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Preface

During my career I have followed winding roads. My journey started studying
geology, mineral processing and process metallurgy at Luled University of Technology. I
have travelled past material technology and hard materials studied at Sandvik Coromant
and the Thin Film Physics Group, and parts of the last years I have spent in the softer
area of biochemistry where I have sniffed areas such as protein structure and biomaterials.

The research work presented in this thesis was initialized at the Thin Film Physics
Division, and later continued at the Laboratory of Applied Optics, both divisions at
Link6ping University and the Department of Physics, Chemistry and Biology. The first
part of the research was focused on deposition and characterization of carbon-based
materials. The second part was a project aimed to investigate the biomolecular
interactions with carbon-based materials and also to investigate the process of protein
adsorption using in Situ spectroscopic ellipsometry.

Yet another victim for science
Torun Berlind

Linkoping, June 2009

Doubt is uncomfortable, certainty is ridiculous.

Voltaire (French philosopher and writer 1694-1778)
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Abstract

This thesis concerns synthesis and characterization of carbon-based materials and the
investigation of the possible use, of a selection of these materials, in biomedical
applications. Protein adsorption and blood plasma tests were used for this purpose
utilizing a surface sensitive technique called spectroscopic ellipsometry.

The materials were synthesized by physical vapor deposition and characterized
regarding microstructure, mechanical properties and optical properties. The ternaries B-
C-N and Si-C-N as well as carbon and carbon nitrides (CNy) of different microstructures
have been examined. In the B-C-N work, the intention was to investigate the possibility
to combine the two materials CNyx and BN, interesting on their own regarding high
hardness and extreme elasticity, to produce a material with even better properties.
Theoretical calculations were performed to elucidate the different element substitutions
and defect arrangements in the basal planes promoting curvature in the fullerene-like
microstructure. The Si-C-N ternary was investigated with the consideration of finding a
way to control the surface energy for certain applications. Amorphous carbon and three
microstructures of CNy were analyzed by spectroscopic ellipsometry in the UV-VIS-NIR
and IR spectral ranges in order to get further insight into the bonding structure of the
material.

In the second part of this work focus was held on studies of macromolecular
interactions on silicon, carbon and CNy film surfaces using ellipsometry. One purpose
was to find relevance (or not) for these materials in biological environments. Materials
for bone replacement used today, e.g. stainless steel, cobalt-chromium alloys and
titanium alloys suffer from corrosion in body fluids, generation of wear particles in
articulating systems, infections and blood coagulation and cellular damage leading to
impaired functionality and ultimately to implant failure. Artificial heart valves made of
pyrolytic carbon are used today, with friction and wear problems. Thus, there is still a
need to improve biomaterials. The aim of the fourth paper was to investigate the
interaction between carbon-based materials and proteins. Therefore, amorphous carbon
(a-C), amorphous (a), graphitic (g) and fullerene-like (FL) CNy thin films were exposed
to human serum albumin and blood plasma and the amount of protein was measured in
situ using spectroscopic ellipsometry. Surface located and accessible proteins after blood
plasma incubations were eventually identified through incubations in antibody solutions.

Antibody exposures gave indications of surface response to blood coagulation,
complement activation and clotting. The a-C and FL-CNy films might according to the
results have a future in soft tissue applications due to the low immuno-activity, whereas
the g-CN film possibly might be a candidate for bone replacement applications.

"Layered" structures of fibrinogen, a fibrous but soft protein involved in many
processes in our body, were grown in situ and dynamically monitored by ellipsometry in
order to try to understand the adsorption process and molecule arrangement onto a silicon
surface.

In the last paper of this thesis, the effects of ion concentration and protein
concentration on the refractive index of water-based solutions used in in situ ellipsometry
measurements were demonstrated and spectral refractive index data for water solutions
with different ionic strengths and protein concentrations have been provided.
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POPULARVETENSKAPLIG SAMMANFATTNING

Sedan urminnes tider har nya material fascinerat minskligheten och varit en av
grundstenarna for utvecklingen av vart samhille som det ser ut idag. Utvecklingen &r
stindigt pagaende, och dnda sedan bronset och jirnet borjade anviandas av ménniskan,
fram till dagens sofistikerade utveckling och forbittring av material sdésom; halvledare for
elektronik; stalsorter; keramer for rymdskyttlar; smarta polymerer; material i
verkstadsindustrin; och sist men inte minst; nya material som anvénds i ménniskokroppen
- sa kallade biomaterial -, har ménniskans nyfikenhet varit den stora drivkraften. Denna
avhandling fokuserar pa delar av en materialgrupp - kolbaserade material - som har blivit
viktig i en mingd olika applikationsomraden och som troligen fortfarande har mojligheter
att hitta nya anviandningsomraden.

Till kolbaserade material, som varit en av grundstenarna for det hér arbetet, hor bl.a.
harda och nétningsbestindiga material i form av t.ex. diamantlikt kol, amorft kol och
fullerenlik kolnitrid. En annan form av kolbaserade material &r friktionsfria (smorjande)
material i form av t.ex. grafit, och en tredje klass &r kolbaserade biokompatibla
komponenter som t.ex. pyrolytiskt kol.

Kol som alltsd dr en viktig komponent i méanga av vardagens material, forutom
ovanstdende exempel dven plast och stal, dr ocksa en av de viktigaste byggstenarna for
liv eftersom det ingér i proteiner som dr uppbyggda av aminosyror vars sidokedjor
huvudsakligen har centrala delar uppbyggda av kol. Detta 4r en av tankarna bakom
forskningen om mojligheterna att anvinda kolbaserade material i midnniskokroppen. Sa
enkelt dr det dock inte. Bara for att samma element som ingar i ett material ocksa finns
naturligt i kroppen, sd behover det nodvindigtvis inte accepteras av kroppen utan
problem. Det dr mycket som spelar in i interaktionen mellan minsklig vdvnad och ett
"fraimmande" material. Till att borja med har ytans morfologi en stor inverkan liksom
ytans laddning och energi samt molekylédra ytgrupper, Sddana egenskaper #r inte alltid sa
latt att fordndra utan att materialets 6vriga egenskaper foridndras.

Beroende pé vilken applikation ett material dr tinkt att anvidndas i kan exempelvis
notningsbestindighet for benkontakterande material ndmnas som en viktig parameter

samt en ytas formaga att inte trigga kroppens naturliga forsvar mot frimmande material i
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form av koagulation och aktivering av immunsystemet. Med detta som bakgrund har
studier dels utforts i form av karaktirisering av olika former av kolbaserade material som
CNy, BCN och SiCN, dels i form av proteinadsorptionsstudier badde med modellsystemet
fibrinogen pa kiselytor samt med albumin som modellprotein pa CNx och amorfa
kolfilmer. I denna avhandling har dels sjdlva kolnitridytorna och dels det dynamiska
forloppet av proteinmolekylers adsorption till olika ytor kunnat studeras med hjélp av en
teknik som kallas ellipsometri. Denna teknik bygger pa att polarisationen hos ljus
fordndras vid reflektion mot en materialyta och kvantitativt kan analyseras fore och efter
denna reflektion samt direfter anvindas for bestimning av bl.a. tjocklekar och
brytningsindex for materialet ifraga.

Inledande studier med exponering av amorft kol, amorf, grafitlik och fullerenlik
kolnitrid for albumin och blodplasma samt identifiering av ytlokaliserade och tillgingliga
proteiner efter plasmainkubationen genom inkubering i antikroppslosningar visar
indikationer pa ytrespons for blodkoagulation, komplementaktivering och klottning i
varierande grad for dessa material. Den amorfa och den fullerenlika kolnitriden skulle
med avseende pa resultaten kunna ha en framtid i applikationer for mjukvidvnad da dessa
filmer uppvisar ldg immunaktivitet. Den grafitlika kolnitriden skulle kunna vara en
kandidat for benkontakterande applikationer.

For att bittre forsta adsorptionsprocessen da ett protein adsorberar pa en yta vixtes
lagrade strukturer av fibrinogen, ett fibrost men mjukt protein som #r involverat i manga
av kroppens biokemiska processer, samtidigt som forloppet féljdes in situ med

ellipsometri.
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a amorphous
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APTES 3-aminopropyltriethoxysilane

C compensator angle

C3c complement component 3¢

d thickness

dn/dc increments in refraction with concentration
EDC ethyl-3-dimethyl-aminopropyl-carbodiimide
Fib fibrinogen

FL fullerene-like

HMWK high molecular weight kininogen

HSA human serum albumin

I ionic strength

IeG immunoglobulin G

k extinction coefficient

L the interaction length

Milli-Q ultrapure filtered water

n refractive index

N complex refractive index

NE null ellipsometer

NHS N-hydroxysuccinimide

p parallel to the plane of incidence

P polarizer angle

PBS phosphated buffered saline

pl isoelectric point (net zero charge)

QCM quartz crystal microbalance with dissipation
RBS Rutherford back scattering spectrometry

Rp complex reflection coefficient for p-component
Rs complex reflection coefficient for s-component
S perpendicular to the plane of incidence (from senkrecht)
SBF simulated body fluid

SE spectroscopic ellipsometer

SEM scanning electron microscopy

TEM transmission electron microscopy

UV-Vis ultraviolet-visible

XPS X-ray photoelectron spectroscopy

r adsorbed amount

o phase difference

A ellipsometry angle, phase difference

A wavelength of light

p ratio of Rp and Rs

0] angle of incidence

Y ellipsometry angle, amplitude
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1 Introduction

Chapter 1

Introduction

During all times new materials have fascinated humanity and have been
part of the foundation for the development of the human society. The
development is still ongoing, and ever since the birth of bronze and iron, until
today's sophisticated amendment and development of materials as e.g.
electronics and steel qualities, and the discovery of new materials like
ceramics for space vehicles, materials in engineering and tooling industry,
smart polymers and last but not least new materials for the use in the human
body - so called biomaterials -, the human curiosity is the most important
driving force. This thesis focuses on parts of a group of materials that has
become important in a wide range of application areas, and still there is a
belief that these materials will find new applications. This chapter gives a
short introduction to carbon nitride based materials and the research

objectives of the work presented in the thesis.

1.1 Research objectives

The aims of the research behind this work were several and resulted in a quite
broad work including deposition and characterization of carbon nitrides, the use of a
few techniques for testing of biocompatibility and/or bioactivity and the use of an
optical method called ellipsometry to monitor protein adsorption and characterize

carbon nitride.



1 Introduction

In the initial projects of my work, the objective was to explore of the effects of
doping of carbon nitridéCNy) matrices, resulting in the ternaries B-C-N and Si-C-N
and the characterization of these materials.

Carbon nitrides have been characterized rather extensively during the last decades
regarding microstructure, bonding configuration, tribological and electrical properties
using a wide variety of measurement techniques. However, the correlation between
spectroscopic ellipsometiata and microstructural bonding configurations has been
sparingly examined and data are rarely available in the literature. The later projects
were focused on protein adsorption and it was used as a simple tool for testing of
potential biomaterial$y exploring the interaction of biomolecules with carbon-based
materials. Furthermore, proteins were adsorbed into thick protein layers. The aim of
this was to dynamically as well as at steady-state characterize the structure of the
protein layerand possibly also determine the orientation of the protein molecules.
The application of thick layers of protein are of interest in several areas e.g. as a
matrix for incorporation of drugs for slow release in the body and in sensor
technology. The need for a refractive index of water with ions in the ellipsometric
analyses of these protein adsorption studies urged us to measure the dependence of
refractive indices of fluids with ions and protein molecules using the minimum

deviation technique.

