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Abstract

Bioceramics are biocompatible ceramic materials, that interact with biological systems
of the body to treat, strengthen or replace body functions. Most conventional bioce-
ramics are oxide ceramics, glass ceramics and calcium phosphate ceramics. Among
these calcium phosphates, synthetic hydroxyapatite has been extensively studied due
to its biomimetic properties similar to that of natural bone. One approach to prepare
synthetic hydroxyapatite is to first deposit amorphous Ca-P-O thin film and then by
means of post deposition annealing initiate the formation of hydroxyapatite crystals
to the film. In addition to the correct film composition and crystalline structure, other
surface properties such as wettability and surface nano- and microtopography are very
significant for the biocompatibility.

In this study Ca-P-O thin films were deposited using two different techniques, ion
beam sputtering and atomic layer deposition (ALD). Films deposited using both tech-
niques were amorphous after deposition. For sputter deposited films, the Ca/P atomic
ratio determined by means of ion beam analysis approached stoichiometric hydroxya-
patite when hydroxyapatite powder doped with extra phosphorous was used as the
sputtering target. Though the sputtered films showed good biocompatibility in cell
attachment studies, the dissolution of as-deposited films in cell culture medium is
a disadvantage. The surface of as-deposited and annealed thin films deposited us-
ing ALD were locally modified by high and low energy irradiation. After low energy
ion irradiation the as-deposited films showed an increase in hydrophilicity, which was
determined using contact angle measurements, and also greater spreading of mouse
pre-osteoblast cells.

The effect of surface topography was studied by abrading Ti metal substrates to
different roughnesses before depositing 2-50 nm thick ALD Ca-P-O films on them. Ti
was selected in order to combine the biocompatibility of Ca-P-O thin-films with the
mechanical strength of the Ti metal substrate. Ca-P-O films deposited on smoother
substrates showed higher Ca/P atomic ratios than those on the rough substrates,
demonstrating the influence of roughness on the film growth during the deposition.
As-deposited Ca-P-O films acted as equally good cell culture substrate as untreated
Ti samples used as a control.

After post deposition annealing at 800 °C, Ca-P-O films were crystallized on Si sub-
strates and showed filopodic morphology of pre-osteoblast cells. Films on Ti showed
also filopodic morphology of cells after 700 °C annealing but at 800 °C the number of
cells substantially dropped, most likely due to formation of a less biocompatible TiO,
rutile phase on the surface.
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1 Introduction

One of the major concerns in the field of osteology is bone fragility, i.e. osteoporosis.
The mineral phase, which is the main constituent of bone, is calcium phosphate,
and osteoporosis is characterised by gradual loss of calcium in bone leading to a very
porous and weak bone, thereby causing bone fracture. The natural and accidental bone
fracture or degradation is often treated by bone substitutions. A continuous state of
resorption and remodeling after bone implant initiates the healing process. Resorption
is where osteoclast cells absorb bone matter and remodeling is where osteoblast cells
produce new bone. Changes in the dynamics equilibrium between these two process
allows bone to grow and change shape. The rate of resorption of bone substitutes
depends on composition, porosity and the geometry of the biomaterial used.

Compact Bone

Ephiphyseal

Line A
Encosteum
Spongy Bone

14— Bone Marrow

Fibrous coat

Cavity
of the bone

Bone cells in
bone matrix

artery Compact Bone

Figure 1.1: Section of human bone.

A cross-section of human bone is shown in Fig. 1.1. The most widely used biomaterials
for bone substitute and bone implant are calcium phosphate ceramics. Ceramics are
materials of inorganic nature that are brittle but advanced ceramics with their great
biological tolerability are used to create components suitable for replacement in the
human body. Bioceramics range in biocompatibility from the ceramic oxides, which are
inert in the body to other resorbable materials. The most conventional bio-ceramics
for implants are 1) oxide ceramics such as aluminium oxide (AlyOs3), zirconium oxide
(ZrOy), 2) glass ceramics and 3) calcium phosphate ceramics such as hydroxyapatite



2 Introduction
Material | Youngs Modulus | Bend Strength | Tensile Strength | Density
/(GPa) /(MPa) /(MPa) /(gem™?)
Bone 10-20 160 124-174 1.6
HA 70-120 20-80 40-100 3.156

Table 1.1: Physical properties of bone and hydroxyapatite (HA) [13-16].

(HA, chemical formula Ca;q(PO4)s(OH)s), tricalciumphosphate (TCP) and biphasic
calcium phosphates (BCP) [1-5]|. The two main advantages of using ceramics as bone
graft substitutes are that, there is no threat of disease transmission and there is an
absence of inflammatory response. Additionally, calcium phosphate and HA display
an osteoconductive property'. Better stabilisation of calcium phosphates and HA
is obtained by increasing its crystallinity, which results in decrease of calcium and
phosphate release from its surface and therefore lowering the rate of degradation [6].

The use of bulk calcium phosphate ceramics and HA is limited to non- or low-load
bearing applications due to brittleness associated with low impact and fracture resis-
tance. This can be directly seen from comparison of mechanical properties of bone
and HA in Table 1.1. To eliminate this problem, it was suggested that quality of im-
plants could be improved by depositing calcium phosphate on the metal implants with
thin films. This approach would combine the mechanical strength of implant with the
biological properties of calcium phosphate ceramics. The main function of calcium
phosphate thin films for bone implant interface devices is to improve the long-term
biocompatibility of metallic implants. For implants such as Co-Cr and stainless steel-
based systems, calcium phosphate thin films form a barrier to inhibit corrosion and
associated metal ion release by the metallic substrate in vivo [7-9]. Metal implants
coated with calcium phosphate thin film are reported to exhibit rapid surface bone
apposition with good stability [10-12].

Early research in the field of implants was on understanding the biomechanical prop-
erties of the metal used as implants. Critical factors for the success of implants depend
on material selected, biocompatibility and design of material structure. Though metals
and metal alloys reached many of the biomechanical requirements of surgical implants,
the interface bonding between the metal implant and surrounding bone still tends to
be the important factor for the success of the implants. Commonly used biocompatible
metal implants are titanium, titanium alloys or stainless steel. Weak or poor inter-
facial bonding, formation of a non-adherent fibrous tissue layer and delamination of
coating with formation of particle debris can to lead to implant failures [17-22].

