides determining the chemical
composition of the coatings, the deposition kinetics, film growth and -morphology were
also studied. The dependence of these as a function of A was investigated in detail. By
exploring a broader range of photon energies, we intended to find an “ideal”
combination of R and photon energy which gives the highest [SH] values, thereby
maximizing the possibilities for further covalent immobilization of biomolecules

through thiol-ene coupling reactions.
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6.2.2 Wavelength-dependent photolysis of C2Hz and H2S
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Figure 6-1: VUV-absorption, k (atm™ cm™, base e) of gaseous H>S'*> and C-HA'?!;

the wavelengths, A, of the VUV lamps used are also shown (Agyr = 123.6 nm, Axer =

147.0 nm, Axer = 172.0 nm, Ayg = 184.9 nm).

Activation and photo-dissociation of CoH; and H»S are expected from all four sources

on account of their relatively strong absorption, k(A) (Figure 6-1), throughout the
studied spectral range (123.6 <A< 184.9 nm). Nevertheless, the radiation from some
lamps is more strongly absorbed by the two precursor gases than others, especially in

the case of CoHj (Table 6-1), and these differences should be reflected in the deposition

behaviour of the films at different A.
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Table 6-1: Absorption coefficients, k(1), of HoS?**l and CoH,!'2! at the wavelengths,

A, of interest.

Lamp Peak Wavelength, Absorption of CyH», Absorption of H>S,
Apeak (M) kcomz (atm'em™) ks (atmlem™)

KrL 123.6 112 48

XeL 147.0 303 15

XeE 172.0 35 16

Hg 184.9 9 92

Photo-dissociation of acetylene can occur upon absorption of photons with energies
greater than 5.8 eV, or 4 < 214 nm (Figure 6-1). Two primary processes have been

identified to occur when C>Hz absorbs photons in the studied 4 range:

(1) Direct dissociation:

C,H, + hv (>5.8eV) > C,H-+H - (6-1)

(i1) The formation of an excited metastable molecule, which has a relatively long

lifetime (< 1 ms) with respect to dissociation:!!3+-156]

CHy + hv (>58eV) » CHy (02

Formation of organic coatings can either occur through recombination of the created
radicals in reaction (6-1), or through collisions of the metastable molecule with ground-

state C2H, (excited molecule mode polymerization):[!5% 158]
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C,H; + CyHy — CoH] (6-3)

C,Hi + CyHy — CeHZ ete. (&Y

Collisions of an excited molecule with either the walls or ground-state CoH» can lead to
chain-terminating reactions, but can also result in the formation of stable molecules.
Although the same primary processes have been reported for all wavelengths of
interest, the quantum yields of reactions (6-1) and (6-2) depend not only on A, but also
on pressure, p. The quantum yield is of interest, since it influences the route of coating
formation.['3% 151 At 1=123.6 and 147.0 nm and low p (<106 Pa=0.8 Torr), the quantum

[121, 157, 160] At IOWp

yield of reaction (6-1) is high, and direct dissociation is immediate.
continuous absorption of photons by the restricted number of CoH> molecules leads to
direct dissociation. As p increases and more CoHz molecules are available, the creation
of an excited state (reaction (6-2)) becomes more important since not all molecules can
continuously absorb the available photons. As reaction (6-2) becomes more important,
deactivation and/or collisions of the excited molecule with ground-state C2H: can lead
to formation of major photochemical (stable) products, namely diacetylene, ethylene,
hydrogen, and small amounts of vinylacetylene and benzene.[!?!- 157 1691 At x=172.0 and
184.9 nm and low p (<106 Pa=0.8 Torr), the quantum yield of reaction (6-1) was
reported to be 1/5 as large as at the above-mentioned shorter A values, indicating that
direct dissociation is less important.['®!] Therefore, deactivation of C,H; at the reactor
walls is more probable than further reactions that could lead to coating formation. With
increasing p, more collisions occur, reaction (6-1) becomes more significant, and
deactivation less relevant through higher probability of radical creation; thus, increased

161

polymer formation can be observed.['®" Due to this particular photolytic behavior of
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C2Hz, not only A but also p needs to be considered in order to account for quantity of
organic coating formation. Based on these theoretical considerations and experimental
trials, a rather high p value (p=400 Pa=3 Torr) was chosen in this work as a
compromise, so as to obtain appreciable coatings formation at all of the A values

investigated.

Hydrogen sulfide, H»S, the second gaseous reagent in this study, strongly
absorbs in the 120-250 nm VUYV spectral range (Figure 6-1). Upon absorption at A<309

nm, direct photolysis occurs leading to cleavage of the H-SH bond:['6% 163]

HyS+hv (>40eV) > SH-+H- (6

Reaction (6-5) has been identified as the primary process for all A of interest. Secondary
reactions include the formation of H and S through the reaction of the created radicals

with each other or with H»S.

Formation of polymer-like sulfur-rich thin films can occur through propagation of the
excited states acetylenes (reactions (6-2) to (6-4)) or through thiol-yne chain reactions,
initiated by the addition of SH- radicals, formed in reaction (6-5), to acetylene:

SH - +C,H, » HS — CH = CH - (6-6)

HS —CH = CH - +H,S - HS — CH = CH, + SH - (6-7)

The product of reaction (6-7) can further react with SH- radicals forming even larger

chains that can be incorporated into the organic coatings.
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6.3 Experimental Section

6.3.1 VUYV photo-polymerization

The experimental set-up used for VUV photo-chemical experiments (Figure 6-2) was

1 [20, 119, 127,135

based on the design developed by Truica-Marasescu et a 1 and was similar

to the one used in our earlier work.?3?!

Gas inlet
(C,H,/H,S)

Vacuum pumps ﬂ
and pressure gauge |

N

Moveable Sample VUV source

3

VUV reactor F-rontal
distance, [
chamber

Figure 6-2: Cross section of the vacuum ultra-violet (VUV) photo-chemical reactor

chamber used for depositing thiol-terminated organic thin films.