1.2 Outline

This thesis consists of three major parts with the following main themes. The first
part, presented in Chapter 2, deals with growth and characterization of carbon-based
materials, especially CNy, and the ternaries Si-C-N and B-C-N. The second part
(Chapter 3) covers macromolecular interactions regarding protein adsorption and a
brief description of some methods to monitor proteins sticking to a surface.
Ellipsometry, the method used in this part of the work, will be discussed in more
detail in Chapter 4, the third part of the thesis. This will be followed by a summary of
the results of appended papers in Chapter 5 and by way of conclusion an outlook is
presented. Results are presented in the form of published or submitted papers
appended to the thesis. Papers I to III cover growth, microstructure and properties of
the three groups of materials dealt with in the thesis; Si-C-N, B-C-N and CNj,

respectively. Papers IV and V cover adsorption of proteins onto CNy and Si surfaces.
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The last paper is a work performed together with J.A. Woollam Company Inc. and
demonstrates the effects of ion concentration and protein concentration on the

refractive indices of fluids.
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2 Carbon-based materials

Chapter 2

Carbon-based materials

In this chapter a short introduction to carbon, carbon nitrides and the
carbon-nitride-based ternaries is given, followed by a discussion of bonding
configurations and microstructure of these materials. The deposition
technique used for the film growth is presented and the most important
analyses methods are discussed. The section is concluded with a short

overview of carbon-based materials in medical applications.

2.1 Carbon

If we are contemplating our surroundings it soon makes us realize that a majority
of the material is based on carbon. Carbon is an element of importance in a wide
range of areas covering the most important elements for life, as a constituent of the
building blocks in our bodies - the amino acids - as well as being an important
element in the "material world" in the form of steel and other hard materials as well as
polymers, ceramics, pyrolytic carbon, to mention a few. Amorphous carbon,
tetrahedral carbon, diamond-like hydrogenated carbon, synthetic diamond, fullerenes,
CNy, graphene, carbon nanotubes, graphane; the list of new or different structures

based on carbon grows for each year due to the extensive research and discovery of



2 Carbon-based materials

new carbon-based materials. A lot of work has been performed in finding carbon-
based materials with certain physical and chemical properties suited for a particular
application and numerous of papers have been produced on theoretical calculations,
synthesis, characterization and properties of these materials. The interest is due to that
the carbon atom is small and has the ability to form covalent bonds and form a matrix
with dense structure, and therefore is an excellent constituent in the hunt for hard
compounds. The carbon-based group of materials has met a new era in nanotubes
(rectangular sheets of graphene rolled-up to hollow cylinders) and the recently
discovered graphane, a structure in which a hydrogen atom is bonded to each of the
carbon atom in the graphene sheet [1]. The graphane sheet has insulating properties

instead of being highly conductive as is graphene.

2.2 Carbon nitrides

In the beginning of the "carbon nitride era" numerous of papers were written about
3-C3Ny, the hypothetical compound predicted by Liu and Cohen [2,3] to have a bulk
modulus of 427 GPa, which is a value close to that of diamond (443 GPa). In addition
four other structures of crystalline CN have been predicted, e.g. a-C3Ny4, which is an
iso-structural phase to the more well-known o-SizNs. While the evidence for the
existence of the C3sN4 compounds remains to be proven, CNy has been deposited in
different structures and compositions, as e.g. amorphous’, graphiticz, turbostratic® and
"fullerene-like" *, using a variety of deposition techniques and the mechanical,
electrical and optical properties, as well as detailed structures of these materials have
been examined by many groups.

The effect of introducing nitrogen into the amorphous or graphite-like carbon
matrix is that it induces curvature into the structure, with bent and intersecting basal
graphite planes as a result. The fullerene-like microstructure has become of certain

interest, because of the elastic behavior in combination with a high hardness which is

' An amorphous structure is here denoted as a material with no apparent ordering or crystallinity when
imaged in high-resolution microscope and with very low or insignificant scattering of X-rays.
2 A graphitic structure denotes a material mainly consisting of graphitic domains with less curvature as
compared to the fullerene-like structure.

* The turbostratic structure is similar to graphite, but the basal planes are randomly rotated around the
c-axis, and thus do not exhibit a regular ABAB... stacking sequence as do graphite.

* A “fullerene-like” structure is attributed to curved and bent graphite sheets intersected by sp’®
hybridized carbon forming a three dimensional structure with smaller domains and a more pronounced
curvature as compared to the graphitic structure.
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of great importance in certain applications. Hardness values for carbon nitride (CNy)
have been reported in the range 10-40 GPa depending on microstructure and
deposition technique [4-6].

So, even though the dream of producing a material with a bulk modulus close to
diamond so far is not fulfilled, the research on carbon nitrides seem to continue due to
the fact that these materials exhibit a wide range of optical, electrical and mechanical

properties that perhaps open possibilities for new applications.

2.2.1 Carbon nitride compounds

New applications and higher demands of the materials involved, promote the
research for new materials. In this never ending search for new materials, all possible
combinations of elements, structures and properties are performed with the
expectation of finding a material with improved and/or new properties. Research on
material from ternaries and quaternaries has in this respect been of great importance
and a continued work is needed. Successful research has already been devoted to the
ternary Ti-C-N, where the hard materials TiN and TiC have been combined into a
new material. Another group of materials, with increasing importance are the so
called M,;1AX, phases (n=1, 2, 3), where M, A, and X denote an early transition
metal, an A-group element, and carbon/nitrogen, respectively. These phases (e.g.,
Ti,AIN, TisSiC,) form a family of nano-laminated ternary carbides and nitrides of
great importance due to their combined metallic and ceramic properties. [7]

With the expectation of finding a material with enhanced and/or combined
properties compared to the binaries of these materials, compounds within the ternaries

B-C-N and Si-C-N have been examined in this study.

2.2.1.1 Si-C-N

The research on Si-containing carbon-based materials and the ternary Si-C-N was
very limited up to about a decade ago and was mainly focused on mechanical
properties [8,9], although in some work also electrical and optical properties have
been evaluated [10,11]. During the last 10 years the number of published papers have
increased but most of the work has concerned chemical vapor deposited (CVD) films,

being amorphous, or consisting of crystalline phases of Si3Ny4, SiCy, SiNy or solid
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solutions of SiCN [12,13]. The surface characteristics regarding wettability of Si-
doped CN-networks have so far only been studied to a limited extent, e.g. Grieschke

et al. studied Si-doped a-C:H networks [14].

2.2.1.2B-C-N

Graphite, diamond-like carbon, hexagonal BN and cubic BN are all important
materials in mechanical applications, compounds that consist of the elements boron,
carbon and nitrogen, three neighboring elements in the periodic table. The phase
diagrams of BN and C are similar with a hexagonal structure at ambient temperature
and a hexagonal (wurtzite) as well as a cubic (zinc blend) form at higher temperatures
and pressures. These similarities have been a motivation for the synthesis of the
ternary phase BCN for the last three decades. In addition, the hexagonal phase of BN
(h-BN or t-BN, the so-called hexagonal or turbostratic BN with sp2 bonding and a
graphitic or turbostratic structure) thin films have shown to exhibit similar
microstructures compared to C and CN,. The focus has been (as for carbon) on the
cubic phase of the BN, whereas the synthesis and characterization of the hexagonal
phase have been ignored.

Compared to the ternary Si-C-N there is a larger number of papers written about
BCN materials. Most of the materials have been grown by CVD and mixed phases of
BN and C are commonly reported, whereas also solid solutions of ternary BCN
compounds might exist [15,16]. Besides the excellent lubricating properties of
graphite and h-BN, amorphous structures within the B-C-N triangle can exhibit high
hardness values, up to 35 GPa [17,18].

2.3 Microstructure

2.3.1 Carbon and nitrogen bonding configurations

Both carbon and nitrogen are able to form covalent bonds with other atoms. They
have a similar distribution of valence electrons with partly filled 2p orbitals. Carbon,
with the electronic configuration 1s*2s*2p?, has four valence electrons and the ability
to form three hybridization states enabling also three major bond configurations,

namely sp3 tetrahedral bonds (only o bonds), sp2 planar graphite-like bonds
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(36 and 1) and the sp linear triple bond (2 ¢ and 2 ). In the sp3—hybridizati0n (as in
diamond) each valence electron forms a o-bond, and since the orbitals are identical
they are evenly distributed in space in a tetrahedral manner as seen in Figure 2.1. The
three electrons in the sp” configuration (as in graphite) appear instead in a trigonal
manner forming strong intra-layer ¢ bonds. The remaining 2p electron lies in a ©
orbital, perpendicular to the bonding plane, and forms a weak n-bond with
neighboring = orbitals. The electrons in a m orbital can be delocalized and form
resonance structures of single and double bonds in appropriate matrices. In the sp-
hybridization (as in acetylene) two electrons form ¢ bonds and two electrons are

placed in the & orbitals forming w bonds.

sp’ sp

Figure 2.1: Schematic illustration of three possible types of electron orbital
hybridization for carbon; sptetrahedral bond (diamond), $planar graphite-like
bond (graphite) and sp linear triple bond (alkyne). The darker (longer) atomic
orbitals are the hybrids that forma-type molecular orbitals, whereas the lighter
(smaller) atomic orbitals are the remaining 2p electron(s) that fertype molecular
orbitals. (From Ref. [19]).

The nitrogen electronic configuration is 1s22s22p3, giving 5 valence electrons. The
valence electrons show bond hybridizations similar to carbon, see Figure 2.2. The
nitrogen atom also hybridizes in the sp® arrangement, but differs from carbon due to
that there is a "lone pair" of electrons left on the nitrogen that does not participate in
the bonding. The angle between the three o-bonding orbitals is therefore slightly
deflected to 109° compared to 107° in diamond. Two possibilities are present for the
sp>-hybridization of nitrogen as the fifth valence electron will cause a two-fold or a
three-fold coordination. In the case of three-fold coordination (as carbon in graphite)

the extra electron will form a lone pair with the remaining unhybridized 2p orbital and
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the atom will be left with three ¢ bonds and a non-bonding lone pair in a planar
configuration. This configuration is referred to as nitrogen in a substitutional graphite
site. In the two-fold coordination only two sp2 hybrid orbitals will form ¢ bonds
whereas the fifth valence electron will form a non-bonding lone pair with a sp-hybrid
orbital and the remaining 2p orbital may participate in m-resonance structures with

other atoms. This configuration is referred to as pyridine-like.

Nonbonding lone pair

sp?

Q)
| 0 &

a) b) )

Figure 2.2: Schematic illustration of three possible types of electron orbital

hybridizations of nitrogen with corresponding Lewis structures for representative
compounds. a) Sphybridization (as in ammonia), b) two-fold coordinated- sp
hybridization (as in pyridine) and c) three-fold coordinatedtsgbridization (as N

in a substitutional graphite site) The fifth valence electron is paired with either a
hybrid orbital (as in a) and b)), or with the remaining, Zpectron (c)), and form a
lone pair, represented by the darkest orbital. In the Lewis structure this is
represented by two dots. (From Ref. [19]).

2.3.2 Graphite, graphene, fullerenes and the fullerene-like
microstructure

The most common allotropes of pure crystalline carbon are graphite and diamond,
having a hexagonal and a cubic crystal structure, respectively. More unordered
structures of carbon as well as CNy are the amorphous and turbostratic structures. The

turbostratic structure is similarly to graphite build up of graphene sheets, but the
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sheets are randomly rotated around the c-axis, causing the spacing between planes to
be greater than ideal [20]. The fullerene-like (FL) microstructure is another type of
structure that evolves when nitrogen is added into the graphene sheets, making them

bend and buckle due to the formation of pentagons (Figure 2.3).