Synthetic HA has been extensively used in experimental studies and in orthopedic

Lthe ability of the material to promote bone growth on its surface for the fixation of the implants.
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surgery. Natural sources of calcium phosphate ceramics are from human or bovine
bone or from coral, invertebrate marine organisms. Artificial calcium phosphate and
HA can be synthesised from aqueous solution [23], by solid-state reaction [24] or by
hydrothermal methods co-precipitation [25-27|, sol-gel process |28] and other methods
[29]. They differ from natural origins in composition, physical, chemical properties and
crystal morphology depending on the method used for synthesis.

The critical factors to determine the quality of calcium phosphate coating are thick-
ness, crystallinity, biocompatibility, adhesion to implants and wear resistance of the
thin film. Dissolution and mechanical properties of coating depend on the thickness
coating. The higher thermal expansion coefficient of HA than titanium alloy yields
tensile stress which develops cracks through the coatings [30]. The disadvantage of
using thick coatings are delamination, fragmentation and increase in residual stress.
The energy released due to residual stress may lead to debonding of the coating at
the interface. Dissolution of calcium phosphate coatings is determined by the degree
of crystallinity i.e., more crystalline the calcium phosphate coating is, the lower its
dissolution rate [31].

The reduction in thickness of coatings will overcome above mentioned disadvantages
and therefore, study on different deposition technique to prepare Ca-P-O thin-films
was carried out. Properties that govern good quality calcium phosphate thin-film
include Ca/P ratio, surface roughness, hydrophilicity, crystallinity, biocompatibility
and coating uniformity. In view of this Ca-P-O thin-films were deposited using two
different deposition techniques, ion sputtering and atomic layer deposition (ALD).
The main goals of this study were (i) preparation of transparent Ca-P-O thin-films for
microscopic study of bone cells (ii) to obtain films with Ca/P ratio similar to natural
HA (iii) to use low and high energy ion irradiation to improve the hydrophilicity of
thin-films (iv) to understand the effect of surface roughness of titanium substrate and
its influence to the atomic Ca/P ratio (vi) and to investigate the ALD Ca-P-O films
on different surfaces as a cell culture substrate.
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2 Thin films and titanium as
biomaterials

This chapter presents an overview of Ca-P-O thin films and titanium metals used as
biomaterials. The biocompatibility of a surface is a combination of many factors among
which the correct surface chemistry, material mineral form and surface topography
can be altered during the material or surface preparation.

2.1 Ca-P-0O thin films

The use of Ca-P-O thin films is of interest, because of their similar chemical com-
position to that of apatite of living bone [1,2|. Key characteristics which determine
the durability of the coatings are optimal phase composition, a Ca/P atomic ratio
approaching the stoichiometry ratio of HA, microstructure, low porosity, low inter-
nal stress, strong adhesion to the metal surface, chemical stability, crystallinity and
surface roughness [32,33|. Ca-P-O coatings used for implants must be non-toxic, bio-
compatible and cause no significant changes in the calcium phosphate levels [21] which
improve the initial osseointegration rate [34]. This osseointegration process starts with
gradual reabsorption of HA-like thin films, followed by direct contact of surrounding
tissue with implant interface layer to form a strong attachment. In general Ca-P-
O thin films have the potential to improve implant biocompatibility and ultimately
implant longevity.

In order to achieve above requirement, thin Ca-P-O films have been prepared using
different coating techniques. Continuous research on HA and Ca-P-O materials during
the last few decades has not only focused on the tissue-coating interface, but also on
the problems associated with the coating process and optimisation of coating proper-
ties for maximum tissue response.
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2.2 Role of biomaterials in implantation

bone

(<]

\/

l biomaterial

Figure 2.1: Representation of events at the bone-implant interface: (a) protein adsorbed from blood
and tissue fluids, (b) protein desorption, (c) surface changes and material release, (d) inflammatory
and connective tissue cells approach the implant, (e) possible targeted release of matrix proteins and
selected adsorption of proteins, (f) formation of lamina limitants and adhesion of osteogenic cells,
(g) bone deposition on both the exposed bone and implant surface, (h) remodeling of newly formed
bone [35].

The concept of biomaterials is one that material elicits a specific biological response at
the material-biosystem interface. In this present case, this results in the formation of
a bonding zone between the tissue and material shown in previous study [20]. Though
the mechanism behind the bonding zone still remains unknown. A possible prediction
that might have led to this process is shown in the Fig. 2.1. This interface has been
referred to as the bonding zone [21]. Though the development of this interface is
complex and involves numerous processes, factors such as particle size, shape and
surface roughness affects cellular adhesion, proliferation as well as phenotype plays
an important role during bond formation. Cells can discriminate even the subtlest
changes in topography and they are most obviously sensitive to chemistry, topography
and surface energy [36]. A comparison between normal bone and HA structures shows
a large similarity in both the channels and space required for bone cell ingrowth. This
is a significant reason for the considerable interest in HA as a bone replacement [37].

2.2.1 Interface details

The dissolution characteristics of Ca-P-O thin films maybe critical for understanding
tissue response to the coatings, a process which depends on chemical composition,
crystallinity, porosity, particle size, surface area, as well as the ionic composition of
the equilibrating solution (pH, ionic strength, concentration of the ion constituents)
[38—40].
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Material | Youngs Modulus | Yield Strength | Tensile Strength | Density
/(GPa) /(MPa) /(MPa) | /(gem™®)
Ti 116 140-250 230-460 4.5
SS 190 209 519 7.8

Table 2.1: Physical properties of Ti and stainless steel (SS) [43-46].

The dissolution of thin films increases with an increase in porosity. The dissolution
process is initiated with (1) partial dissolution of HA, releasing calcium and phos-
phorous ions, increasing their localised concentration in the microenvironment, (2)
formation of precipitation on coatings, (3) ion exchange with surrounding tissue and
(4) then the formation of a bone-like mineral layer [34]. The bone like mineral layer
promotes the adhesion of the extracellular matrix, providing a preferential substrate
for cell attachment.

Faster bone attachment was observed on thin films with a higher content of amorphous
phase due to more rapid dissolution; however this may be lead to loss of fixation
when compared to thin films with crystalline phase. Likewise a higher mineralised
extracellular matrix has been reported to be formed on Ti coated with Ca-P-O thin
films other than just the uncoated Ti implant [41].