Briefly, it consisted of a stainless steel six-way cross chamber, evacuated to low p (base
pressure p < 10 Pa=7.5-10® Torr) using a turbo-molecular pump in tandem with a two-
stage rotary vane pump. The operating pressure was maintained at p=400 Pa=3 Torr.
The flow rate of the hydrocarbon, CoH» (99.6%, MEGS Inc., Montreal, QC, Canada),
Fcomz), was kept constant at 10 sccm using a mass flow controller (Brooks Instruments,
Hatfield, PA, USA), while that of HoS (99.5%, MEGS Inc., Montreal, QC, Canada),

Fzs), was varied between 0 and 10 sccem; this yielded values of the gas mixture ratio

= :(H—ZS)) ranging from O to 1. The purity of C2H2, which is commonly supplied
(C2H?2)
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dissolved in acetone in bottles filled with a porous medium,?**! was assured by
connecting the reservoir to a CoH» filter (Balston 95A-1/4 Acetylene Filter, Parker,
Haverhill, MA, USA). The removal of acetone from C,H> was important since acetone
is photochemically active at the wavelengths used in this study and could contribute to
the formation of the organic coatings.?**! A removal efficiency of 70 % was achieved

with the above-mentioned filter. Polymer-like[*!¢!

coatings resulting from the photo-
chemical reactions, hereafter designated “UV-PA:S” (for “ultraviolet-polymerized
sulfurized acetylene”), were deposited on 500 um-thick (100) p-type silicon wafers
(University Wafer, Boston, MA,USA).

Four different VUV sources were used in the present A-dependent study to
deposit UV-PA:S films, namely a low-pressure mercury (Hg) lamp (STER-L-RAY®,
Hauppauge, NY, USA) and three non-coherent commercial resonant or excimer noble
gas VUV lamps (Resonance Ltd., Barrie, ON, Canada), based on an electrodeless radio-
frequency (r.f., 100 MHz)-powered discharge. Depending on the particular lamp, noble
gas such as Krypton (Kr) or Xenon (Xe) is sealed into a high-grade Pyrex ampoule with
a MgF, window (cut-off wavelength, A=112 nm), as described in detail elsewhere.*"
19,1351 The spectral characteristics of the different VUV sources are summarized in
Figure 6-3 and Table 6-2. Compared to the “Resonance” sources, the Hg lamp shows
several emission lines, the most pronounced being at A=253.7 nm. However, only the
emission at A=184.9 nm was of importance in this work based on k(L) of the two
precursor gases, and it represents about 7% of the lamps’ total output, 7/84.9 um, 5.08 cm, air
=177 uW/cm?. In order to integrate this lamp to the VUV reactor chamber, it was placed
in front of a flanged fused silica window, which assured good vacuum in the reactor

chamber.
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Figure 6-3: Intensities and spectral distributions of the VUV radiation emitted by the
a) resonant Kr; b) resonant Xe; c) Xe excimer (as measured by Truica et al [?% 127133
at d=6 cm under high vacuum), and d) Hg lamps (spectrum obtained from the

manufacturer, corresponding to d=>5.08 cm!** in air).

Table 6-2: Characteristics of the VUV sources used, measured under high vacuum at

the respective frontal distances, d (see text).

Lamp Peak Wavelength, Photon Energy, Photon Flux,
Apeak (NM) E, (eV) ® (ph/cm?/s)

KrL 123.6 10.0 1.4-10°

XeL 147.0 8.4 2.5-10°

XeE 172.0 7.2 6.3-10"

Hg 184.9 6.7 7.1-10"
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The c-Si substrates were mounted on a stainless-steel sample holder, which could be
moved axially within the VUV reactor chamber, to frontal distances of dk,z=0.9 cm,
dxer=0.9 cm, and dx.z=0.7 cm. Varying d between the substrate and the VUV source
allowed us to vary the photon flux, ®, impinging on the gas mixture in the gap. In the
case of the Hg source, the lamp was moved to dr,=8.0 cm away from the fused silica
window, behind which the c-Si substrate was placed. This allowed us to achieve
comparable experimental @ values (see Table 2) while guaranteeing deposit creation
on the c-Si substrates. Earlier work by Truica et al.?% 127- 1351 had shown that a ®~d"’
relationship quite closely applied to the “Resonance” lamps at the sample
holder/substrate, even though these were far from being “point-sources”. To determine
®, the photocurrent, 7, of each source was measured at different d from the respective
source under high vacuum inside the chamber, using two NIST-calibrated photodiodes
(Resonance Ltd., Barrie, ON, Canada). This allowed us to obtain ® as a function of d
and thus to determine the above-mentioned distances for each source at which
comparable photon fluxes would act at the position of the c-Si substrates. Coatings of
comparable thicknesses (~ 50 nm) were obtained by varying the treatment duration
between 1 and 5 h (depending on the VUV source and gas mixture ratio).