Figure 2.3: Pentagon incorporation in the hexagonal structure gives a bent and

intersecting feature of the graphene sheets. C atoms are grey and N atoms are black

in the schematic figure (From Ref. [4]).

Gueorguiev et al. have theoretically shown that the bending of a graphene sheet is
more likely when the nitrogen concentration in the films exceeds 17.5 at.%, since at
higher concentrations it is energetically more favorable with double pentagon defects
which induce curvature to a higher extent as do a single pentagon defect. At lower
concentrations only isolated pentagons are expected leading to a limited curvature
[21].

The origin of the intersections is, however, still discussed in literature. It is
suggested that the sheets are intersected by sp3 hybridized carbon forming a three
dimensional structure with smaller domains and a more pronounced curvature as
compared to the graphitic structure leading to a highly resilient material. Gammon
[22] e.g., has by initial calculations shown that nitrogen bonded in a pyridine-like
manner might induce cross-linking if a concurrent presence of a vacancy defect exists
nearby, resulting in an out-of-plane nucleation site where three-dimensional growth

can be initiated without sp>-C bonds. Based on theoretical calculations, Gueorguiev et
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al. similarly suggested that nitrogen might induce bond rotation at a nitrogen atom in
a substitutional site for carbon in the graphene sheet which can result in a
simultaneous pentagon formation and cross-linkage between the planes (Figure 2.4)
[21].

FL structures shall not be confused with fullerenes, which are ball-like closed-
cage carbon structures with 28 up to 540 carbon atoms, with 60 atoms for the most

known fullerene-molecule, the “Buckyball” discovered in 1985 [23].

Figure 2.4: Schematic representation of a nitrogen induced bond rotation with
simultaneous pentagon formation and cross-linking. To the left, a carbon atom is
arriving and bonded to a peripheral nitrogen atom in the graphene sheet, and to the

right a nitrogen atom is added to a graphene sheet. From reference [21].

As already mentioned in the beginning of this chapter, numerous of structures of
carbon based materials have been described during the years and it seems that
different names sometimes have been used for the same type of material and vice-
versa. For example, the name diamond-like carbon (DLC) is often used for both
tetrahedral carbon (ta-C) and hydrogenated amorphous carbon (a-C:H), where the
latter, by some authors, is suggested to belong to the group of diamond-like
hydrogenated carbon (DLHC) [24]. In addition, the transition between the different
groups of structures seems to be floating, e.g., the transition between microstructures
of the amorphous and graphitic forms of CNy, as well as the transition between
graphitic and FL forms are often floating. Apparently, some confusion still exists in

the terminology and classification of carbon-based materials. In this thesis the
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microstructure of the films are limited to be non-hydrogenated and mainly sp2—bonded
thin films.

In the case of SiCN-films in paper I, both amorphous, graphitic and FL
microstructures as well as amorphous microstructures with embedded nano-crystals
have been recognized. The BCN-films (Paper II) all exhibited a FL. microstructure,
whereas the CN,-films in Papers III and IV had either an amorphous, graphitic, or FL

microstructure.

2.4 Deposition of carbon-based films

Several techniques are used for the growth of thin films of carbon compounds. A
variety of chemical vapor deposition techniques (CVD) (conventional or plasma
enhanced), laser ablation, arc evaporation, and magnetron sputtering have been used
resulting in a wide variety of film microstructures. Reactive unbalanced direct current
(d.c.) magnetron sputtering was used as deposition technique for the films grown in
this work. The advantage with d.c. magnetron sputtering is the possibility to control
and vary plasma parameters and the possibility of low temperature growth. Thus, film
deposition onto temperature-sensitive substrates, such as martensitic steel or light
metal alloys, can be made by these techniques. For other deposition processes
operating at elevated temperatures, these kinds of substrate materials may undesirably
undergo phase transformations or microstructural changes.

The magnetron sputtering process can simply be described as evaporation of
material from a target (cathode) source, transportation of the material through a gas
plasma in a vacuum chamber to a substrate surface, and a final condensation on the
substrate. In a d.c. discharge a potential is applied to the target (typically ~500V) and
a noble gas is introduced to the vacuum chamber. Ionized gas atoms are accelerated
towards the most negative electrode, the target, and cause a collision cascade of
sputtered atoms, secondary electrons and reflected ions and neutrals. A magnetic field
from magnets behind the target is applied in order to trap the electrons close to the
target surface and hence increase ionization of the sputtering gas. This is referred to as
magnetron sputtering. If the process is carried out in a discharge containing a reactive
gas, e.g., N, or O, the sputter process becomes reactive. Unbalanced magnetrons of
type II (see. Figure 2.5) are normally used for the deposition of these types of films

and this configuration signifies stronger outer poles with respect to the center pole.
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This leads to an enhanced ionization further away from the target and electrons from
the target are allowed to move closer to the substrate increasing the ion flux at the
substrate. Further details about sputtering and glow discharges can be found
elsewhere [25,26].

To grow films consisting of more than two elements, one solution is to sputter
from a compound target in a reactive gas. Another possibility is to use two sources
and co-sputter in a reactive gas. The latter has the advantage of giving the possibilities
of varying the composition of the films in a wider range (as was done in Paper I), as
well as increasing the deposition rate. This work shows that ternaries can be grown by

simultaneous sputtering of two targets in a nitrogen/argon mixed atmosphere.

Opened force field lines allow electrons
Lo come closer |l] the \L]b\LleL

("]u‘.l_il force Neld lines d:_mlfy .'I. |
plasma near the target [

Magnet in the middle of the cathode
Figure 2.5: Schematics of an unbalanced magnetron with stronger outer magnets.
(From Ref. [27]).

In Figure 2.6 an ultra high vacuum (UHV) deposition system used for co-
sputtering of Si-C-N films is schematically presented. The Si-C-N films were grown
with the magnetrons in an unbalanced mode, but with the plasma not coupled. This
configuration was used in order to extend the plasma towards the substrate and to

some extent avoid mixing of the sputtered yields from the sources. In conjunction
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with a non-rotating substrate, the achievement of a compositional gradient on the

substrate was possible.

~ Coil Rotatable
manipulation substrate
system

Differentially ] holder i

pumped mass-
spectrometer

Coil Load-lock

chamber Sample transfer

Gas inlet
(Ar,N,, H,)

1, 2 or 3 Magnetron sources
Figure 2.6: Schematics of the UHV deposition system used for growth of a;C, C
and SIiCN films.

The SiCN and CNj-films were sputtered in an ultra high vacuum system at a base
pressure of 1x10”7 Pa and an Ar/N; discharge of 0.4 Pa (3mTorr). Both magnetrons
were operated in a constant-current mode with a discharge current of 0.05 and 0.2 A
for the Si and C targets, respectively. The BCN-films were sputtered in a high vacuum
system at a base pressure of 1.33x107° Pa and the same Ar/N, discharge as for the
previous mentioned films, and the magnetrons were operated with target currents

varying in the range 0.1-0.4 A between different depositions.

2.5 Characterization of carbon nitride

2.5.1 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface sensitive analysis technique used for the analysis of elemental
composition and the electronic state of surface atoms. When X-ray photons with a
certain kinetic energy (Eyx) are impinged onto a sample surface photoelectrons are
emitted. The electrons are subsequently separated according to their kinetic energy
and counted. The energy of the photoelectrons is related to the atomic and molecular
environment from which they originated. Conservation of energy is required in the
photoionization process and can be stated as

E+hvu=E, +E (4.1)
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where E; is the initial state energy of the system, #v is the photon energy, E; is the
final state energy of the ionized system and Ey is the kinetic energy of the emitted
photoelectron. With the initial and final state configurations the binding energy, Ep, of
the photoelectron can be expressed as

5=E-E (42)
If the photon energy is well defined the binding energy of the electron can be derived
via the photoelectric equation [28,29]

E =hv-E, 4.3)
The binding energy is related to the Fermi level and by grounding both the sample
and the spectrometer, the Fermi level of both systems are at the same energy level.
The kinetic energy of the emitted photoelectron is measured with a spherical
deflection analyzer. The photoelectron is either accelerated or retarded by an amount
equal to the difference between the work function of the sample, &, and the work
function of the spectrometer, ®sp The kinetic energy of the photoelectron is, when it

reaches the analyzer,
Ekin :Ekni _((”sp -9 4.4)
where Ekiri\ is the initial kinetic energy. The kinetic energy of the photoelectron at the

sample related to the binding energy (with reference to the Fermi level) is

Ey, =hV-@-E, (4.5)
Equations 4.4 and 4.5 give the relation between binding energy and measured kinetic
energy of the photoelectron

Ei, =hVv-E, - @, 4.6)

Any change in the electronic state of the material generates a change in the
binding energy, which is usually called the chemical shift. The binding energy is
specific to each element and when an atom engages another atom making a bond, the
binding energy is changed which can be seen as a shift in energy in the scan for
intensity versus binding energy. Each chemical bond causes a characteristic peak shift
and by comparing the peak position of a known standard the bond type can be
identified.

Some problems are connected with the use of XPS for characterization of carbon
nitrides. One problem is overlapping (and broad) peaks in both Nls and Cls core

level spectra, leading to the consequence of difficulties in the interpretation of data
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resulting in different assignments of the peaks in the literature [30]. Another problem
is that the sample might undergo structural changes during the high energetic ion
bombardment (sputter cleaning) that is frequently used prior to analysis.
Nevertheless, the technique is still extensively used for characterization of CNj films

and can specifically be used for fingerprinting of the FL microstructure [31,32].

2.5.2 High Resolution Transmission Electron Microscopy (HRTEM)

Transmission electron microscopy (TEM) is a versatile analysis technique for
determining the microstructure of a CNy-film. Together with the selected area electron
diffraction (SAED) method, where crystal structures and lattice parameters can be
determined, it was used to verify the FL microstructure of the CN-films and ternaries
in this work. Since all films studied were non-crystalline, the SAED patterns were
only used for the determination of lattice-spacings of the microstructure.

The contrast mechanisms in TEM arise from elastic and inelastic collisions of
electrons, resulting in transmitted and scattered beams. In conventional imaging, an
aperture in the back focal plane allows only one electron beam to contribute to the
image. If this beam is directly transmitted, a bright field (BF) image is obtained,
whereas a dark field (DF) image is formed when the aperture is positioned to select a
strong diffracted beam. In HRTEM, which can be used for studying film structures
with an atomic resolution, the image is resulting from interference from more than
one diffracted beam. At certain conditions regarding operation of the microscope, an
image with the atomic planes viewed dark, and the spaces between the planes viewed
bright, can be obtained. Examples of resolved atomic planes are observed in the

fullerene-like CNy and BCN films in Figure 2.7 (a) and (b).
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Figure 2.7: HRTEM plan-view images of (a) a fullerene-like, Gidn, (b) a
fullerene-like BCN film and (c) an amorphous carbon film. In the fullerene-like
structures ((a) and (b)xurved graphite-like basal planes, average separated 0.35

nm,are resolved.

The sample preparation for HRTEM can either be fast and simple or very time-
consuming and intricate. Plan-view samples can be prepared by lifting off very thin
films (~20-50 nm) deposited onto NaCl substrates, by the dissolution of the substrate
in de-ionized water. The thin films can then be collected on a microscope Cu-grid. A
more intricate technique is ion etching of the samples to electron transparency after
mechanical thinning to ~50 pm thickness. A disadvantage of the sample preparation
by ion milling, besides the large preparation time already mentioned, is the risk of
phase transformations appearing due to the exposure to the high-energy ion beam. For

instance, amorphization or recrystallization may occur.