2.3 Titanium as implant material

To overcome failures in load-bearing applications, mechanically poor Ca-P-O thin
films can be combined with stronger metal implants. The implant metal used must
form a stable interface with surrounding tissue and be in agreement with the mechan-
ical properties of natural tissue. The metallic materials commonly used as implants
are stainless steel (SS), cobalt chromium (Co-Cr) alloy, titanium (Ti) and its alloy
Ti-6Al-4V, 6 wt.% Al, 4 wt.% V, <0.25 wt.% Fe and <0.2 wt.% O. Ti is mostly em-
ployed either in pure or alloy form because of its good corrosion resistance, reasonable
fatigue life strength, comparatively high stiffness, light weight and relative inertness,
as shown in Table 2.1. This table summarises the mechanical properties of Ti and
stainless steel. An increase in bond strength between HA and Ti has been noted due
to formation of chemical bonds between them in addition to the expected mechanical
bond. Another important factor that has to be considered is the thermal expansion
coefficient, where a difference between titanium (10.4x107°% K=!) and HA (13.4x1076
K™') is observed [42]. Residual stress is minimised with a smaller difference in these
coefficients. This is important because although the temperature change in the body
is small, high temperature may be encountered during sterilisation process.
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2.3.1 Modification of surface morphology

In the case of the adhesion between Ca-P-O coatings and metallic substrates, the
surface nature of the substrate plays an important role. From previous studies it has
been observed that a highly roughened surfaces exhibited better long-term clinical
success with higher bond strength, greater resistance of the coating to pure shear
forces and an increase in coating and body-fluid interface, when compared to a smooth
substrate surface [47,48].

Biological responses, at cellular level, such as migration of cells, orientation, osseoin-
tergation or tissue interaction with the surface of an implant not only depends on
chemical composition but also on surface morphology [49|. Therefore, in order to con-
trol surface property of titanium substrate, an appropriate chemical and morphological
treatment of the surface is necessary to achieve stronger bone-to-implant integration.
The microstructure of implant surface can be modified using different techniques such
as chemical etching, blasting, cutting, casting, rolling or mechanical polishing. In vivo
tests of implants have shown that osteoblasts have higher probability to adhere to
a rough titanium surface while fibroblasts and epithelial cells adhere mainly to very
smooth surfaces [50,51]. Though rough surfaces promote the growth of the bone tissue
over the implant surface, the optimum surface roughness is still not determined. The
surface of a metal substrate can be classified smooth (microstructured), macrostruc-
tured or porous textured. The microstructured metal in terms of surface is altered
either by acid etching [52,53] or grit blasting [54,55]. Grit-blasted, metal surfaces up
to a roughness of four to ten yum R,,,s, is typically used in preparation for application
of a plasma-sprayed coating. Macrostructuring can take the form of grooves, threads,
meshes or deposited metal coating.
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modification

In order to obtain films of high optical quality for microscopic study in fixed- and
live-cell imaging, the sputtering and ALD deposition methods were investigated. In
addition we investigated ALD deposition on Ti as an approach for improving bone
attachment on surgical prosthesis. Both the ALD and sputtering techniques have the
advantage of being able to deposit optically transparent thin coatings with fairly high
deposition rates. For sputtering even room temperature, deposition is possible. For
selective surface modification without affecting the bulk properties, ion irradiation of
the film at room temperature can be carried out. This modification can be considered
in terms of: (1) cleaning and/or roughening of the surface, (2) changes in the surface
composition and (3) the formation of hydrophilic and/or hydrophobic groups. This
chapter gives a concise overview of experimental techniques and details used in this
study. Fig. 3.1 gives the flowchart of sample preparation and experimental procedure
carried in this study.

3.1 Sample preparation

3.1.1 Borosilicate and Si substrates

Before deposition, borosilicate glass coverslips and Si substrates, cut from the wafer
were treated in hot acetone in an ultrasonic bath. Finally, the substrates were rinsed
with isopropanol and blow dried with nitrogen gas.

3.1.2 Titanium substrate

In order to study the effect of roughness towards the growth of Ca-P-O thin films
deposited using ALD, the surface topography of titanium substrates were modified.
Commercial Ti plates 50 mm x 50 mm from Goodfellow [56] (purity 99.6+%) were
cut to a size of 10 mm x 10 mm. The surfaces of the cut samples were subsequently
treated using 600, 1200, 2000 SiC abrasive paper and 3 pm diamond paste (DP).
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Figure 3.1: Flowchart of sample preparation for borosilicate, Si and Ti substrates.

The process was stopped at four different points. This yielded Ti substrate with
four different surface roughnesses. Deionised water was used as a lubricating medium
while abrading with SiC paper. Diamond paste polishing was done on clean room
cleaning sheets. The treated samples were later ultrasonically agitated for 5 minutes
in deionised water, isopropanol and finally blow-dried with Ny gas.



3.2 Sputtering target preparation 11

3.2 Sputtering target preparation

In order to achieve a uniform thickness of Ca-P-O thin films, it is essential to optimise
the deposition rate and measure the beam current. To obtain a Ca/P ratio similar
to that of HA, two types of targets were prepared for this study; pure HA targets,
made from commercially available HA powder [57] and composite mixture HA + red
phosphorus targets, where the atomic percentage of phosphorous was increased from
13.6 at.%. for pure HA to 23.6, 33.6 and 43.6 at.%. The sputter targets were compacted
from powder into disc-shaped pellets of 8 mm diameter and 2 mm thickness by 20
GPa uniaxial pressure.

3.3 Ca-P-0O thin film deposition

Research on HA and calcium phosphate thin films has led to the use of different
deposition techniques in order to optimise properties of coatings or thin films suitable
for maximum tissue response. The most commonly used deposition techniques are
plasma spraying, biomimetic coating, pulsed laser deposition and sputter deposition.
This study focused on deposition by means of ion sputtering and ALD.

3.3.1 Ion sputtering

Sputtering is widely commercially used for the deposition of films, and also for anisotro-
pic etching of structures in semiconductor industry and in micromaching technologies.
A smooth and continuous coating is obtained by sputtering. Typically when an ion
beam impinges a target, eroding the surface; most of the ion beam is implanted in the
target to a depth depending on the energy of the ion beam used and a small fraction
is reflected after suffering a range of energy losses. The slowing down of energetic ions
in a target creates a so-called collision cascade. If the cascade of moving atoms extend
to the surface, atoms that are outward directed may be ejected if they have enough
energy to overcome the surface binding energy. The ejected target atoms which have
a wide angular and energy distribution, can be collected on another surface, a col-
lector (substrate) on which a deposited thin film is formed. This process is called
ion sputter deposition.