For reasons of safety in handling the toxic H»S, the experimental chamber was
housed inside a N»-filled glovebox; this had the additional benefit of inhibiting oxygen-
exposure and “aging” of the freshly-deposited UV-PA:S films when the chamber was

opened.
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6.3.2 Characterization studies

6.3.2.1 X-ray photoelectron spectroscopy

All deposits were characterized by X-ray photoelectron spectroscopy (XPS), performed
in a Thermo Scientific K-Alpha™ instrument (Waltham, MA, USA) using
monochromatic Al Ka radiation (A7v=1486.6 eV). The samples were mounted onto a
vacuum transfer module (VTM, Thermo Scientific K-Alpha™) inside the glovebox and
directly transferred to the instrument without exposure to air; this allowed us to
determine the UV-PA:S films’ native chemical composition without exposure to
atmospheric O>. The elemental compositions (in atomic %, at. %) and chemical
environments of the constituent elements were obtained by survey- and high-resolution
(HR) spectra, respectively. The former were acquired at a pass energy of 160 eV, a
dwell time of 200 ms and energy steps of 1 eV, the latter at pass energy of 20 eV, dwell
time of 200 ms and energy steps of 0.1 eV. No evidence of X-ray induced damage was
observed, based on measurements of the Cls peaks before and after analyses. Spectra
were acquired at 0° emission angles, and possible charging was corrected by
referencing all peaks to the HR Cls peak at binding energy (BE) = 285.0 eV. The
constituent elements were quantified from the broad-scan spectra using
CasaXPS v2.3.16 (CasaSoftware Ltd., Teignmouth, England), by integrating the areas
under relevant peaks after a Shirley-type background subtraction, and by using
sensitivity factors from the Wagner table.>®! Throughout this study, we refer to the
atomic sulfur concentration, [S], of UV-PA:S coatings; however, since hydrogen atoms
cannot be detected by XPS, [S] is approximated by:

(6-8)

[S] x 100

“St+o0+C
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6.3.2.2 Chemical derivatization with N-ethylmaleimide
Chemical derivatization with N-ethylmaleimide (98%, BioShop Canada Inc.,
Burlington, ON, Canada) was used to quantify thiol concentrations, [SH], as recently
described by Thiry et al.**! The reaction mechanism is shown in Scheme 6-1, where
N-ethylmaleimide reacts selectively with SH via nucleophilic addition between the
S atom and the double bond in the maleimide structure (thiol-ene click reaction),
forming a stable thio-ether bond. The thiol-maleimide reaction offers several
advantages, including high selectivity in the presence of multiple functional groups,
rapid and quantitative conversion at low thiol concentrations, and high stability in

aqueous environments.?%”]

RSH +
 E—

RS

Scheme 6-1: Derivatization reaction between a thiol group and N-ethylmaleimide.

The derivatization reaction was carried out in phosphate buffer solution at pH=7, the
N-ethylmaleimide concentration being fixed at 0.1 M. Since free thiol functionalities

n,3% 258 the samples were

are sensitive towards oxidation upon exposure to oxyge
mounted into closed vials, equipped with a septum, before removal from the glovebox,
thereby eliminating possible exposure to air. The derivatization solution was then
injected through the septum and the samples were kept immersed in this solution for 78

h, following which they were rinsed in clean solution for 5 min to eliminate any

unreacted molecules, then finally dried under a flow of dry nitrogen. XPS survey
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spectra were obtained before and after derivatization, allowing nitrogen, [N], and

carbon, [C], concentrations to be quantified; [SH], was then calculated as follows:

% x 100 (%) (6-9)

[SH] =

6.3.2.3  Profilometry
The coating thickness, T, was measured by scratching down to the c-Si substrate using
a sharp needle. The resulting step height was measured with a Dektak XTTM Stylus
Profilometer (Bruker, Tucson, AZ, USA), using a diamond tip and an applied force of
3 mg. The measured 7 was used to determine deposition rates, » (nm/min), which in
turn were used to determine the normalized deposition rates shown in Figure 6-5, using

the respective photon flux of each source listed in Table 2.

6.3.2.4  Atomic Force Microscopy
The surface morphology of the films was investigated by atomic force microscopy
(AFM) using a MFP-3D instrument (Asylum Research, Santa Barbara, CA, USA). All
samples were measured in tapping mode using silicon cantilevers (ACTA model,
AppNano) with a nominal spring constant of 37 N/m, nominal resonant frequency of
300 kHz, and nominal tip radius of 6 nm. Gwyddion 2.48 software was used to process

the AFM images.

6.4 Results and Discussion

6.4.1 Deposition kinetics

As explained in the section entitled Wavelength-dependent photolysis of C>H> and H>S,

the photo-dissociation and therefore deposition was dependent on 4 (1) of the individual
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precursor gases. However, when considering mixtures as in this present study, k(1) must

first be used to calculate absorption coefficients of the gas mixtures, a, considering the

F(HS)

mixture ratios , R = ,
F(CzH>)

the intensity of the sources, 7, and the pressure, p. Truica
et al.l'% "% reported the following equation to calculate o

I

o= [ (e + g ) i

R+1 pdA

(6-10)

1(2)
f1(D)dA

where is the relative contribution (in %) of each A value in the overall emission

spectrum of the respective source, and p the gas pressure (here kept constant at 400

Pa=3 Torr).

The calculated absorption coefficients of the H>S/CoH» mixtures, «, as a

function of R are presented in Figure 6-4.
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Figure 6-4: Calculated absorption coefficients, a (in cm™), calculated using equation
(6-7) for H2S/C2H> gas mixtures, the corresponding wavelengths are those of the XelL

(squares), KrL (triangles), XeE (upside down triangles), Hg (circles) VUV sources.

Calculated o values of the HoS/CoHz mixtures are seen to vary significantly for the
different A, being highest at A=147.0 nm, followed by A=123.6 nm, A=172.0 nm, and
A=184.9 nm, respectively. Based on this, one would expect substantial differences in
the photo-induced deposition kinetics at different A. This was indeed the case, Figure
6-5, where deposition rates normalized with respect to photon flux, r/®, are seen to

have followed the same trend as a. The ratio 1/® is being considered, so as to remove
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possible dependence of r on the number of photons, in other words, focusing only on

the A—dependence.
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Figure 6-5: Normalized deposition rates, r/®, as a function of gas mixture ratio, R,
for UV-PA:S films deposited using the XelL (squares), KrL (triangles), XeE (upside
down triangles), Hg (circles) sources. The values of r are normalized with respect to
photon flux, @. Error bars indicate 95% confidence interval. The lines are to guide

the reader’s eye.