2.5.3 Atomic Force Microscopy (AFM)

Scanning probe microscopy (SPM) is one of the youngest surface characterization
methods first demonstrated in 1981 by Binnig and Rohrer [33]. AFM, being one of
several SPM techniques, is an analytical tool for obtaining information on the surface
morphology and surface forces of a material. AFM can be used in a variation of set-
ups, for surface potential measurements, electrical measurements or linked with nano-
indentation to give a few examples. However, in this work AFM has only been used
for topographical purposes. The principle of AFM is very simple. A sharp tip made of
Si or Si3N4, mounted on an elastic cantilever is oscillated at a known frequency and

scanned over the surface area while the surface forces between the tip and the sample
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are recorded. The force is not measured directly, but calculated by measuring the
deflection of the lever, and knowing the stiffness of the cantilever. The deflection of
the cantilever is detected with a laser beam and a photodiode. In contact mode
operation the interaction force between tip and sample is kept constant by adjusting
the height over the surface. This is done by a real-time feedback of the detector’s error
signal to the piezoelectric scanner. In tapping modgthe cantilever is oscillated at a
known frequency (close to its resonance) and the tip is in contact with the sample
surface only a small fraction of its oscillation period. The tip height over the sample
surface is constant and the interaction of the tip with the sample is modulating the
cantilever oscillation. The cantilever oscillation amplitude is in this case steering the
feedback responses. In both static and dynamic cases, the topography image is
calculated based on the feedback response, which simply gives the surface tracked by
the piezoelectric scanner while keeping the feedback parameter constant.

The simplicity of using this technique also makes it an excellent tool for
evaluating surface roughness. The roughness is often quantified as a root-mean-

squared (RMS) value and defined as,

/ﬁz@ -2, @7

where z; are the z-values of all points, z, the average z-value and N the number of
points in the measured area, usually 1x1 pmz, Another quantification of the surface
roughness is the average roughness R,, graphically defined as the area between the
roughness profile and the center line divided by its evaluation length or, as the
integral of the absolute value of the roughness profile height over the evaluation

length.

2.5.4 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a versatile instrument that can be
used for a variety of materials and analyses. Information about morphology,
topography, elemental composition, crystal orientation, etc. can be obtained with
different detection techniques, used in conjunction with the scanned electron beam.
Even the analysis of conventionally “difficult” materials like insulators,
semiconductors, low-density materials and low contrast materials can today be

analyzed without major problems. With the second generation of instruments using
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field emission for the creation of an electron beam, it is possible to analyze most of
the above-mentioned materials by using lower accelerating voltages. This is possible
thanks to lower energy spread within the beam and higher brightness of the source,
which both minimize the chromatic aberration and hence improve the resolution of
the microscope. An improved topographic contrast of small features, higher resolution
and a decrease of charging are the most evident advantages for instruments equipped
with field emission guns (FEG) operated at lower accelerating voltages.

The instrument used in this work was a Leo 1550 Gemini, equipped with a field
emission gun. An internal secondary electron detector (in-lens) of the Leo 1550 SEM
microscope, built into the column, gives “true” surface information of the sample by
detecting only those electrons having the lowest energy, i.e. secondary electrons only
generated directly by the electron beam. With the in-lens detector and operation at
low accelerating voltage, it is possible to analyze the low-contrast materials CNy, B-
C-N and Si-C-N. Plan-views and cross-sections of these films can give information of
the film growth, density and surface roughness, which vary from homogeneous, dense
and smooth samples, to samples with textured structures and very rough surfaces. In
Figure 2.8(a) a SiC-film grown at 700°C, with textured film growth and a faceted
surface is shown. An example of a dense and smooth SiCN-film exhibiting low

contrast is shown in Figure 2.8(b), whereas a g-CNy film from Paper III and IV is

shown in (c).

200 nm

Figure 2.8: Cross-sectional secondary electron images of (a) a SiC film grown at
700°C and 100% Ar, (b) a SIiCN film grown at 350°C and 152and (c) a g-CN

film grown at 450°C and 100%.MAIl images were taken with in-lens detector at an
acceleration voltage of 5 kV ((a) and (b)), or 2 kV (in (c)) at a working distance of ~4

mm.

The N-free Si-C films and the Si-C-N films with low concentrations of Si

exhibited in general a surface with a more pronounced topography (as the example in
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(a)). The surface roughness of the Si-containing films varied to a rather high extent
whereas B-containing films and amorphous C and CNy films overall showed
smoother surfaces. The nanostructured g-CNy and FL-CNy films (in Paper III-IV)

exhibited a more pronounced surface morphology compared to amorphous films.

2.5.5 Nanoindentation

The strength of a material depends on its resistance to deformation, which usually
involves the movement of defects such as dislocations and/or formation of micro-
cracks. There are several techniques applicable for testing of the mechanical
properties of a material. Commonly used instruments for hardness measurements in
industry are the Vickers and Rockwell indenters, so-called microhardness-testers.
These instruments are not suitable for coatings in the micrometer or nanometer scale,
since the indents are too large, so the result is mainly influenced by the substrate
properties. A more suitable tool for thin films, from which hardness, elastic modulus
as well as adhesion can be determined, is nanoindentation, which has been used in this
work.

In nanoindentation, a diamond tip is indented into the sample surface, while the
displacement, d, as a function of load, P, continuously is recorded. In Figure 2.9(a), a
typical load-displacement curve from a nanoindentation experiment is shown, with
the most important parameters that can be extracted from the curve presented. By
analyzing the shape of the unloading curve, properties like hardness, H, and elastic
modulus, E, can be extracted by different methods [34,35]. The most commonly used
approach is to fit the upper part of the unloading curve to a power-law relationship (P
[7 (d-Cked)™, where res is the residual displacement after load removal and m is a
constant), which was suggested by Oliver and Pharr [35]. The upper part of the
unloading curve is defined as the initial unloading stiffness, S, and together with an
experimentally derived tip area function, hardness and modulus can be calculated.
This method works well for plastic materials with well defined unloading behavior.
For elastic materials, like some films in this work (see Figure 2.9(b)) for a typical
elastic behavior), the exponent m is not constant during unloading, meaning that the
contact area is not well defined during unloading. The true contact area is then

normally overestimated, leading to an underestimation of the hardness values.
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Another method, more suitable for elastic material, is developed by Hainsworth et al.

[36] and suggests the analysis of the loading curve instead of the unloading curve.

CN,

Load (mN)

L] m 40 60 &0 10 120 140
Displacement (nm)

Figure 2.9: (a) A typical load-displacement curve from a nanoindentation experiment

displaying the parameters that can be extracted from the curve. Indentation load

(Pmay; maximum displacement g); residual displacement (g); S (initial

unloading stiffness); elastic and plastic work of indentation, meaning the work used

for deforming the material plastically and elastically during the indentalid W);
and finally, the elastic recovery (R). (From Ref. [35]) (b) Typical load-displacement
curves from a nanoindentation experiment of TiN and fih. The latter curve

indicates a highly elastic behavior, characteristic for fullerene-likg.CN

Although the evaluation of nanoindentation experiments on elastic materials is
not easily performed, the load-displacement curve itself can be used as a
"nanomechanical fingerprint" of the material. Instead of presenting hardness and
modulus values, maximum displacement, dmayx at a specific load and the elastic
recovery, R, defined as R = (dmax— Ores) / Omax are characteristic values that can be
extracted from the load-displacement curve. These values can readily be compared for
different materials. This approach has been used for the films analyzed in Paper II,

whereas hardness values were calculated in Paper 1.

2.5.6 Contact angles and wetting

In addition to the requirements for a coating in engineering applications (e.g.
hardness, low friction, and wear resistance) there are certain applications where also

the surface energys of concern. This surface property affects the wettability with
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respect to water or oils (lubricants), or the cladding of material in contact with the
coated part. These properties are not commonly investigated nor presented in
literature so far and some confusion can be noticed. Some of the confusion lies in the
definition of surface free energy and its close relation to the wettability of surfaces,
which easily can be described by contact anglemeasurements.

The definition of surface free energy, Y, is half the energy needed to separate two
flat surfaces from contact to infinity, having the unit energy per unit area; J m™. For
liquids, Yy is commonly denoted Y, and is usually given in units of tension per unit
length; N m’', which is numerically and dimensionally the same as the surface free
energy [37]. Surface tension can also be defined as a force that operates on a surface
and acting perpendicularly and inward from the boundaries of the surface, tending to
decrease the area of the interface. Wettability is not a physical property, but very often
used as a description of how well a liquid will spread over a surface and thereby
giving information about the surface energy of the material. Other words to describe
the wettability of a surface, and more often used in biotechnology, is hydrophobic and
hydrophilic surfaces.

There are several methods used for determination of the surface free energy of
solids and liquids. Some are very simple and have been used in the same manner for
several decades, e.g., a variety of methods for contact angle measurements giving
information of the wettability of a material. It can also be used for calculation of the
surface free energy. There are also newer, more sophisticated instruments useful to
measure surface energies directly. For example a modified Atomic Force Microscope
can be used to measure the forces between two solids or a solid and a liquid. A sphere
of the material to be analyzed is glued onto a cantilever and the repelling or attracting
forces between the sphere and a liquid or another solid can be measured [37].

In this work the so-called sessile-drop method has been used. It can be used for
calculation of the surface free energy of the surface, but often the information given
only from the contact angle values are a satisfactory result as it is an estimate of the
wettability of the material.

Contact angle measurements as a means to characterize surfaces have been
practiced for a long time, and the famous Young’s equation presented below dates
back to the early nineteenth century [38]. The sessile-drop technique used in this work

is a rather simple method and the set-up consists of a surface, a gas and a liquid as
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illustrated in Figure 2.10. A droplet of the liquid is carefully placed on the solid of

interest and adopts a shape that minimizes the total free energy of the system.

Yi

Ys f9 vy

| substrate

Figure 2.10: Principle of the sessile-drop method, where a droplet of a liquid is
placed on the surface of the solid to be examined. The figure shows a case where the
liquid do not spreadut on the surface, giving a large contact an@lewhich can be
attributed to materials with low surface energy.

A characteristic contact angle, 8, appears, depending on the interface tension
between the solid, liquid and gas in the point of contact. The contact angle is
measured using an optical contact angle meter and the value is either simply
compared with other materials, or used for calculation of the surface free energy.
Droplets, ~3 mm in diameter, are carefully placed onto the surface and with the tip of
the syringe still in touch with the droplet it is possible to measure two contact angle
values, one advancing (6,) and one receding angle (6,). The advancing angle is
measured when the amount of liquid in the droplet is increasing, whereas the receding
angle is measured when the amount of liquid in the droplet decreases. These two
angles yield information about the important parameter, A8=0,-6,, called the contact
angle hysteresis. This provides information about the heterogeneity of the surface.
Generalized, the larger the value of AB, the more heterogeneous the surface is.
Heterogeneities are generally attributed to surface roughness, chemical heterogeneity,
or both. If the measurements are performed with at least two different solvents the
contact angles can be used for calculation of the surface free energy as follows. The
equilibrium state between the solid, liquid and gas in the point of contact can be
described by a simplified Young’s equation [38]:

Ys = Ys1 + Vi cos 0, (4.8)
where Vs, ysl and V1 is the surface free energy of the solid, the interface between solid

and liquid, and liquid, respectively.