In general when an incoming particle collides with the atoms of the solid, it transfers
energy to the atomic nuclei. When more energy than binding energy is transfered a
primary recoil atom is created. Primary recoil atoms collide with other target atoms
creating a collision cascade. Thereby sputtering of surface atoms occurs if target atoms
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Figure 3.2: Sputter deposition of thin films with possible sputter mechanisms.

obtain enough kinetic energy to overcome the binding energy exerted by the target.

Fig. 3.2 illustrates the sputter ejection process. When an incoming particle collides
with atoms of the solid, it is possible to characterise sputtering events to belong to
one of the following types [58,59|:

(i) Single knock-on region

(ii) Linear-collision cascades and

(iii) Non-linear cascacde (spike region)

Single knock-on region (low-energy light ions) is the region close to the sputtering
threshold, where the energy to create full collision cascades is not available. However,
for very light projectiles, a few collision events may take place at all energies. For target
components with widely different masses and light projectile, preferential ejection of
the lighter component of two component target will be favored. For the linear-collision
cascade and spike region, the energy of imparted recoil atoms is greater and create
secondary and higher-generation recoils of which few may approach the surface and
overcome the surface energy barrier. In this case preferential sputter ejection is less
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likely. In non-linear cascade the target atoms in the cascade are in motion prior to
scattering atoms are ejected from a more or less well-defined thickness Axy of a nm
or so. The energy distribution of the sputtered atoms is peaked at 1-2 eV and has a
long tail extending to higher energies.

The sputtering yield is expected to be proportional to the number of recoil atoms
generated in that layer, and their kinetic energy which falls into lower and medium
eV regions. According to Sigmund’s theory [60] the sputtering yield in the linear
cascade region can be expressed by:

Yy — OO42O((M2/M1)S7L(E, Zl; ZQ)
B NU,

Here, S,, is the nuclear-stopping force, o is an energy-independent function of the
mass ratio between the target My and projectile M; atoms. E is the projectile energy,
(Z1), (Zy) are atomic number of projectile and target atom respectively. N and U,
are density and surface binding energy of the material. In the single knock-on region,
the sputtering yield is given by the pertinent cross sections. For a linear cascade, it is
proportional to the available energy, i.e., energy deposited per unit depth according
to Eqn. 3.1. In the spike region temperature associated with the energy deposited is
to be considered. Most ions in the tens of keV region give rise to a linear cascade.
Higher energy and heavier ions (MeV ions) cause non-linear cascades.

. (3.1)

From the point of view of thin film deposition the advantages of sputtering are (i) that
refractory materials (oxides, nitrides, carbides and metal such as tungsten.) can be
deposited. (ii) The greater than thermal energy of sputtered atoms promotes adhesion
through ballistic atomic mixing at the film /substrate interface. (iii) The composition
of the film is governed by the composition of the sputtered flux. Hence the composi-
tion of the deposited film can be constant throughout the thickness of the film. For
our purpose sputtering was used to obtain optically transparent thin films which can
be used for live-cell microscopic study. The major disadvantage of sputter deposition
is the difference in Ca/P atomic ratio between the target and sputtered coatings due
to the difference in partial sputtering yields yc, and yp from a multi-component tar-
get and due to the preferential deposition of calcium. This is probably due to the
possibility of the phosphorus ions being lost and pumped away before being promi-
nently deposited at the substrate [34]. The difference can also be due to the collection
efficiencies of Ca and P or loss of P from deposited films. It is also suggested that
the phosphorus ions maybe weakly bound to the film being deposited and can be
sputtered away by incoming low energy sputtered atoms [60-63]. The disadvantages
of sputter deposition are the post deposition annealing needed to obtain crystalline
film and dissolution of amorphous film in in vivo.
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3.3.2 Sputter deposition at JYFL

The setup used for ion beam sputtering was constructed at Department of Physics,
University of Jyviskyld and shown in Fig. 3.3 [64]. A tungsten filament was used to
produce electrons to create a plasma from which stable ion beams from all gaseous
elements could be extracted. The beam transport unit consists of an acceleration
electrode, an Einzel-lens and extraction electrode. A sharply focused beam spot can
be obtained by changing the potential of the Einzel-lens [64].

fal R

Figure 3.3: The sputtering instrument is shown in (a). It consists of (1) ion source, (2) plasma
electrode, (3) extraction electrode, (4) Einzel-lens, and (5) sputtering chamber (With permission
from [64]).

The beam is focused to the sputtering target by optimising the current in the target
holder. The sputtering target HA pellet is embedded in a carbon holder and ion beam
is impinged on the HA pellet at 45° to the surface normal. The substrate to be coated,
was placed at 90° with respect to the incoming beam (Fig. 3.4).

The thin Ca-P-O coatings were sputter deposited on cleaned borosilicate glass and Si
substrates at a chamber pressure of 10~¢ mbar. Sputtering was carried out using N,
Ar or Kr as the ion source feedstock gas at different acceleration voltages (2, 4, 6, 8
and 10 kV) with the same discharge current of 1.5 A. The ion beam impinged on the
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Figure 3.4: Deposition of hydroxyapatite films by means of an incident 6 keV Ar ion beam.

HA pellet and the sample target distance was fixed at about 3.5+0.5 cm. The films
were deposited up to a thickness of about 100 nm with a maximum deposition rate

of 0.7 nm s~ L.

3.3.3 Atomic layer deposition

Atomic Layer Deposition is a widely expanding technique belonging to the group
of chemical vapor deposition methods (CVD) [65,66]. In traditional CVD the film
growth occurs due to a decomposition reaction of constantly flowing gaseous precur-
sors. Whereas in the ALD deposition process it runs below the decomposition temper-
ature of precursors. The substrate is exposed only to one precursor at a time in order
to avoid the reaction between the precursors thereby maintaining the quality of the
thin film. ALD is thus a single atomic layer by layer process where the film is built up
by reaction at the surface from pulses of precursor gas. A schematic representation of
ALD process is shown in the Fig. 3.5.

The film growth reaction occurs between the precursor vapor and one monolayer of the
other absorbed precursor on the substrate. After all the reactive groups are consumed
with no further reactions, the surface is covered with monolayer of the second precur-
sor. Inert gas, such as Ny, is typically used to purge out excess precursor. The cycle of
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Figure 3.5: A schematic representation of ALD process.

first precursor, purge, second precursor, purge is then repeated to deposit subsequent
layers. Since the film growth reaction are obtained after saturation of chemical pro-
cess, the deposited films are highly conformal and pinhole free. Two main requirement
for ALD deposition are highly reactive precursors and growth temperatures below the
self-decomposition temperature in order to obtain impurity free and self-limiting satu-
rated film growth. The film thickness obtained by this process is uniform through out
the substrate. Thickness is governed by the the number of deposition cycles. A highly
uniform film with thickness down to the nanometer range defined stoichiometry values
can be produced. Another major advantage is that because the reactant precursors
are delivered in a gas phase, ALD can be used for coating three dimensional structures
with intricate shapes and features [67].