Overall, /@ values are seen to have decreased with rising R, for XeL from 2.1 (R=0)
to 1.1x10"'8 nm/ph/cm? (R=1); from 0.8 to 0.3 x107'® nm/ph/cm? for KrL; from 0.7 to
0.2 x10'® nm/ph/cm? for XeE; and from 0.03 to 0.01 x107'® nm/ph/cm? for Hg. This
comes as no surprise, since, except for Hg, all a values decreased with rising R. For
Hg, an increase in a was due to higher £ of HoS at A=184.9 nm. The overall rate at
which precursor radicals were produced decreased with increasing R, which also

reduced the relative concentration of CxHy- radicals, and thereby also the formation of
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UV-PA:S.11%20. 1191 Fyrthermore, increasing R also gave rise to a greater concentration
of reactive H atoms, leading to competing etching reactions, hence to the decrease in
#/@ for all four VUV sources.['% 23]

It is noteworthy that pure acetylene-based, amorphous carbon films (R=0) had
been obtained in the past through PICVD by Danno et al.***! using a low-pressure Hg
lamp. The carbon films were deposited at elevated temperatures (150 and 300°C), under
conditions resulting in 7/® values of 1.8x107!” nm/ph/cm? and 7.2x10'® nm/ph/cm?,
respectively, compared to 3x10-2° nm/ph/cm? in the present work (at room temperature).
Differences between setup geometries and process parameters (even though Danno also
used p=400 Pa= 3 Torr) could help explain the higher deposition rates obtained by the

Japanese authors.

6.4.2 Chemical composition of deposited UV-PA:S films

Chemical compositions, more particularly [S] as a function of R, are seen to have
displayed different trends among the four different UV-PA:S film families (Figure 6-6).
An example of an XPS survey spectrum, which was used to obtain [S], is demonstrated

in Figure 8-4 in Appendix B.
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Figure 6-6: Sulfur concentrations, [S] (in at.- %) of UV-PA:S films deposited using
XeL (squares), KrL (triangles), XeE (upside down triangles), Hg (circles) VUV

sources, as a function of gas mixture ratio, R. The lines are to guide the reader’s eye.

On the basis of Figure 6-1 and Table 6-1, the highest k() values of HoS at A=184.9 nm
might lead one to expect the highest [S] for the case of the Hg VUV lamp, but the most
efficient S-incorporation in fact was observed for XeL. In order to incorporate S-
containing groups into UV-PA:S, the polymer-like backbone needs to be created first
and foremost. For the case of XeL the probability of CxHy- radical creation by photo-
dissociation of C,H, was obviously high, thereby possibly also allowing higher
incorporation of S. However, for the case of the Hg source, the rate of creating CxHy-
radicals was much smaller, even though the possibility of S incorporation was higher
Tentatively, this would explain why [S] ~ 50 and ~ 40 at.% for the XeL and Hg lamps,
respectively, as observed in Figure 6-6. In terms of possible reaction mechanisms, if

only “pure” thiol-yne chain reactions ((6-6) and (6-7)) would take place, a film
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composition of (SCH2CHa),, resulting in [S]=33 at.% could be expected. However,
since [S]>33 at.% (in the case of the Hg and XeL sources), we can assume that this is
not the only formation mechanism. Many subsequent reactions are possible, resulting
in a broad product distribution. Contrary to trends of increasing heteroatom
concentration (here: S) with rising R values reported in the literature and in our previous
work,[1%- 832331 Figure 6-6 did not bear witness to such an increase in [S]. Here, [S] of
the UV-PA:S films tended to rise between R=0.1 and 0.25, but it then remained nearly
constant when R further increased. We attribute this to the higher pressure (p=400 Pa=3
Torr) used in the present experiments, compared to p « 133 Pa=1 Torr in previous
studies. In an attempt to better understand this rather unusual behavior noted in Figure
6-6, UV-PA:S films were deposited at p=13 Pa=0.1 and 133 Pa=1 Torr using only the
KrL and XeL VUV sources (Figure 6-7). Only these two yielded sufficiently high »
values at the lower p, due to the dependence of quantum yield on p discussed in the

earlier section entitled Wavelength-dependent photolysis of C2H> and H>S.
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Figure 6-7: Sulfur concentrations, [S] (in at.- %), for UV-PA:S films deposited using
the a) KrL and b) XeL VUV sources at three different pressures (p=13, 133, and 400

Pa=0.1, 1 and 3 Torr) and two gas mixture ratios (R=0.1 and 1).

At low p (p=13 Pa=0.1 Torr), a dramatic increase in [S] with rising R was observed, as

also reported in the literature and in our own previous work. As p increased, numbers
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of molecular collisions of course also increased, leading to more S-bearing reactive
species and more sulfur incorporation into the films. In Figure 6-7, [S] values at R=1
and lower p were seen to significantly exceed those at higher p, especially for XeL
radiation, while at p=400 Pa=3 Torr [S] values were almost independent of R, as
observed in Figure 6-6.