24



2 Carbon-based materials

2.5.7 Ellipsometry

In Paper III the optical properties of the carbon-based films were determined and
analyzed in the UV-Vis-NIR and IR spectral ranges using spectroscopic ellipsometry
(SE) for further information about the microstructure and for comparison with results
from HREM and XPS. In this technique polarized light is used to determine the
change of polarization state due to reflection at a sample surface. The change in
polarization state is described by the ellipsometric angles W and A, which are the
relative amplitude-change and the phase change, respectively, of p- and s-components
of the incident wave. The p- and s- coordinates are defined relative to the plane of
incidence, where p stands for parallel and s (senkrecht) stands for perpendicular. By
fitting a complex-valued model dielectric function € = €; + i€, to experimental W and
A data, optical resonances can be determined and correlated to certain bonds in the

carbon and CNjy films.
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Figure 2.11: Ellipsometric spectra of the FL-CNm showing the imaginary part of

the dielectric function modeled with Lorentz and GLAD oscillators.

An optical model with Lorentz oscillators was used for analyzes of the carbon and
CNi-films in Paper III. The films showed a rich variety of absorption bands related to
the materials local bonding structure. The spectrum from one of the films with seven
resonances fitted to experimental data is shown in Figure 2.11. Five of these

resonances could be related to a specific bonding structure identified by other authors
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measured with SE or fourier transform infrared spectroscopy. Spectroscopic

ellipsometry will be described in more detail in chapter 4.

2.6 Carbon-based materials in medicine

There is an increased demand for novel coatings or surface modifications in
biotechnological areas, e.g. biofouling, improvements of the bonding between bone
and implant, increased demands in food processing industries as well as coatings and
surfaces on medical devices and better biocompatibility of sensors. Here, only

medical applications of carbon-based materials will be considered.

2.6.1 Carbon and carbon nitride as biomaterials

Carbon-based materials (commonly in the form of DLHC and pyrolytic carbon)
are today frequently used as replacement for certain parts of the body and in
numerous of medical devices, e.g. artificial heart valves, vascular stents, load-bearing
joints and catheters drainage tubes and polymer contact lenses. Most of the
applications require blood compatible materials. The use of amorphous carbon and
DLHC in medical applications is not as anchored as is the use of pyrolytic carbon,
nevertheless its potential as a biomaterial is promising. Studies on blood compatibility
of DLHC has been ongoing for at least a decade [39,40], whereas the oldest studies on
the blood compatibility of a-C are a few years old [41] and show promising results.

Amorphous carbon films have been tested for cytotoxicity using several cell lines,
e.g., Rodil et al. used osteoblast cells for the test of changes in cellular response (e.g.
cell death, altered cellular morphology and inhibition of biosynthetic functions) with
results showing no toxic effects from a-C surfaces [42].

In addition, Rodil et al. have reported results of osteoblast and fibroblast
attachments onto sputtered carbon and carbon nitride thin films showing non-toxicity
and similar biocompatibility compared to conventional orthopedic/dental implants
[43]. Only a few experiments have been reported regarding the haemo-compatibility
of CNy [44-46] but initial studies by Maitz et al. showed promising results of protein
adsorption as well as platelet adherence on BCN films [48].

The ability of CNy surfaces to induce biomineralization has so far only been

studied to a limited extent [49].
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3 Macromolecular interactions

Chapter 3

Macromolecular interactions

Macromolecular interactions are of outmost importance in a wide range
of disciplines, e.g. medicine, biomaterial technology, biotechnology,
nanotechnology, and sensor technology, areas that have been subject for
increased interest during the last decades and show rapid development. The
word macro-molecule derives from the Greek word macro - meaning "long"
or "large", and the Latin word moles - meaning "small unit of mass" [1,2]. In
the context of biochemistry, the term may be applied to nucleic acids,
proteins, carbohydrates and lipids. Conventionally, macromolecules are
considered to involve proteins and artificial polymer chains as well as
naturally occurring polymers. In this work proteins were used, and more
particularly, experiments were made with single protein solutions and blood
plasma. It is, however, important to keep in mind that in order to obtain a
proper assessment of e.g. an implant in contact with the human body, other
tests have to be performed as well. For example cell-, animal- and complex
protein solution experiments have to be performed to reveal the impact of
activation complement (the immune system) and coagulation. Finally an in
vivo study with human patients has to be performed in order to follow the
healing process in which proteins, cells and organs, i.e. the entire host system,
isinvolved. However, protein adsorption tests can be used as a first indication

on how a surface will interact with body fluids.
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3.1 Biomaterial

3.1.1 What is biocompatibility and bioactivity?

The traditional definition of a biomaterial is ..."any substance (other than drug) or
combination of substance, synthetic or natural in origin, which can be used for any
period of time, as a whole or as a part of a system which treats, augments or replaces
any tissue, organ or function of the body"...[3]. Modern biomaterial science includes
also materials used in biosensing and bioelectronic applications, as well as materials
used for implantation and drug delivery. There are other definitions and often more
general descriptions of a biomaterial, e.g. ..."substances other than food or drugs
contained in therapeutic or diagnostic systems that are in contact with tissue or
biological fluids" [4]. In addition, there are several different classifications of
biomaterials, e.g. there is a difference between biological materials (made from
biological materials) and (often artificial) materials for biological interactions.

Biocompatibility is a technical term that sometimes is used a bit careless in
biomaterial science. Several definitions have been expressed during the years, e.g. "a
material that is not harmful or toxic to living tissue" [5] or "a synthetic material which
has been formulated to be used in humans without causing any harm or
immunological response".

Bioactivity is another term that may need some explanation. A material is
considered bioactive if it has positive interaction with, or effect on, any cell tissue in
the human body. In biomineralization studies, bioactivity means the ability of a
surface to induce the formation of calcium phosphate (CaP, Cas(PO.)s(F,C1,0H))
crystals at surfaces in a simulated body fluid, a buffer solution with ion contents

similar to that of human blood.

3.1.2 Problems regarding biomaterials and biotests

A large number of medical devices are implanted in the human bodies every year,
both regarding types and numbers. Hip joints, orthopedic screws and pins, heart
valves, stents, dental roots and ocular lenses are a few examples. However, very few
surfaces are truly biocompatible. Problems exist, with corrosion in body fluids,
generation of wear particles in articulating systems, infections and blood coagulation

and cellular damage leading to impaired functionality and ultimately to implant
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failure. Thus, there is still a need to improve biomaterials [6,7]. For example titanium,
known to be compatible with the human body, is found to be thrombogenic [8,9],
meaning that coagulation (thrombus formation) occurs upon contact with blood.

The process of following a material from "birth" to a final commercialization is
generally very long and the material must pass a series of tests in terms of its
biocompatibility and toxicity. Depending on the use of the material, different tests are
performed to determine its hemolytic, toxic, immunologic and thrombotic properties.
To generalize, the testings start with dissolution tests in buffers, followed by
adsorption analysis in single protein solutions or human blood plasma. The evaluation
continues with studies in in vitro cell cultures of e.g. osteoblasts, fibroblasts, or
leukocytes. Later in the process, numerous of in vivo animal tests are performed. The
meaning of in vitro is that biological processes are performed in a controlled
environment outside the living organism, e.g. in a laboratory vessel. A problem that
follows is the uncertainty regarding the correlation between in vitro and in vivo
experiments.

In the present work, in vitro adsorption tests in single protein solutions and human
blood plasma were implemented. Surface-located and accessible proteins after blood
plasma incubations were eventually identified through incubations in antibody

solutions.

3.2 Proteins at interfaces

Proteins are macromolecules playing an important role in virtually all kinds of
biological interactions. They catalyze reactions, regulate cells and chemical processes
in the human body in the form of enzymes, hormones, antibodies and balance body
water and nutrition. Proteins are involved in processes like coagulation, cellular and
humoral immunological processes, transport, inflammation and wound healing. When
biomaterials are implanted into animals or humans, protein adsorption to foreign
surfaces occur within milliseconds of contact [10]. The rapid adsorption leads to that
cells arriving at the biomaterial surface probably interact with the adsorbed protein
layer rather than directly with the material itself. Thus, the initial protein adsorption
onto a biomaterial surface plays a key role in body responses toward a foreign

implanted biomaterial. This is further discussed in chapter 3.4.
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Proteins differ not only in function but also in structure and molecular mass. In
human and animal bodies the number of different proteins reaches up to 30 000,
ranging in size from a few kDa (1 Da is very close to the weight of one H atom) to
more than a thousand kDa. Proteins are not only large but also very complex
polypeptides consisting of a sequence of amino acids linked together with peptide
bonds. The amino acid sequence is determined by the genetic code stored in cell DNA
and is called the primary structure of the protein. The protein secondary structure is O-
helices, B-sheets and B-turns stabilized by hydrogen bonds, and the tertiary structure
is the three-dimensional folding of the polypeptide chain with the hydrophobic effect
and internal dehydration of surfaces as the main driving force. This leads to non-polar
amino acid side chains preferentially becoming buried inside the core of the protein
while polar chains become exposed on the outer domains of the protein. The
quaternary protein structure describes the arrangement and position of each of the
subunits in a multiunit protein (See any book in biochemistry e.g. [11]).

Depending on the nature of the amino acid side-chain, the amino acid can be
hydrophilic (water-attracting) or hydrophobic (water-repelling), acidic or basic in
character; and it is this diversity in side-chain properties that finally gives each protein
its specific character. Proteins are amphiphilic meaning they possess both
hydrophobic and hydrophilic groups, and this makes them surface active. Protein
adsorption to surfaces can either be beneficial or a problem, depending on the area of
practical use of the material. Sometimes adsorption is desired, as in food additives, to
stabilize food emulsions (for prolonged shelf life) or in artificial bone replacements,
and sometimes not, like on blood contacting artificial material (e.g. heart valves) or in
biotechnological processes.

In haemocompatibility studies the ratio of adsorbed amount of albumin to
fibrinogen is often measured. The albumin/fibrinogen ratio is a measure of platelet
adhesion and activation, where a high ratio indicates a less thrombogenic material

[12].
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3.3 Proteins used in the present work

3.3.1 Fibrinogen

Fibrinogen (Fib) is a fibrous but soft [13] and soluble glycoprotein synthesized in
the liver and has a human blood plasma concentration of 1.5-4.0 g/L. The protein is
involved in several important processes in the human body, such as haemostasis
(blood coagulation and fibrinolysis (dissolving of blood clots)), wound healing,
inflammation, angiogenesis, and cellular interactions. These processes involve the
conversion of fibrinogen to fibrin, and often also the interaction of fibrin(ogen) with
various proteins and cells. At injury Fib transforms to fibrin in presence of thrombin,
and fibrin monomers link together to a cross-linked fibrin polymer (fibrin assembly)
forming a fibrin clot. The process is regulated by interactive sites on fibrinogen,
which evolve as fibrinogen is converted to fibrin, or through fibrinogen-surface
interactions [14].