ALD was used in the initial phase of this study [68] to deposit Ca-P-O films. The
as-deposited films were amorphous in nature. Formation of crystalline phases typical
of hydroxyapatite were observed to form at 500 °C according to X-ray diffraction
studies [68]. The degree of crystallinity increased at higher annealing temperatures.
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3.3.4 Ca-P-0O Parameters for ALD deposition

Ca-P-O films were deposited on Si and Ti substrates using an commercial ASM F-120
flow-type ALD reactor. Ca(thd)s (thd = 2,2,6,6—-tetramethyl-3,5-heptanedione) and
trimethylphosphate ((CH30)3PO) were used as calcium and phosphorous precursors,
respectively. Amorphous surface-controlled Ca-P-O thin films were deposited at 300
°C. The Ca(thd), and trimethylphosphate precursors were evaporated by means of
their own vapor pressure from open glass boats placed inside the ALD system at
190 °C and 25 °C, respectively. Ozone and deionised water were used as oxygen
sources after the Ca(thd)s and trimethylphosphate pulses, respectively. Water was
evaporated by means of its own vapor pressure from an external container at 25
°C. Ozone was generated from 99.999% oxygen with a Fischer 502 ozone generator.
Nitrogen (99.999%) was used as a carrier and purge gas, which was generated from
dry compressed air with a Schmidlin UHPN 3000 nitrogen generator.

The growth mechanism of ternary Ca-P-O proceeded by a two-step fashion producing
first calcium carbonate and then successive (Ch30)3;PO/H50 cycles subsequently con-
vert some of the carbonate to phosphate. A Ca-P-O ALD cycle consists of Ca and P
subcycles. The ratio of subcycles were adjusted to obtain the desired Ca/P molar ratio
in the film. A typical deposition cycle aiming at a stoichiometric Ca:P molar ratio of
1.67 consists of a Ca subcycle repeated 6 times followed by one P subcycle. Prior to
the thin film deposition the Ti substrates were cleaned using O, plasma etching. ALD
films of 10, 20, 50, 100 and 208 cycles were deposited on Ti and on Si samples. A
The as-deposited thin-films were annealed after deposition in an ATV PEO 601 rapid
thermal annealing oven under humid argon (99.999%) atmosphere at 500-800 °C for
10 minutes to obtain the desired crystalline hydroxyapatite phase. The film thickness
for a sample deposited with 208 ALD cycles is between 50 and 60 nm.

3.4 lon interaction with materials

In this work we aimed to alter the surface properties of a thin films of Ca-P-O in
order to enhance their biocompatibility while retaining the bulk properties of the
film. Both low and high energy (keV and MeV) ion irradiation can alter the surface
and bulk film properties such as crystallinity [69], wettability [70,71] conductivity |72]
and solubility [73].

There are three major classes of the energetic ion interactions with materials. These
are: (i) Electronic excitations and ionisation events - these happen at all ion ener-
gies. They result in break of chemical bonds, new molecule formation, secondary elec-
tron emission, electron-hole pair generation, luminescence, intrinsic defect production,
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change of valence state of impurities, sputtering and radiation emission. (ii) Atomic
collisions (direct momentum transfer from the incident ion to the target atom) are the
most significant mainly at low energies and include sputtering, molecule formation or
decomposition, atomic mixing and intrinsic defect production. (iii) Doping (implan-
tation process) — foreign atoms are introduced in the target and at high fluences can
result in compound formation within the target.

When an energetic ion traverses through matter it interacts with nuclei and electrons
of the target through collisions, before coming to rest [74]. One of the most important
quantities associated with this slowing down process is the stopping d£/dz, which is
the average energy loss dF of the incoming ion per unit elemental path length dz. This
is the stopping force of matter for an ion [74-76]. The ion transfers its kinetic energy
to the medium by two main processes, nuclear stopping and electronic stopping.

The total stopping force, dF/dx|;n, can than simply be expressed by,
dE dE dE

e e 2
dx rot dx In + dx e (3:2)

where subscripts n and e refer the total nuclear and electronic stopping, respectively.
Typical energy losses are of the order of a few to many 100 eV /nm depending on the,
ion, its energy and target composition [75].

In a nuclear collision at keV energies, an energetic ion transfers some of its kinetic
energy to a target atom by scattering in a screened coulomb interaction. The collision
can be considered to be a binary collision, (i.e a two body collision) since the energy
transfered is large compared to binding energies [75] and the electrons only contribute
electronic screening of the nuclear charges. The nuclear stopping or nuclear energy
loss is an elastic collision process. This process is predominant when the incident ion
has low energy Ej and high atomic number Z; [74,75].

In electronic stopping, the ion’s energy is transferred to the electrons of the target
atom by two main mechanisms; electronic excitation and ionisation through a coulomb
interaction. It should be emphasised that both excitation of the projectile and target
atoms contribute to stopping. The electronic stopping mechanism is essentially an
inelastic process; which is dominant when the ion has high energy, Fy and low atomic
number, Z; [77].
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3.5 High energy irradiation

3.5.1 Tandem Pelletron accelerator

To study the effect of high energy irradiation and for analysis the 1.7 MeV tandem Pel-
letron accelerator (National Electrostatic Corporation, USA) in Jyvéskyld was used.
This accelerator is equipped with an RF ion source (Alphatross) which generates neg-
ative ions of H, He and O. These negative ions are preaccelerated to few tens of keV
energy, E;, and mass-energy filtered by Wien velocity selector! and subsequently fo-
cused by an Einzel lens before injected into the accelerator. The negative charged ions
are accelerated towards the high voltage terminal in the center of accelerator tank
by the attractive force from the positively charged terminal. Inside the terminal they
pass through a stripper filled with low pressure Ny gas. In collisions with Ny molecules
the negative ions are stripped of electrons rendering them positively charged. These
positive ions are then accelerated by the positively charged terminal in the second
acceleration stage towards the ground potential. The total kinetic energy acquired by
the ion is therefore F = (1 + ¢) V + E;, where V'is the terminal voltage in MV, ¢ s the
charge state of the positive ion. Protons can therefore be accelerated to £ =2V + E,.
Other ions may create several charge states after they pass through the stripper, e.g.
160~ can form 60, 160+, 1602+ 1603+ etc with progressively higher charge states.
The desired charge state with corresponding energy is selected by a switching magnet
and directed into the lithography beam line (-15°).