Changing p could also lead to transitions among different flow regimes, of
which one can distinguish three, depending on p and on geometry: these are molecular,
continuum and transition flows. They can be quantitatively distinguished by their
respective dimensionless Knudsen numbers, Ka:

(6-11)
K, =

l
d
where / is the molecular mean free path and d a characteristic length of the experimental
apparatus; in this case we chose d to be the distance between lamp and substrate where
deposition occurred. Mean free path, /, the average distance between collisions among

gas molecules, is given by!26%-261]

[ kT _ kpT (6-12)
 \2op 1 1.4\2
op \/Eﬂ(jd1 +§d2> P1D2

for the case of gas mixtures with dissimilar particles. In equation (6-12), ks is
Boltzmann’s constant, 7 the temperature, o the collisional cross-section, and p the
pressure. To consider collisions between the dissimilar particles here, the molecular
diameters of H»S (d,=3.6-10'° m) and of C>H» (d>=3.3-10'° m), and their partial
pressures (p; and p2) need to be considered. Knudsen numbers, K,<0.01 describe
continuum flow, whereas K,>1 represent molecular or discrete particle flow. Between

those values both gas-gas and gas-wall collisions are important, and the flow regime is
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termed transition or slip flow.[?6°262] Here, the two mixture ratios (R=0.1 and 1) and
three different pressures (p=13, 133 and 400 Pa=0.1, 1 and 3 Torr) yielded K, ~0.1 at
p=13 Pa=0.1; ~0.001 at p=133 Pa=1 Torr; and ~5-10° at p=400 Pa=3 Torr (see
Appendix B for detailed calculations). Therefore, we have observed a shift between
transition and continuum flow regimes. As p increased and transition towards
continuum flow occurred, collisions gained in importance, transition towards
continuum flow being observed between p=13 and 133 Pa (=0.1 and 1 Torr)
(Kn<<0.01). We propose that this transition may explain the different [S] versus R
behaviors observed in Figure 6-6 and Figure 6-7. Such a dependence of chemical
composition on p is an important observation, one which to the authors’ knowledge has
so far not yet been reported in connection with transitions among flow regimes. This
aspect of very different heteroatom incorporation rates may well need to be taken into
consideration when in future designing new CVD processes.

Because [S] does not reveal in what functional form this element was
incorporated in the UV-PA:S films, the selective and quantitative derivatization
reaction based on N-ethylmaleimide was used to determine [SH], as shown in Figure
6-8. A typical XPS survey spectrum obtained after the derivatization reaction is shown

in Figure 8-4 in Appendix B.
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Figure 6-8: Proportion of C bearing -SH groups, [SH] (in %), determined using
chemical derivatization XPS for UV-PA:S films based on XeL (squares), KrL
(triangles), XeE (upside down triangles), Hg (circles) VUV sources, versus gas
mixture ratio, R. Error bars show standard deviations of three measurements. The

lines are to guide the reader’s eye.

This plot of [SH] versus R displays similar trends as that of [S] versus R in Figure 6-6,
the highest incorporation of thiol groups having occurred for the case of XeL-based
deposits, followed by Hg, KrL and XeE ones. Following an initial increase in [SH]
between R=0.1 and 0.25, [SH] values are seen to have remained nearly constant. These
UV-PA:S films, especially in the case of XeL, were much richer in SH groups than
their L-PPA:S (“low-pressure plasma-polymerized, sulfurized acetylene”)
counterparts, reported in our previous study;?%3 here, [SH] values up to ~7.7 % were
achieved by photo-polymerization, in sharp contrast with the maximum of only ~3.4 %
for L-PPA:S. This was not only the case for the present gas mixtures, but also for a

single molecule precursor, propanethiol, where a maximum [SH] of ~5 % was
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obtained.’¥ It is noteworthy that comparable [SH] (~5 %) was achieved using the Hg
lamp, far more affordable and readily available than the other three VUV sources used
here.

The observed higher photochemical [SH] values for UV-PA:S films compared
with their plasma-chemical L-PPA:S counterparts is not entirely surprising, because
this has already been observed and reported for N- and O-rich films.!'% ") Indeed,
Truica reported UV-PE:N deposits with up to more than 70 % [-NH2] concentration
(versus roughly 30 % for L-PPE:N) when using CoH4-NH3 reagent gas mixtures. In
low-pressure plasma, the gaseous precursors are subjected to many collisions with
“hot” electrons that possess Boltzmann-like energy distribution. However, as stated
earlier, photolysis of H>S creates only SH- radicals, which react with hydrocarbon
radicals under much lesser disruption than in a discharge plasma. For this reason [SH]
values for the XeL-based UV-PA:S were the highest ones reported in the literature so
far for any preparation method or type of precursor. They greatly exceeded ones
previously reported (up to ~1.75 %),?*¥ where photo-polymerized S-containing films
were prepared using mixtures of CoHy or butadiene (C4Hg) with HoS using the KrL
source. Beside the selective and specific VUV-photochemical reactions via the present
gas mixtures, a further reason for the high [SH] can be attributed to the exclusion of
oxygen during derivatization, i.e. no oxidation of free thiol groups. To the authors’ best
knowledge such air-excluding derivatization had not been reported before, but it can
evidently have contributed significantly to increased retention of SH-groups.

While stability studies were beyond the scope of the present work, previous
studies suggest that these photo-derived films should be stable in aqueous media,

suitable for further applications.!%233263]

140



6.4.3 Surface morphology

Growth mechanisms and resulting surface-topological features are also known to affect
the performance of thin coatings for biomaterial uses.['” 1 In designing new
biomaterials, it is critically important to consider how cells respond to specific surface-
chemical and -topographical features. Therefore, we have examined the surface
morphologies of UV-PA:S films deposited using the four different VUV sources at

R=0.1 and R=1, see Figure 6-9.

Figure 6-9: Atomic force microscopy topography images of UV-PA:S films deposited
using the KrL VUV source at a) R=0.1 (5x5 um?); b) R=0.1 (Ix1 um?); and (c) R=1

(Ix1 um?). The bottom images represent 3D portrayals of the respective surfaces.

At lower magnification (5x5 um?, Figure 6-9a)), the R=0.1 film appeared smooth , but
at higher magnification (i.e. smaller area, 1x1 pm?) the AFM images reveal a rougher
surface with island-like features up to ~4 nm in height (Figure 6-9b)). These were more
pronounced at R=1 and were seen to grow in height up to ~14 nm (Figure 6-9c)): The
films” RMS roughness increased with rising R, from ~1.5 nm to ca. 5.4 nm. Similar
island-like features with increasing R were also observed for the other VUV sources.