The trinodular shape of Fib was proposed from electron micrographs in 1959 by
Hall and Slater [15]. They stated the overall length of the molecule to be 47.5+2.5 nm.
Later, a Fib structure consisting of six peptide chains (two each of a, 3, and y) in two
rod like regions has been established and today most authors suggest that the
molecule is 45 nm in length (Figure 3.1). The polypeptides are oriented in such a way
that all six N-terminal ends (the amino end of the peptide) meet in a central E domain.
Two regions of coiled coil alpha helices stretch out on either side of the E domain,
each consisting of one Ad, one Bf and one Yy polypeptide. The C-terminus (the
carboxyl end of the peptide) of each chain folds independently in a separate globular
D domain. The a-chain is longer than the two other, and its C-terminal folds back to
form a single globular domain close to the central domain E. Depending on the
conditions, the C-termini of d-chains and the E domain can either form disulphide

bonds or be separated.
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Figure 3.1 Schematic of human serum fibrinogen with the six peptide chains ending
up in the E and D-domains. The central domain (red) is referred to as the E-domain
and the green and blue domains are referred to as being D-domains. (see text for
explanation)(http: /mww.pathology.unc.edu/faculty_labs/lord_laby)

Both negatively and positively charged areas of the molecule are exposed, the D
and E domains are negatively charged [16] whereas the dC domain is positive. The
aC domain possesses both hydrophobic and hydrophilic regions and it therefore
easily changes its conformation and has the possibility to electrostatically adhere to
surfaces. The adhesion of the aC domain is not very strong, but is often claimed as
the starting event during adsorption, followed by adhesion of D and E domains.
Studies of the three-dimensional structure of the fibrinogen molecule have covered
two thirds of the molecule, including the complete D regions and most of the E
region, whereas the aC domains remain to be fully determined [17].

Fib was chosen as the model protein in Paper V due to its low immunoactivity
(low complement deposition to adsorbed fibrinogen from plasma) and the possibility
to incorporate drugs in a structure consisting of a Fib matrix. In addition, a large

flexible protein facilitates the preparation of thick protein layers.

3.3.2 Human serum albumin

Human serum albumin (HSA) is a soft globular protein and can be found in
human blood at a concentration of 35-55 g/L. The protein has numerous physiological
functions, such as regulating the osmotic pressure in blood, and being a transporter of

fatty acids and bilirubin. In addition, adsorbed albumin is generally considered to
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“passivate” a surface and during shorter contact times (hours) largely reduce the acute

inflammatory response to implanted materials [18,19].

Figure 3.2 Schematic of human serum albumin obtained from the protein data bank.
[ http:/mmww.resh.org, accessed 1 June, 2009]

Table I shows the isoelectric points of albumin and fibrinogen, and also their

molecular sizes. Albumin was used as a model protein in Paper IV.

Table I: Properties of human fibrinogen and albumin

Protein Isoelectric Molecular Molecular | Reference
point weight (kDa) size (nm3)

Fibrinogen | 5 5 340 6x6x45 [20]

Albumin | 5.16 (at 0.15 M) | 66 3x3x8 [21]

3.4 Protein adsorption

Why study protein adsorption? Because biomolecule-surface interactions are
crucial to biological systems and to a large numbers of industrial processes. The
understanding of the fundamental factors that determine protein adsorption is
necessary to improve our ability to design biocompatible materials and devices.
Therefore, protein adsorption studies are commonly performed as tools for testing of
general bioactivity. They have in fact become a standard testing procedure during
initial stages in the development of new materials.

Several driving forces are known for protein adsorption, an exothermic process
described by AG=AH-TAS, where AG=change in Gibbs free energy, AH=change in
enthalpy, T=temperature and AS= change in entropy. According to the literature, the

major force is the dehydration of surfaces leading to a decrease in the systems Gibb’s
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free energy (AG) via increased system entropy (+AS). A surface also affects proteins
conformational changes of proteins (for a so called soft protein) and by electrostatic
attraction/repulsion (more important for a so called hard protein) [22]. Other
important factors upon close protein/surface contact dispersion forces are surface
energy and surface roughness. The properties of the solution, such as pH and salt
concentration, also greatly affect the adsorption. In addition, mass transport of the
solute to and from the surface, is essential for protein adsorption [23].

Until a few years ago it was a common belief that protein molecules were fully
denatured upon adsorption. This has turned out not to be true, rather the protein
molecule undergoes conformational changes to a larger or smaller extent upon
adsorption to a solid surface. So called soft molecules or structurally labile molecules
(like fibrinogen and albumin) undergo larger conformational changes compared to
hard molecules or structurally stable molecules (like collagen and keratine). The
conformational changes involve reduction of ordered structures leading to unfolding
and increased internal mobility [22]. This in turn increases the system entropy. The
folding and unfolding is hence related to the stability of a protein. A kinetically stable
protein will unfold more slowly compared to a kinetically unstable protein.

Most proteins adsorb more readily to hydrophobic surfaces than to hydrophilic,
due to that surface-bound water is less tightly bound to hydrophobic surfaces than to
hydrophilic surfaces and the conformational changes in adsorbing proteins are more
pronounced at hydrophobic surfaces [24,25]. Both effects contribute to a larger AS of

the system.

3.4.1 Chemical surface activation and cross-linking

Sometimes an increased bonding strength between a protein and a surface is
desired, e.g. when PEGs' are bound to surfaces to resist protein adsorption, when
blood contacting materials are heparinized to reduce activation of coagulation or
when thick protein matrices are aimed to be formed. A common procedure is to use
linkers between the protein molecules and the surface. In Paper V silicon surfaces
were activated by silanisation using 3-aminopropyl-trietoxysilane (APTES)
(H2N(CH,)3S1(OC,Hs); forming a linker with accessible -NH, groups on the surface.

The silicon surfaces were then exposed to glutaraldehyde (GA), a cross-linker with

! Poly(ethylene glycol) is a polymer used in several biomedical applications.
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reactive amine binding aldehyde groups in both ends and often used in biochemical
applications, producing a functionalized surface with accessible -CHO groups (Figure

3.3).
1 |
0=C— (CHp)y3 —C =0

Figure 3.3 The glutaral dehyde molecule commonly used as a cross-linker.

A direct cross-linking method with the concept to activate carboxyl (-COOH)
groups has also been used in Paper V. The concept is referred to as EDC/NHS affinity
ligand coupling chemistry and is a well established procedure [26]. Activated
carboxyl groups react easily with amine groups forming a peptide bond. One
important difference with this method compared to the use of a cross-linker such as

GA, is that no cross-linking agents are incorporated in the material.

3.4.2 Methods for monitoring protein adsorption

Several methods are used for protein adsorption studies, of which the most
common are optical and spectroscopic techniques. Some of the methods will be
briefly described below.

The most frequently used optical methods are the surface plasmon resonance
(SPR) technique first presented in 1983 [27] and ellipsometry [24,28]. SPR is a
technique which utilizes the phenomenon that occurs when light is internally reflected
off a thin metal film on a glass prism. The incident light can at a certain angle interact
with electrons in the metal film (plasmons), thus reducing the reflected light intensity.
The angle where this resonance occurs is dependent of the refractive index of the
metal and the ambient medium which is a liquid in the case of protein adsorption
studies. The high sensitivity of the SPR angle to changes in near-surface refractive
index of the liquid ambient can be used to detect biomolecules at the liquid-gold
interface. SPR is a convenient method for studies of the kinetics of adsorption to
surfaces, but requires the use of a noble metal surface.

Ellipsometry is based on the change of polarization of light due to reflection at a
surface. This means that the surface properties of the sample influence the change of

polarization of the light. The most common mode of ellipsometry used for the study
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of protein adsorption is the nulling mode using a single wavelength light source. Since
only one set of data points then is available the ellipsometric data are mainly sensitive
to the optical mass nd, where n is the refractive index of the protein film and d its
thickness. A value of n then normally is assumed and d can be determined. The
thickness obtained in this way is then a fictitious parameter and its value depends on
the index chosen. To avoid the problem with assuming a incorrect refractive index,
spectroscopic ellipsometry may be used. In this case both n and d can be determined
unambiguously. Ellipsometry is a non destructive method, where real time and in situ
measurements are possible. It is a sensitive technique which is fairly simple to handle.
One has to keep in mind though, that homogeneous optical parameters in the layers
are assumed.

Optical waveguide lightmode spectroscopy (OWLS) is based on grating-assisted
coupling of light into and guidance within an optical waveguide layer [29].
Transverse electric (TE) and transverse magnetic (TM) modes can be excited by
varying the angle of incidence of the light beam. Disadvantages with the method are
that only highly transparent surfaces can be investigated and that the film thickness
can only be calculated provided that the refractive index of the protein film is known.

Reflectometry is another optical method where incident waves are reflected at an
interface and the intensity and angle of the reflected waves are measured as a function
of the incident angle and/or wavelength. The technique applies to any form of wave,
however, it has become particularly popular for electromagnetic radiation. More
recently, neutron reflectometry has emerged as a powerful and complementary
technique to X-ray reflectometry. Neutron reflectometry gives information about
molecular orientation of a protein layer.

The quartz crystal microbalance technique (QCM) is a method using changes in
the resonant frequency of a quartz crystal to follow adsorption in the monolayer
range. The frequency shift which is due to a change in the total adsorbed mass, which
includes hydro-dynamically coupled water and water associated with the hydration
layer of e.g. proteins and/or water trapped in cavities in the layer. This is an apparent
complication of the method.

Differential scanning calorimetry (DSC ), which is a tool for the investigation of
the structural stability of a protein, combines traditional equilibrium calorimetry with

dynamic analyses of thermal processes.
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Infrared reflection-absorption spectroscopy (IRAS) uses infrared light at near-
grazing incidence to a surface. The electric fields of incident and reflected light are
separated into two components, parallel and perpendicular to the plane of incidence.
This technique can provide information about the orientation of protein molecules. A
drawback of the technique is the requirement of a highly reflecting substrate.

A last method to be mentioned is Circular dichroism (CD), which is an optical as
well as spectroscopic method, and uses circularly polarized light to measure the
secondary or tertiary structure of proteins in solution. Left- and right-circularly
polarized light of equal amounts is radiated into a solution and either left- or right-
circularly polarized light is absorbed more than the other and this wavelength
dependent difference of absorption is measured [30]. This technique is restricted to be
used at wavelengths where light absorption takes place and in addition the technique

can not be used for monitoring of adsorption processes.

3.5 Complement activation and contact activation

To get somewhat reasonable information about the biocompatibility of a surface,
or more correctly its concurrence with biomolecules, it is necessary to expose the
surface to proteins which in turn may start the blood coagulation cascade and/or
trigger the immune system in body fluids. The immune system is in principle
comprised of a cellular part and a protein mediated part (so called humoral, and
mainly mediated by antibodies) for the protection of our bodies. The proteins of the
complement system participate in the combat against bacteria, viruses, fungi, cancer
cells or other foreign materials, but may also be active on implants. The complement
system consists of the immune system in blood. It consists of more than 30 different
proteins and involves three activation pathways; the classical, the alternative and the
lectin pathways, see Figure 3.5. Complement factor 3 (C3) is one of the key
controlling points of all pathways. It is involved in the alternative pathway and the
deposition of C3b (cleaved C3) at a surface can therefore be used as recognition for

complement deposition or activation.
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Figure 3.5 Smplified schematics of the complement system.

The blood coagulation system is designed to hinder bleeding from damaged blood
vessels but can also be triggered by artificial surfaces in contact with blood. This
system is the second step in the important defense mechanism termed haemostasis.
Coagulation means platelet aggregation (primary haemostasis) and the formation of a
fibrin clot (secondary haemostasis). Two separate pathways of the secondary
haemostasis are distinguished and the clotting cascade may be initialized upon
vascular injury (extrinsic pathway) or when contact between blood and a negatively
charged foreign material occurs (intrinsic pathway or contact activation). Contact
activation is a complex process involving both protein-protein and protein-surface
interactions. Four contact factors are attracted to the surface when plasma is exposed
to a negatively charged surface, factor XII, factor XI, prekallikrein and high
molecular weight kininogen (HMWK), and complexes of these adsorb to the surface.
The cascade is believed to start by a spontaneous adsorption of factor XII, followed
by spontaneous activation to factor XIla, which in turn cleaves prekallikrein to release
kallikrein and factor XI to form factor Xla. Both prekallikrein and factor XI are
transported to the negative surface in a bimolecular complex with HMWK.