3.5.2 Programmable Proximity Aperture Lithography

A high energy ion beam was used to lithographically irradiate the thin films using the
PPAL system in which, heavy ions beams can be shaped to small rectangular beam
spots. The aperture in the PPAL system is made up of four 100 pm thick, well polished
edges of Ta foils [78,79]. Two foils are glued together with a vacuum compatible
epoxy adhesive, Torrseal’™ at right angles to form a L-shaped blade [78,79]. Each
L-shaped blade is glued to a corresponding Al block which is mounted on a high
precision positioner (Fig. 3.6(b)). By moving the blocks in X’ and Y’ direction a
precise rectangular aperture opening can be defined. The sample holder is mounted
on three similar positioners which can move the sample in the x, y and z directions as
shown in Fig. 3.6. Combining the X’Y’, x and y movements allows complex patterns
made up of rectangle pattern elements can be written.

A fluorescent screen on one of the aluminum blocks that support the aperture L-

IThis has since been replaced with a inflection magnet.
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Figure 3.6: The PPAL system. a) The PPAL system at Pelletron laboratory. b) Schematic presen-
tation of the operational principle of the PPAL system. ¢) A photograph of the interiors of the PPAL
chamber. The Al block are mounted on high precision computer-controlled linear-motion drives that
move the L-shaped Ta blades [80].

J lon beam

blades is used for optimising and focusing the beam to few mm in diameter. Purpose-
developed LabVIEWTM_based software is used to control the motion of the position-
ers, beam blanking and perform automated exposures by reading a sequential ASCII
file containing pattern information [81].

3.5.3 Irradiation parameters

Both as-deposited and annealed Ca-P-O thin films were irradiated utilising the PPAL
setup. The required fluence (ions/cm?) per pattern element is then calculated from
measurement of beam current density. The beam current density was determined
from the Faraday cup. The high energy irradiation was carried out with a 2 MeV
160* beam from the Jyviiskyld 1.7 MV Pelletron accelerator. Exposures of square
areas of 500 um side length with 500 pgm pitch were repeated to cover a 5 mmx5 mm
area. The fluence of 10! ions ecm™2 was obtained with 500 pA beam current through
the aperture. Irradiation was carried out at a pressure of 1076 mbar.
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3.6 Low energy irradiation

3.6.1 Ion irradiation system

Low energy electron bombardment can produce recrystallisation of amorphous pockets
[82-85]. In order investigate the effect of ion irradiation on as-deposited and annealed
ALD deposited HA films, low energy ion irradiation was carried out using an Electron
Cyclotron Resonance (ECR) plasma source.

The magnetic field in ECR ion source consists of an axial component which is gen-
erated by solenoids or permanent magnets and a radial component which is usually
multipole field produced by permanent magnets. The orbital electron motion allows
the electron to collide with many atoms and ionise them to form a dense and hot
plasmas. Higher magnetic field gives higher frequency which leads to higher plasma
densities and consequently higher extended ion beam intensities [86].

Figure 3.7: Irradiation of a Ca-P-O film by means of Ar ion beam.



22 Thin film deposition and modification

3.6.2 Irradiation parameters

Both as-deposited and annealed Ca-P-O thin films were irradiated with low energy
ion beam from OSPrey Microwave Plasma Source from Oxford Scientific. Ar was
used as the ion source gas feedstock for irradiation and the acceleration voltage was
varied in steps from 0.6 kV to 1.2 kV ions for 90 s with the fluence of 4.5x10'¢ ions
cm~? (assuming +1 ion charge-state). The non-analysed beam from the source was
anticipated to be a mixture of neutral Ar and low positive charge state Ar ions.
The samples of 10 mmx10 mm in size were placed in the sputtering chamber and
evacuated to a base pressure of 1x107% mbar. The chamber pressure was then raised
to 4 x 10~* mbar with Ar feedstock gas. Once the processing pressure was reached, the
source was turned on and the samples were irradiated at the respective acceleration
voltage. To provide an un-irradiated control area on each sample, a 10 mm X 5 mm
Ta sheet aperture mask was used to shield part of the sample surface from the ion

beam. Fig. 3.7 shows the irradiation process.



4 Sample characterisation

The quality of Ca-P-O thin films which were produced and modified was determined
by characterising the film composition, the hydrophilicity of modified surfaces, surface
topography and MC3T3 mouse osteoblast cell culture studies on thin films. This chap-
ter gives a brief overview of analytical methods that were utilised. Fig. 4.1 gives the
flowchart of the different characterisation done with respect Ca-P-O films deposited
on borosilicate glass, Si substrate, abraded Ti substrates deposited using ion beam
sputtering and ALD, respectively.

Borosilicate Si Si Abraded Ti Si
glass Substrate Substrate Substrate Substrate
Ion ' -
Sputtered Unirradited Irradited
Ca-P-0 ALD Ca-P- ALD Ca-P-Q As- Annealed
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Figure 4.1: Flowchart of Ca-P-O thin film characterisation deposited on borosilicate, Si and abraded
Ti substrates.
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4.1 Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) is an ion scattering technique that is
used for compositional analysis of thin films. A sample target is typically bombarded
with He ions at an energy in the MeV-range (typically 0.5-3 MeV) and the energy
of the backscattered projectiles is recorded with an energy sensitive detector, usu-
ally a solid state ion implanted, surface barrier or p-i-n detector. The depth in which
the scattering occurred can be calculated by means of scattering kinematics and the
stopping force. If different elements in the sample are homogeneously distributed and
detected without overlapping signals E=(dE/dz), like in the case of Ca and P on Si,
atomic ratios can be calculated by means of scattering cross sections for each element.
It is also possible to obtain quantitative depth profiles from the RBS spectra (for thin
films that are less than 1-5 pm thick). Moreover, the stopping cross-sections of many
materials for most commonly used hydrogen and helium ions are experimentally well
known. RBS is quantitative without the need for reference samples, fairly nondestruc-
tive and has a good depth resolution of 25 nm FWHM and 5 nm in some cases (e.g.
for glancing incidence [87]. The major drawback of RBS is its limited sensitivity to
detect light elements in a heavier matrix such as measuring thin films on heavier sub-
strates. Because of this limitation, RBS could not be used for precise measurement
Ca/P atomic ratios on Ti susbtrate in this study.