For example, Figure 6-10 represents UV-PA:S films obtained with the Hg source, from
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which we conclude that surface morphology of UV-PA:S was essentially independent

of A, but that it was strongly influenced by R.

150 nm

140

120

Figure 6-10: Atomic force microscopy topography images of UV-PA:S films

deposited using the Hg VUV source at a) R=0.1 (5x5 um?); and b) R=1 (5x5 um?).

The bottom images represent 3D portrayals of the respective surfaces.

Plasma polymers with diverse surface topographies are well known in the literature.['”*:
182, 183, 2641 UV-PA:S appears to present Volmer-Weber growth morphology, where
incoming film-forming precursors have more affinity for one another than for the (c-
Si) substrate surface. As a result, they tend to form clusters which grow into 3D islands
that can eventually coalesce and merge into a continuous film.['8!: 1822651 Tp terms of
surface energy, v, the deposit tends to form islands minimizing its surface, if its y is

significantly different from that of the underlying substrate, since no intermolecular
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interactions with the substrate occur. From this, we could infer that the surface energy

of the UV-PA:S films deviates from y of the substrate with rising R and thus with [S].

6.5 Summary and Conclusions

PICVD techniques have been gaining interest over the past years, for example for
selective, specific organic surface functionalization. Simply by selecting different
photon energies (i.e. values of A), thin films with different properties could be obtained
in this present work. Although different VUV photon energies could be useful in
surface engineering, very few wavelength (A)-dependent deposition studies had been
carried out so far. The present study aimed to understand A-dependent deposition of
thiol-terminated films using four different VUV sources covering roughly 123 nm < A
< 185 nm. We have shown that UV-PA:S coatings could be successfully deposited by
VUYV irradiation of acetylene (C>Hz) / hydrogen sulfide (H2S) mixtures, growth rates
and properties of the resulting films being highly A-dependent. The results clearly
showed that photolytic reactions of C2H> and H»S are governed by the gases’ absorption
coefficients, k(L), obviously also that of the H>S/C>H» gas mixtures, a.. The latter was
found to be highest for the XeLL VUV source, and was found to yield the highest sulfur,
[S], and thiol, [SH], concentrations. [SH] values reported here are the highest in the
literature so far, a good choice if high [SH] are desired for further (biomedical)
applications. Slightly lower [SH] (~5%) were obtained with the more economic and
readily accessible Hg lamp. The importance of pressure, p, another key CVD process
parameter was also amply demonstrated in the section entitled Wavelength-dependent
photolysis of C>H> and H>S. This was especially evident from the [S] versus R
dependence: surprisingly, at the relatively high p=400 Pa=3 Torr, used here, [S]

remained nearly constant with R contrary to all previous studies by others and by
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ourselves.[177-83. 2331 [ndependent of A, UV-PA:S deposits showed island-like growth
morphology, more pronounced with increasing [S].

In summary, this A-dependent VUV photo-deposition study demonstrated the
importance of single, well-characterized VUV sources for selective and specific
deposition of organic coatings. This UV-PA:S deposition technique can be useful for
creating optimized films with desired biomedical properties simply by adjusting the

source’s wavelength.
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Chapter 7 Conclusions and recommendations for future

work

7.1 Summary

This body of work details novel syntheses of stable thiol (SH)-terminated organic
coatings with high SH concentrations, which could potentially find use among others
in biomedical applications. Reviewing the literature (Chapter 2), it is evident that SH-
terminated materials are gaining importance due to their ability to covalently
immobilize (bio)molecules via thiol-ene click reactions. The conventional synthesis of
SH-terminated surfaces involves wet-chemical approaches, such as bulk
polymerization, gas or acid sulfonation, or photochemical grafting. These wet-chemical
approaches are found to be non-specific, lengthy, hazardous, and can degrade the
substrate, making their fabrication challenging. Finding new fabrication methods that
are simpler, faster, and more environmentally friendly was the main driver for the
present work. Plasma enhanced chemical vapor deposition (PECVD) and photo-
initiated CVD (PICVD) are viable synthesis alternatives, as they represent one-step,
solvent free processes, in which the waste production and CO, emissions are reduced
since all chemical reactions are driven using electricity. PECVD has been used in the
past to produce SH-terminated organic coatings using single-molecule precursors

already containing the desired SH functionality, such as allylmercaptan,l’!> 8¢ &

72, 91941 This approach can be beneficial in

thiophene,[** 31 7> %01 and propanethiol.!
obtaining high concentrations of SH groups on the surfaces, however, it is limited in
the number of process parameters available to tune the properties of the organic

coatings. Even though some groups have obtained SH-terminated organic coating

through PECVD, only Thiry et al. have reported a complete study combining plasma
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diagnostics and plasma polymer synthesis, connecting the influence of different plasma
process parameters on the chemical properties of propanethiol plasma polymers.[7% °!-
%1 In the present work we chose to use the “co-polymerization” approach, in which
binary gas mixtures (BGMs) comprising a hydrocarbon and a sulfur-rich gas were used
to create functional SH-terminated coatings. This approach allows to adjust the gas
mixture ratio, R, enabling better fine-tuning of the films’ properties.

Using both above-mentioned CVD techniques, SH-terminated surfaces were
obtained through “co-polymerization” of BGMs comprising ethylene (C2Hs) or 1,3-
butadiene (CsHs) and hydrogen sulfide (H2S) (see Chapter 4). Irrespective of the
deposition technique, coatings were found to have very similar properties and remained
stable after 24 h of immersion in water. However, contrary to our expectations and
previous results from nitrogen- and oxygen-rich coatings, the plasma-based coatings
were richer in SH compared to their VUV counterparts. Overall, the use of BGMs offers
excellent control of the sulfur content, [S], flexibility over the desired [S] due to the
ability to readily vary and control R, acceptable retention of SH functionalities in the
films, and excellent stability towards dissolution in aqueous media and in air compared
to the more traditional use of single-molecule precursors.