In paper 1V, carbon and CN,-films were exposed to human blood plasma and then
to anti-bodies towards fibrinogen, HMWK and C3c as shown in Figure 3.6. The

complexity of the complement and coagulation cascades makes the interpretation of
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these kinds of studies somewhat intricate. However, one can in general say that a high
level of a-HMWK indicates that the intrinsic pathway of coagulation is triggered. A
high level of a-C3c indicates that C3b is bound to the surface and the complement
system may be triggered. The presence of C3b on a surface may, however not
necessarily, result in the formation of surface located C3- or CS5-convertases.
Regardless, many cells and especially defense cells possess receptors that bind to C3b
and its degradation products, C3c and C3d. If any antibody towards C3 is bound at
lower level to a surface after exposure to blood plasma, a-Fib is often bound to a
higher level. This is an indication of the possibility to bind platelets onto the interface,
and thereby activate the coagulation system [16]. In addition, it is generally assumed
that surfaces that adsorb the least amount of plasma proteins support less platelet
adhesion and thus exhibit lower tendency for clotting. However, recent studies
suggest that the critical determinant of cellular response (e.g. platelet adhesion) to a
surface may be the conformational state of the adsorbed protein layer rather than the

total amount of adsorbed protein on the surface [31].
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Figure 3.6 Adsorbed surface mass densities after plasma incubation and antibody-

incubation of C3c, HMWK and fibrinogen at carbon, CN, and titanium surfaces.

3.6 Simulated body fluid (SBF)

The formation of bone-like CaP crystals on a surface is a means to test and
develop materials intended for integration in bone. Direct bone-implant contact and

stem cell differentiation to bone forming osteoblasts is important in order to avoid
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development of soft tissue between the implant and bone, leading to micro-
movements at the interface, which in turn can lead to wear of the implant material and

debris accumulation and a final implant failure [32].
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Chapter 4

Ellipsometry

Ellipsometry is a technique for optical and microstructural characterization
of surfaces, interfaces and thin films. The principle was first described by
Drude already in 1889 and the first instrument was built by Rothen in 1945
[1-3]. In this work ellipsometry has been used for optical characterization of
a-C and CN films, and for in situ monitoring of protein adsorption on the
same types of films as well as on silicon.

4.1 Basic theory

In reflection-based ellipsometry, which is the most common mode of ellipsometry
measurements, the polarization change of light due to reflection from a surface is
measured. The change in polarization is dependent on the properties of the sample
including its overlayers. The state of polarization of incident and reflected light can be

expressed as

Ei
==p
X=g
EI’

— P
Xo=gr

where s and p stand for perpendicularly and parallel polarized components of the light

relative to the plane of incidence and Ep, and Es are the complex-valued
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representations of the electric field. Superscripts i and r indicates incident and
reflected light, respectively. The complex reflectance ratio p, which is the basic

ellipsometric quantity, is

p=A (1)
Xi
If the sample is isotropic, p can, with the above equations, be expressed as
E,E. T .
B b tan Ye* 4.2)
Ers Eip rs

where I'p and rs are the complex-valued reflection coefficients and W and A are the
ellipsometric angles, the quantities that are practically measured with an ellipsometer.
Tan W is the ratio between the change in amplitude of the p- and s-components of the
incident wave and A is the reflection induced change in phase difference between p-

and s-components. In Figure 4.1, the ellipsometric principle is shown schematically.

E

p-plane
s-plane

plane of
incidence

Figure 4.1 Schematic illustration of the ellipsometric principle.

The reflection (and transmission) of a plane electromagnetic wave on a planar
interface between two materials (ambient and surface to be examined) can be related
to the materials properties by the Fresnel expressions (here only the reflection
expressions are presented)

_ Ep _ Nycosg, —N,cos§

5 = (4.3)
E, Ncosg,+N,cos§

; _ Es _ Nycos§, =N, cos§]

4.4
°* E., N,cos,+N,cosf @4

where 6, and 01 is the angle of incidence and refraction, respectively, see Figure 4.2.
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Figure 4.2 The s- (a) and p-components (b) of polarized light incident, reflected and
transmitted at a planar interface. No and N; is the complex refractive index of the
ambient medium and substrate, respectively. 6, and 6, are the angles of incidence and

refraction, respectively.

From these expressions the complex valued refractive index Ni=n;+ik; of the
substrate can be extracted, where N is the real part of the refractive index and k; is the
extinction coefficient. N; and the dielectric function ¢ are related through ¢ = le. For
layered structures, that means when e.g. a film with thickness d on a substrate is
involved, a three-phase system (ambient-film-substrate) must be considered (Figure
4.3). An overall reflection coefficient can then be written as a function of the Fresnel

coefficients for the different interfaces as

_ rOlp + rIZpeizp
oS g 4.5)
[ A
R = Jois Thios€ o 4.6)
1+ I’OlsrlZSeIZ'B
where
_ N, cosg,— N,cos§, @7

" "N, cosé, + N, cos,
and corresponding expressions for I'1zp, o1s and rips are used. In Egs. (4.5) and (4.6)

the film phase thickness is given by
BZ%NICOSB] (4.8)

In the three-phase model, the ellipsometric angles W and A are then related to the

refractive indices of the three materials and the film thickness through the relation in
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Eq. (4.2) with the difference that R, and R, from Egs. (4.5) and (4.6) are used instead
of 1, and r,. The unknown parameters are in most cases d and N; and are obtained by

regression analysis as briefly described in section 4.6 below.

Em
0,
Mo / p
0,
0,

Figure 4.3 The three-phase model for an ambient-film-substrate system with the

electric field components in the p-direction shown.

Further details about ellipsometric theory can be found in reference [4].

4.2 Ellipsometric measurement principles

There are three different configurations in standard ellipsometry: the external
reflection mode (described in the previous section), the internal reflection mode and
the transmission mode. In internal reflection mode the light is incident at an interface
from a medium with a larger refractive index to a medium with a smaller refractive
index. At the critical angle the light will be refracted along the interface between the
two media. If the angle of the incident light is larger than the critical angle, the light
will be totally reflected back into the first medium. Part of the light will, however, still
penetrate the first medium due to the evanescent field present in the interface. This
phenomenon is used not only in total internal reflection ellipsometry (TIRE) but also
in SPR [5]. In transmission ellipsometry the same principle of the incident and
transmitted beams of light is used as the principle used for the incident and reflected

beams in external reflection ellipsometry.
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For isotropic samples as well as for anisotropic samples with diagonal Jones
matrices' standard ellipsometry is applicable. When the sample is anisotropic and the
off-diagonal elements in the Jones matrix are non-zero, generalized ellipsometry is
necessary which includes measurements of at least three polarization changes and
three different polarization states of the light beam.

Mueller matrix ellipsometry is a third measurement principle that has to be used
when the sample is depolarizing. The state of polarization (unpolarized or partially
polarized) of the light is described by a Stokes vector and a Mueller matrix describes
the reflection properties of the sample. This is a powerful measurement technique for

anisotropic materials with complicated structures.

4.3 Measurement modes and ellipsometer systems

Depending on hardware configuration of the ellipsometer system, several
measurement modes are possible for each of the ellipsometric principles described
above. All modes of ellipsometry include a light source and a detector, and the optical
components in-between, a polarization state generator, a sample stage and a
polarization state detector define the measurement mode. Ellipsometer systems may
also be divided in compensating/null ellipsometer systems and non-
compensating/photometric systems [6]. The most common modes and ellipsometer
systems are described in short below.

The most common null ellipsometer (NE) consists of a polarizer and a retarder
providing elliptically polarized light, which after incidence on a sample surface
becomes linearly polarized before it enters a final polarizer (called analyzer). This is

referred to as a PCSA system and is shown in Figure 4.4.

' The Jones matrix was described by C. Jones and represents sample reflection in terms of a

R
matrix, R = [ P . If a sample not is isotropic, the off-diagonal elements can be nonzero.
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Figure 4.4 A PC3A dllipsometer system used in null ellipsometry. From reference [7]

By changing the angle of the polarizer, the degree of “ellipticity” of the light
before it is reflected on the sample, can be adjusted until the “ellipticity” created by
the compensator is matched by the polarizing effect of the surface. In this way
linearly polarized light is restored after reflection. The angle of the linearly polarized
light obtained after reflection, can then be determined by rotating the second polarizer
called the analyzer, until extinction is achieved. The angles of the polarizer (P) and
analyzer (A) at which a minimum of light passes trough to the detector, are called the
ellipsometric nulling angles from which W and A are obtained. Monochromatic light,
commonly a He-Ne laser is used as light source in this system. Null ellipsometers are
frequently used in biological applications such as adsorption studies. In Paper IV this
system was used for evaluation of incubations of samples in blood plasma and
antibody solutions.

The rotating-analyzer system (RAE) is as the name reveals equipped with a
rotating analyzer. The light, normally from a white light source, such as a xenon lamp,
passes through a monochromator and a polarizer before it is reflected onto the sample
surface. This RAE technique is in this thesis referred to as spectroscopic ellipsometry
(SE). The state of polarization before reflection (normally) is linear and the state of
polarization after reflection is generally elliptic and is measured by a rotating analyzer
(which is in fact is a polarizer). A polarizer, a sample and an analyzer makes this
system which also is called a PSA ellipsometer. Sometimes a compensator is used
after the polarizer in order to improve the results when measuring on dielectric
samples. With the compensator the incident light becomes elliptically polarized and
low resolution when measuring on a dielectric sample can be avoided. This RAE

technique is in this thesis referred to as spectroscopic ellipsometry (SE) with
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wavelengths typically in the range 200-2500 nm. If the angle of incidence is made
adjustable, multiple angles can be measured and the system is then called a variable
angle spectroscopic ellipsometer (VASE). This type of system was used in Papers III-
V.

If a rotating compensator is added to a PSA system and placed before the analyzer
the system is called a PSC;A system. The analyzer is then not rotating. This type of
system is more complex and can be used for generalized ellipsometry. For details, the
reader is referred to reference [8]. A PSC/A system does not have the disadvantage of
low resolution for a dielectric sample. A PSC;A system with the wavelength range 2-
30 pm was used in Paper III.

If the ellipsometric parameters are measured versus time, the method is referred to
as dynamic or kinetic ellipsometry. This is performed for in situ monitoring of the

protein adsorption in Paper IV and V.

4.4 In situ measurements of protein adsorption

A variable angle spectroscopic ellipsometer (VASE) from J.A. Woollam Co., Inc.
was used for in situ measurements of protein adsorption in Papers IV and V using an
angle of incidence of 68° and a spectral range of 350-1050 nm. A glass cell with a
magnetic stirrer and a flow system for rinsing was used. The set-up is shown in Figure

4.5.

Figure 4.5 a) Set-up for in situ monitoring of protein adsorption used in Paper 1V
and V. b) The VASE instrument with glass cell mounted on the stage.
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4.4.1 What is measured?