4.1.1 RBS measurements

The composition of the irradiated films on borosilicate glass and Si was determined
with a 2 MeV “He*t ion beam backscattered at 160°. The 2 mm diameter beam was
incident at 7° to the sample surface normal in order to minimise channeling. The
SIMNRA simulation program was used to obtain the elemental Ca/P atomic ratio by
comparison of simulated and experimental RBS spectra.

4.2 Elastic Recoil Detection Analysis

Elastic Recoil Detection Analysis (ERDA) is a powerful technique for quantitative
depth profiling of all the elements in a sample. In ERDA, the sample to be analysed
is mounted at a glancing angle with respect to an impinging ion beam. The projectile
ion causes target atoms to be recoiled in forward directions by a single high energy
collision, and these recoils are detected in ERDA together with scattered projectiles.
The energy distributions of the different atoms ejected from the target at a given
angle are measured, and can be, by means of known scattering kinematics, scattering
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cross-sections and stopping forces, converted to elemental depth profiles [88]. Time of
Flight—Elastic Recoil Detection Analysis (TOF-ERDA) is based on the simultaneous
measurement of both the velocity and total energy of the atoms recoiled from the
target to distinguish recoils of different elements. The velocity is determined from
two independent timing detectors and the energy from a charged particle detector. In
TOF-ERDA, normally beams of heavy ions like Cl, Cu, Br or I are used. Using the
recoil atom velocity and energy, the isotropic mass of the particle can be calculated
[89]. The depth profiles are obtained from the energy loss, as the ions travel into
and exit from the sample surface [88]. The advantage of using TOF-ERDA in this
study is that all elements in the sample, including hydrogen, can be well resolved and
simultaneously detected (< 1 pm film thickness).

4.2.1 TOF-ERDA measurements

The TOF-ERDA measurements in this study were either done at IMEC, Belgium
or in Jyvéskyld. The elemental composition of sputtered Ca-P-O film on glass was
measured at IMEC [90] using a 16 MeV %Cu™ ion beam was directed to the sample
and the TOF and the energy of recoiled sample atoms was measured at 38° with
respect to the beam direction.

At the Jyviskyla Accelerator Laboratory depth profiles of the samples were measured
with a recently constructed TOF-ERDA spectrometer shown in Fig. 4.2. It is installed
in one of the beam lines of the 1.7 MV Pelletron accelerator. The energy dependent
detection efficiency of the TOF detector for H is 35-65% for the energy range used
in this study. The detection efficiency for carbon and heavier recoil is greater than
99.5% [91].

In the measurements on Ti substrates a 11.9 MeV ®3Cu®" ion beam impinges on to
the sample and the time of flight (velocity) and energy of recoiled sample atoms are
measured with a detector telescope at 41° angle with respect to the beam direction.
The Ca/P atomic ratios of the thin-films were calculated from the total recoil yield
for Ca and P using scattering cross sections in order to minimise the influence of the
uncertainties in the predicted stopping force. In the case of rough Ti films, the surface
roughness broadening effects [92| are clearly visible, but care was taken in order to
produce comparable results for samples with different roughnesses.
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Figure 4.2: TOF-ERDA experimental set-up at at Jyvéskyla Accelerator Laboratory. (Image cour-
tesy of Mikko Laitinen).

4.3 Atomic Force Microscopy

Scanning probe microscopes (SPM) define a broad group of instruments used to image
and measure properties of material, chemical and biological surfaces. The atomic force
microscope is essentially a combination of the scanning tunneling microscope and the
stylus profilometer. Atomic force microscopy (AFM) is based on sensing the force
between a sharp tip (less than 50 nm in radius) and surface of interest (area less than
100 pmx100 pm). It can be used to investigate both conductors and insulators on an
atomic scale. Interpretation of AFM images depends critically on the details of the
tip-sample interaction, which is via a single atom at very the end of the tip [93].

The three modes of operation of AFM which are widely used are contact mode, non-
contact mode and tapping mode.

In contact mode an AFM tip makes soft physical contact with the surface and oper-
ates by rastering a sharp tip (made either of silicon or SizN, attached to a low spring
constant, 107 Nm, cantilever) across the sample. The contact force (short-range in-
teratomic forces) causes the cantilever to bend in order to accommodate changes in
topography. Contact mode is typically used for scanning hard samples [93].
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Non—contact mode: By moving the tip away from the sample to 10-100 nm, longer
range forces, such as magnetic, electrostatic and attractive van der Waals forces,
become successible. Instead of measuring static cantilever deflection, as in contact
mode atomic force microscopy, the cantilever is driven to vibrate above its resonant
frequency by a small piezoelectric element and the variation in driving force is mea-
sured [93].

Sample destruction during contact mode AFM, has been addressed through the de-
velopment of tapping mode AFM. In tapping mode, The AFM tip-cantilever assembly
oscillates above the sample surface while the tip is scanned; thus the tip lightly taps
the sample surface while rastering and only touches the sample at the bottom of each
oscillation. This prevents damage to soft specimens. By using a constant oscillation
amplitude, a constant tip-sample distance is maintained until the scan is complete.
Tapping mode AFM has the advantage, that it can be performed on both wet and
dry sample surfaces [93].

One of the great advantages of the AFM is the ability to measure the sample surface in
X,Y and Z dimensions thus enabling the presentation of three-dimensional images of
a sample surface. AFM neither requires a vacuum environment nor any special sample
preparation and it can be used in either an ambient or liquid environment [93].

4.3.1 AFM measurement details

In order to characterise the topography of irradiated films, tapping mode atomic force
microscope (Digital Instruments, Dimension 3100, Veeco Metrology Group) measure-
ments were made using a cantilever with a tip radius less than 10 nm [94]. The R,.s
value for roughness was determined from three random 75 pm x 75 pum scans from
different area of the sample in order to get a representative value.
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4.4 X-ray diffraction

In order to determine the crystalline phase formed on annealed Si and Ti substrates
the variable temperature X-ray diffraction (VT-XRD) was used. XRD is suited for
characterisation and identification of crystalline phases. Other information obtained
can include the degree of crystallinity present and grain size. In VI-XRD, X-ray
diffraction is combined with thermal annealing, which records crystalline phase infor-
mation on the material while it is subjected to a series of temperature changes [95].
VT-XRD can provide valuable information with regard to phase transitions, crystal
structure, melting, decomposition, and crystallisation thin films.