Deeper investigation of the growth mechanisms of a further BGM comprising
acetylene (C2Hz) and HaS resulting in SH-terminated coatings revealed that in the case
of BGMs pronounced precursor fragmentation at higher powers resulted in increased
deposition rates, r, decreased [S], and increased SH concentrations, which was also
confirmed by mass spectrometry measurements (see Chapter 5). All above-mentioned
benefits related to the use of BGMs also applied in this second portion of the project.
A comparison of the resulting SH-terminated coatings with coatings obtained from a

single-molecule precursor (propanethiol) in a similar discharge demonstrated lower SH
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concentrations on their surfaces. This result was unexpected as the use of a single-
molecule precursor normally yields higher concentration of functional groups, as they
are already present in the molecule.

The last part of this research focused on the implementation of a wavelength
(A)-dependent study, therefore broadening the initial work presented in Chapter 4, by
using four photon energies (i.e. four VUV sources) to deposit SH-terminated organic
coatings from the previously used BGM of C;H; and H>S (see Chapter 6). This work
aimed to verify if the PICVD technique can be optimized in a sense that a material
richer in SH can be obtained, as previously reported for nitrogen- and oxygen-rich
organic coatings. By matching the absorption coefficients, k, of the precursor gases with
the emission of the lamps, maximum amounts of active species, and therefore more SH
on the surfaces, should be created. Indeed, different photon energies influenced the
deposition kinetics and film composition, reflecting that photolytic reactions are
governed by the gases’ absorption profile. SH concentrations up to ~7.7 % were
obtained, the highest reported in the literature to date. Overall, the presented A-
dependent photo-deposition study demonstrates the importance of single, well-
characterized VUV sources for selective and specific deposition of organic coatings.
This deposition technique can be useful for creating optimized films with desired
biomedical properties.

This thesis aimed to investigate the formation of SH-terminated organic
coatings from BGMs (comprising a hydrocarbon and a sulfur-rich gas) using two
different CVD methods. The importance of process parameters when designing new
functional organic coatings with desired properties was highlighted throughout this
research. Especially R can be of great use in tuning the sulfur or SH concentrations.

The results obtained during this study lay a foundation for understanding the
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mechanisms occurring during different CVD methods leading to SH-terminated
surfaces. With this, applications on the created SH-terminated organic coatings can now

be tested.

7.2 Contribution to knowledge

As aresult of the present work, various contributions to the field of surface engineering
have been provided. In particular, the development of two new approaches to create
SH-terminated surfaces with potential for biomedical applications.

The following original contributions to scientific knowledge resulted from this
Ph.D. project:

e Creation and comparison of SH-terminated organic coatings using PECVD and
PICVD techniques with tunable and controllable sulfur and SH concentrations
from BGMs.

e Investigation of growth mechanisms of sulfur-rich plasma polymers using
BGMs and comparison with a single-molecule precursor.

e Implementation of a wavelength (A)-dependent VUV photo-deposition study to
optimize SH concentrations using PICVD and investigation of the influence of
specific photon energies on deposition kinetics and chemical composition of the
SH-terminated organic coatings. This yielded highest SH concentrations on the

surfaces reported in the literature so far.

7.3 Future work recommendations

After having developed new processes that can be used to create stable SH-terminated

organic coatings, the following recommendations are suggested for future work:
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Investigation of interactions of biomolecules with the created SH-terminated
surfaces. This also includes understanding the influence of varying SH
concentrations on their survival and spreading rate, and determining an optimal
SH concentration, for maximum adhesion for example. To better understand
interactions between biomolecules and SH-terminated surfaces, their growth
and morphology, as well as their ageing behavior and stability in solution need
to be studied in more detail. Especially the morphology of the created SH-
terminated surfaces is of interest for the immobilization and growth of
biomolecules since they are known to orient themselves along patterns. As
stated in Chapter 6, the surface morphology of the created SH-terminated
coatings was seen to be independent of the used photon energy as all coatings
demonstrated island-like features. However, a dependence of feature size on
wavelength was noted, as the features obtained at lower wavelengths were
significantly smaller compared to the ones obtained at higher wavelengths.
These changes in size and orientation of the features might affect the
immobilization and growth of biomolecules on the surface and can be used to
alter their conformation but also their attachment pattern. Additionally, stability
test of the SH-terminated coatings can be improved by using non-polar solvents
in addition to the polar ones already used throughout this research.

Preparation of SH-terminated organic coatings using alternative sulfur-
containing precursors (e.g. CSz, OCS) and study their impact on the films’
properties, especially the SH concentration, and stability. The use of further
sulfur-containing precursors with broad absorption spectra could be of special

interest for PICVD.

149



3. Development of diagnostic strategies for PICVD experiments and correlate
results with surface characteristics to gain deeper understanding on the
deposition mechanisms.

4. Development of wavelength dependent studies for other functional gases (e.g.
nitrogen- or oxygen-containing) to maximize functional group concentrations.

5. Deeper analysis of the influence of the hydrocarbon component in the plasma
on deposition behavior. It was shown in Chapter 4 that using C2H4/H>S and
C4H¢/H2S gas mixtures lead to the formation of film-forming species,
demonstrated in an increase in deposition rate (until reaching saturation).
However, using CoHo/HoS (Chapter 5) yielded a strong reduction in deposition
rate. Besides the possible influences coming from the different plasma reactors
it would therefore be significant to study if S-containing species might yield
both film-forming and/or etchant species depending on the reactivity and
hydrogen availability of the used hydrocarbon component in the plasma.