Numerous of ellipsometric studies of the dynamics of protein adsorption have
been presented [9-11]. However, in most cases the separation of the refractive index n
and the thickness d of a layer is not possible due to that only single wavelength data
are available. The ellipsometric data are then mainly sensitive to the optical mass nd.
An attempt to separate N and d often fails due to their strong correlation and one
resorts to assume a value on N whereby a value on d can be determined. The thickness
obtained in this way is then a fictitious parameter and its value depends on the index
chosen. In many cases also the surface mass density [ is calculated using de Feijters
formula [12]. These approaches are sufficient if only the dynamics of adsorption is of
interest. However, structural details are lost as these are contained in the layer density
and the layer extension into the solvent. The layer density is obtained from n and can
vary from very low values, whereby n is close to the value of the solvent, to a
maximum value equal to the protein volume density, whereby n corresponds to the
intrinsic value of a compact protein material. If an index corresponding to the intrinsic
index of the protein is chosen in the evaluation, the thickness obtained is the thickness
the layer would have if it collapses and becomes dense.

The intrinsic index is seldom known but a good approximation should be the
refractive index measured for a dense protein layer on a surface in air [13]. The layer
extension is defined as the maximum distance from the surface at which protein is
found. For a dense protein layer, thickness and extension are the same, but for a
density deficient (porous) layer, the (fictitious) thickness is always less than the
extension.

In the work presented in this thesis, spectral ellipsometric data are available and a
separation of n and d is possible. Due to that a protein layer may exhibit both in-plane
and out-of-plane density variations, the obtained value on d neither represents the
collapsed thickness nor the true extension but we consider the value to be close to the
extension. The value of n represents an effective value of the layer index from which
density information is accessible.

The refractive index of a protein layer gives information about compactness and
hydration of the layer whereas the thickness relates to molecular dimensions and

orientations of the adsorbed protein molecules.
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4.6 Analyses

The optical properties of the measured sample can not directly be calculated from
the ellipsometric angles W and A and therefore ellipsometry is an indirect method.
Instead, an optical model of the sample under investigation is created and a numerical
analysis must be performed. Parameters in the optical model are fitted to experimental
data using non-linear regression such as the Levenberg-Marquardt (LM) algorithm,
which is an iterative technique that locates the minimum of a function that is
expressed as the sum of squares of nonlinear functions [14,15]. It has become a
standard technique for nonlinear least-squares problems.

The Cauchy dispersion model has been used in two studies in this thesis. In this
model N is given by

B C
nEAY

where A, B and C are fitting parameters and A is the wavelength. In addition, a multi-
sample fitting procedure [16] was performed in Paper IV in order to decrease the
correlation between n and d in the protein films on the different CNy samples.

In the studies of the a-C and CNj films in this thesis, more advanced dispersion
models based on Lorentz oscillators are used. These models are described in more

detail in Paper III.
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Chapter 5

Summary of the papers

5.1 Paper |

¢ The aim of the study was:
i) to explore a low substrate-temperature growth process for Si-C-N films by
magnetron sputtering
ii) to investigate the role of silicon introduction into CNy films
iii) to explore if a low surface-energy material can be grown with preserved high
hardness
e  Method
A series of Si-C-N films were prepared by co-sputtering of Si and C targets in
mixed Ar/N, atmosphere at substrate temperatures T,=100, 350 and 700°C, after
which the microstructure, hardness and wetting properties of the films were analyzed.
* Results
The Si-C-N films exhibited a textured, amorphous-to-graphite-like microstructure.
Films containing more than 12 at.% of Si contained crystallites, 2-20nm in
diameter, widely dispersed in an otherwise amorphous matrix. The incorporation of a
few at.% Si resulted in a dramatic reduction of the film surface energy compared to
pure CN; films. Contact angles close to the values for Teflon were obtained, i.e.
higher values than was reported for Si-containing DLC films. The hardness values of

the silicon containing CN,-films were observed to increase with Si-content. However,
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films with lower Si content showed lower hardness values compared to CNy without

Si.

5.2 Paper I

* The aim of the study was:
i) to perform theoretical calculations of the effects of incorporating lattice defects

like pentagons and heptagons for BCN compared to BN structures
ii) to investigate the BCN ternary regarding composition, microstructure and

mechanical properties (hardness and elasticity)

*  Method

A series of B-C-N films were prepared by co-sputtering of B4,C and C targets.
Composition, microstructure and mechanical properties of the films were analyzed
using RBS, SEM, HRTEM and nanoindentation. The microstructure formation was
compared at the atomic level with density functional theory (DFT) calculations.

* Results

Isostructural films were grown with widely varied compositions within the B-C-N
ternary system. Similar to CNy films, the ternary B.CyN, compounds exhibited a
dense fullerene-like microstructure with curved and buckled basal planes that results
in a hard material which, at the same time, displays an extremely elastic response.
Fullerene-like BC:N films could be grown at a lower temperature compared to what is
required for CNy films. Results from theoretical calculations showed that the presence
of carbon in a BN system dramatically lowers the formation energy of curved defects
such as the pentagon and the heptagon rings. The finding was fully consistent with the
microstructure of BCN films exhibiting longer continuous basal planes compared to a

CNy film.

5.3 Paper Il

* The aim of the study was:
i) to determine and analyze optical properties of amorphous carbon, amorphous,
graphitic and fullerene-like carbon nitride thin films in the UV-VIS-NIR and IR

spectral ranges. SE-data containing quantitative structural information, especially
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in the IR and NIR regions (below 8000 cm™ or 1 eV), are rarely available in the

literature.

ii) to find correlations between results from XPS, HRTEM and SE.

* Method

Thin films of CNy and carbon were characterized regarding microstructure and
optical properties using XPS, HRTEM and SE.

* Results

Between eight and eleven resonances were observed and modeled in the
ellipsometrically determined optical spectra of the films. All films showed strong
resonances for C-C (in a-C), C=C or C=N modes, which for the CN, films most
probably is originating from sp> C-N bonds, either as N substituted in a graphite site
and/or as N bonded in a pyridine-like manner. A Ti—Tt* electronic transition
associated with sp2 C or sp2 N (N in a pyridine-like configuration) bonds was also
present for all films. Several new features were also observed in the ellipsometric
spectra. These have not been presented elsewhere and remain so far unidentified.

The correlation of results from XPS, HRTEM and SE of the films in this paper
was to a high extent satisfying, finding the correlation between HRTEM and SE of
the bending and cross-linking of graphene sheets, as well as the correlation between
XPS and SE for the bondings associated with Te—Tt* transitions and C=N modes. The
nitrile contents were not as well correlated whereas the N-H and O-H bonding are not
possible to identify with neither XPS nor HRTEM.

Experimental SE-data of all films in the study are presented as the complex

dielectric function in the energy ranges 0.07-0.8 eV and 1.0-6.0 eV in Figure 5.1.
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Figure 5.1 Pseudo-dielectric function versus photon energy in the IR and UV-Vis -
NIR spectral ranges of CN, (black, blue and green lines for a-, g- and FL- CN,,
respectively) and amorphous carbon (red line) films. The low energy range (0.07-0.8
eV) is shown to the left and the high energy range (1.0-6.0 V) to the right with &;-
spectra on top and &, -spectra below.
5.4 Paper IV

* The aim of the study was:
i) to reveal if carbon and CNy films start the blood coagulation cascade and/or trigger

the immune system when exposed to body fluids

* Method

Carbon and CN films (the same films as in Paper III) were exposed to human
serum albumin, human blood plasma and antibody solutions of factor C3c, HMWK
and fibrinogen. The adsorption of HSA was monitored and followed dynamically in
situ using ellipsometry. Studies of blood plasma and antibody incubations were
performed in situ using null ellipsometry.

* Results

The carbon and CNy films adsorbed different amounts of HSA, with higher

adsorption observed on the amorphous structures. Indications of surface response to
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blood coagulation, complement activation and clotting were observed after
incubations in human blood plasma and antibody solutions. All carbon and CNj films
activated the intrinsic pathway of coagulation, indicating a negative surface charge at
physiological conditions. The amorphous carbon and graphitic films indicated to be
more activating than the other films, especially compared to the a-CNj film.

The results indicate that the a-C and FL-CNj films may have a future in soft tissue
applications due to their low immuno complement deposition, whereas the g-CNy is a
possible bone replacement candidate. The a-CNy film shows a remarkably complex
and high bioactivity and the g-CNy film shows a high bioactivity as compared to a
titanium reference. Bone-like bioactivity of the carbon and CNy films were tested
using simulated body fluid (SBF) with an ion concentration and pH equal to that of
human blood plasma. In Figure 5.2 the evolution of calcium phosphate crystals on the

a-CNjy film is observed.

Figure 5.2 SEM observations of the formation of calcium phosphate crystals on a-
CN, after 3, 14 and 21 daysin SBF.

Further studies are required to be able to say anything specifically about the use of
these materials in a biological environment. However, the indications of their

biological interactions are promising.
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5.5 Paper V

* The aim of the study was:
1) to find a preparation technique for formation of thick protein layers
ii) to develop an ellipsometric methodology to quantitatively determine the protein
matrix surface mass density, refractive index and thickness.
iii) to add some understanding in how the structure of a protein layer evolves as
adsorption on a surface proceeds.
iiii) to perform a pilot study for incorporation of a drug into a protein matrix for drug
delivery purposes.
*  Method
Fibrinogen molecules were covalently bonded on functionalized silicon surfaces
and cross-linked in several incubation steps using an ethyl-3-dimethyl-aminopropyl-
carbodiimide and N-hydroxy-succinimide (EDC/NHS) affinity ligand coupling
chemistry. The growth of the structure was followed in situ using dynamic
ellipsometry and characterized at steady-state with spectroscopic ellipsometry. The
growth was also compared with earlier work on ex situ growth of fibrinogen
multilayers studied by single wavelength ellipsometry.
* Results
The first Fib incubation step of the experiments produced a layer that was thicker
than a monolayer indicating an adsorption process with a complicated molecular
organization with a mixed set-up of molecular interactions. The first Fib layer was in
all experiments of the order of 40 nm which was much larger than the thickness-
increase due to the second, third and fourth Fib incubations. Experimental dynamic
data recorded during incubation and rinsing of the first Fib and EDC/NHS layers for
one of the multilayer experiments can be viewed in Figure 5.3.
Contributions to the development of a model for layered growth of fibrinogen
have hopefully been provided. It is suggested that a mixture of covalent bonds (both
N-terminally and other amines) and hydrophobic interactions are involved in the

adsorption of fibrinogen molecules.
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Figure 5.3 Dynamics recorded during incubation and rinsing of the first Fib and
EDC/NHS layers for one of the multilayer experiments. The increasing curve

(moving from the left) represents ¥ and the decreasing curve represents 4.

5.6 Paper VI

* The aim of the study was:
i) to explore the effects of ion and protein concentration on refractive indices of
fluids

e Method

The minimum deviation technique was used to measure how the wavelength
dependent refractive index of a solution depends on its ion and protein concentration.

* Results

In this work we point out the importance of using the correct spectral refractive
index data of the fluid when analyzing ellipsometric data from protein adsorption
studies. Simulations showed that thickness values of protein layers can have errors in
the order of 30% if the solution index deviates 0.001. Ions in fluids of physiological
strength influence the refractive index in the 3" decimal. Protein molecules influence
the refractive index in the 4™ decimal up to 1 mg/ml and in the 3" decimal for higher
concentrations. Figure 5.4 shows the refractive index versus ion concentration of

phosphate buffered saline (PBS) at a few selected photon energies.
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Figure 5.4 Refractive index versus ion concentration of PBS for a selected number of

photon energies.
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