6. Implementation of new technologies for potential scale-up of the obtained SH-
terminated coatings. For plasma-based coatings, atmospheric plasma
technologies could be considered (if toxic gases are replaced) to eliminate the
high costs introduced through the vacuum systems. For photo-based coatings,
the main consideration should be to use gases with strong absorption profiles at
wavelengths greater than 160 nm to eliminate the need of vacuum systems and
expensive (optical) materials. At these wavelengths cheaper materials, such as
the readily available Suprasil and Quartz can be used as window materials.
Furthermore, lamps that are readily available and possess high intensities should
be used for increased deposition. Such available, powerful lamps could be the

different excimer UV and VUV lamps based on dielectric-barrier discharges.
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More readily available and affordable light sources that could be used are low-

pressure UVC as well as LED sources.
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Chapter 8 Appendices

Appendix A: Supporting Information for Chapter 5
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Figure 8-1: Mass spectrum of a) propanethiol vapor (plasma off) and mass spectra of

plasmas sustained at b) <P>=12 W and c) <P>=48 W.
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Figure 8-2: FTIR spectra of L-PPA:S films obtained at a) <P>=12 W and b)

<P>=48 W. Comparison between L-PPA:S films deposited at three different R

values. Circled area shows the appearance of the SH stretch band when H>S is added

to the gas mixture (R>0).
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Figure 8-3: Loss of thickness, AT, (in %) of L-PPA:S films (squares, <P>=12 W;
circles, <P>=48 W) as a function of gas mixture ratio, R, and of Pr-PPFs (triangle,
<P>=]2 W; star, <P>=48 W) at equivalent elemental feed ratio (X=S/C=1/3) after

immersion in Milli-Q water for 24 h. Error bard show standard deviation of three

measurements. The lines are to guide the readers’ eye.

As in our previous study, all types of coatings were found to be quite stable after 24 h
of immersion in Milli-Q water, a key criterion for biomedical applications.
Furthermore, we noted an increased stability towards ageing with R. Contrary to earlier
reports for N- or O-rich coatings, we did not observe an increase in solubility with rising

R values, nor significant differences between the two powers applied.
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Appendix B: Supporting Information for Chapter 6
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Figure 8-4: XPS survey spectra of an as-deposited (black) UV-PA:S films and after

derivatization (low [SH] in red, high [SH] in green).

Throughout this study, sulfur concentrations, [S], were obtained from peak integration
of XPS survey spectra of different UV-PA:S films (Figure 8-4 black curve). In order to
calculate thiol concentrations, [SH], the procedure developed by Thiry et al.”* was
followed. The presence of nitrogen in the XPS spectra after derivatization (Figure 8-4
red and green curves) can be attributed to the incorporation of N-ethylmaleimide into
the UV-PA:S coatings, most likely by following the mechanism described in Scheme
6-1. The incorporation of N-ethylmaleimide can also be verified by analyzing the Cls
peak before and after derivatization, as discussed in detail elsewhere.”* 2331 The
concentration of carbon-bearing thiol groups, [SH], can be calculated using equation

(6-9) from [S], [C], and [N] obtained from XPS peak integrations.
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Estimation of Knudsen number for CoH,/H»S gas mixtures at three different pressures

The nature of a gas (mixture) can be determined using the Knudsen number, defined

as:

Where / is the mean free path and d the characteristic length of a given system.

The mean free path or average distance between collisions for gas molecules is defined

as:

kyT

| =
V2ap

Where kg is the Boltzmann constant, T the temperature, o the effective area/cross-
section for collisions, and p the pressure.

For gas mixtures with dissimilar particles, the collisional cross-section is given by:

2

1 1
Where d; is the molecule diameter of H»S and d» the molecule diameter of CoH».
Giving the following expression for the mean free path of gas mixtures:

kyT

|l =
1 1.,
\/ET[ (7 dl + ? dz) plpz

To consider dissimilar particles and their collisions between each other, partial
pressures (p; and p>) need to be considered in gas mixtures.
Different relative proportions of H2S and CoH» within the gas mixtures (=x) were used

during the experiments resulting in different gas mixture ratios. These relative

proportions of the different gases can be used to calculate the partial pressures of H2S
and C,H; at different total pressures (R=0.1 implies 9% H>S and 91% C,H», and R=1
implies 50% H»S and 50% C,H»):
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P1 = X * Peotal

Table 8-1: Calculated partial pressures for H2S and C2H2 at different gas mixture

ratios, R.

Total pressure (Torr) | Gas ratio R przs (Torr) pcz2mz (Torr)
0.1 0.009 0.091
0.1
1 0.05 0.05
0.1 0.09 0.91
1
1 0.5 0.5
0.1 0.27 2.73
3
1 1.5 1.5

Given the different partial pressures for different gas mixture ratios, the mean free path

for different pressures can be calculated and are summarized in the following table:

Table 8-2: Calculated mean free paths, 1, at different gas mixture ratios, R.

Pressure (Torr) Gas ratio R Mean free path, / (m)
0.1 53%10™
0.1
1 1.7 %10
0.1 53%10°
1
1 1.7 %107
3 0.1 58%107
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1 1.9 %107/

For the characteristic length of the reactor, only the length where deposition is actually
occurring was considered, i.e. the distance between the lamp and the sample, d=0.4 cm.
Using those simplifying assumptions, the following Knudsen numbers were obtained

for the three different pressures for R=0.1 and R=1:

Table 8-3: Calculated Knudsen numbers, K,, at different gas mixture ratios, R.

Pressure (Torr) Gas ratio R Knudsen number
0.1 0.13
0.1
1 0.14
0.1 0.001
1
1 43 %1074
0.1 1.4% 10
3
1 48%107

Knudsen numbers smaller than 0.01 describe a continuous/viscous flow. Values
between 1 and 0.01 describe a transition or slip flow. From the results obtained above
we see that a transition from a slip into a continuous flow is approached when

increasing the pressure.
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