4.5 X-ray diffraction measurement details

VT-XRD data were recorded with PANalytical X'Pert PRO diffractometer in Bragg-
Brentano geometry using step-scan technique and beta-filter to produce Cu Ko radia-
tion (1.54184 A; 45kV, 35 mA). The as-deposited Ca-P-O films on Si and Ti substrates
were placed into a Anton Paar XRK900 high-temperature reaction chamber equipped
with automated sample-stage height-controller. A moist argon atmosphere was gener-
ated by passing argon flow (60 ml/min) through a H,O saturator prior entering into
the chamber. The samples were heated to the desired temperature with a heating rate
of 20 °C/min. At least two consecutive data acquisitions were made at each temper-
ature (25, 400, 500, 600, 650, 700, 750, 800 °C) using continuous scanning mode in
2 range of 18-55 ° with a step size of 0.017 ° and counting times of 60 seconds per
step (total time of 18 min/acquisition). Programmable divergence slit (PDS) was used
in an automatic mode to define the irradiated length on a sample to 8 mm together
with fixed 10 mm incident beam mask to form constant 80 mm? exposure area on a
sample. The data processing and the search-match phase identification analyses were
carried out using X'Pert HighScore Plus v.2.2d software with ICDD PDF-2 powder
diffraction database implemented in Highscore Plus.
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4.6 Surface wettability

Surfaces are critical in biomaterials and the properties of an implant surface, such
as wettability, chemical composition, electric charge, surface roughness, porosity, etc.,
play a critical role in the adhesion processes of cells. Control of the hydrophilic or
hydrophobic nature of the surface is particularly important [96,97| in artificial bio-
materials, some application microelectronics and thin film coatings.

The hydrophilicity of a surface can be characterised by the wettability. Wettability or
wetting is the actual process where by a liquid spreads on a solid substrate or material.
Wettability can be estimated by determining the contact angle or calculating the
spreading coefficient. Wetting or spreading of a liquid on a solid surface or material
depends on the solid surface properties as well as the liquid used.

Figure 4.3: A liquid droplet in equilibrium with a horizontal surface. To the left: A non-wetting
fluid with 90°<#<180°. To the right: A wetting fluid with 0°<6<90°.

Depending on the type of surface and liquid, the droplet may take a variety of shapes
as illustrated in Fig. 4.3. The wetting angle 6 is given by the angle between the
interface of the droplet and the horizontal surface. The liquid is deemed wetting when
0° < 6 < 90° and non-wetting when 90° < 6 < 180°. #=0 degrees corresponds to
perfect wetting and the drop spreads forming a film on the surface [98].

4.6.1 Contact angle measurements

Wettability measurements were carried out immediately after the irradiation. The
wetting property of the surface was determined by measuring from a digital image
the height of a sessile water droplet, as shown in Fig. 4.4, (Y) as a function of distance
(z) from its left edge using a in—house software tailored to this purpose [99]. Smoothing
of the boundary between droplet surface and the background was realised by fitting of
Y(z) with a suitable functional form (sphere or ellipse), after which the angle between
Y(z) and the substrate was obtained. This contact angle was determined at room
temperature for both deionised water and cell culture medium, which contains a—
MEM [100], fetal bovine serum, penicillium, streptomycin and L—-glutamin. Typically,
the volume of the drop used was about 10 ul.
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Figure 4.4: Water droplet dropped from the needle on the surface of Si substrate.

4.7 In vitro cell studies

For a material to be biocompatible depends on the living environment and it must not
introduce any detrimental changes. Debris effects could lead to toxicity and induction
of immune system responses. A complete biocompatibility test would involve cell
culture with other bone cell types such as osteoclast and osteocytes and animal tests.
In order to gain a complete insight into the biological performance of deposited Ca-
P-O films, in vitro studies have to be performed. This study is restricted to testing
the actual thin film responses of pre-osteoblast cells to the physiological environment.
The in vitro biological properties of Ca-P-O thin films on Si and Ti substrate were
evaluated by investigating cell morphology and proliferation, providing important base
information about biocompatibility. Thus these Ca-P-O deposited films on Si and Ti
substrates were treated as cell culture substrates.

4.7.1 Cell culture experiments

To investigate the biocompatibility of the films newborn mouse calvaria-derived MC3T3-
E1 pre-osteoblastic cells (ATCC) were cultured in alpha-MEM medium (Gibco-Invitrogen)
supplemented with 10% fetal bovine serum (Gibco-Invitrogen, USA), 100 U/ml peni-
cillin, and 100ug/ml streptomycin (Gibco-Invitrogen) [101] at 37 °C in an atmosphere
with 100% humidity and 5% CO,. The complete medium was replaced every 2 days
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and 70% confluent cells were sub-cultured through trypsinisation. The films were
sterilised twice in 70% ethanol for 30 min and washed 3 times by 1x phosphate
buffer saline in the 24-well culture plate. To investigate the biocompatibilty of the
films, cells at passenger 3 were harvested and seeded at a density of 1x10% cells/well
on the films within 24-well plates. After 24-hour, 48-hour attachment and prolifera-
tion, the samples were washed with 1x phosphate buffer saline and fixed with 4%
paraformaldehyde for 15 minutes at room temperature. The actin cytoskeleton was
stained with Alexa 488 labeled phalloidin (Molecular Probes, USA) and the nuclei
was stained with Hoechst 33258 (Sigma). The samples were embedded into Mowiol
including 2.5% DABCO. The cells were visualised by using an Olympus BX 50 epiflu-
orescence microscope with ColorViewlIII camera both from Soft Imaging Systems and
AnalySIS 5.0 software. The images were further processed with ImageJ software [102].
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5 Experimental results and
discussion

In this chapter, the results and discussion of the experiments carried out during the
course of work are described. The motivation for studying different deposition meth-
ods is to find a technique to obtain Ca-P-O films with composition close to that of
stoichiometric hydroxyapatite and to set a growth substrate for osteoblast cell studies.
Results from all studies are briefly summarised here.

5.1 Composition of Ca-P-O thin film

5.1.1 Atomic layer and sputter deposited films

The composition of thin films in this thesis was studied by means of two ion beam anal-

ysis techniques, TOF-ERDA and RBS. TOF-ERDA measurements were performed
both at IMEC in Belgium and in Jyvéskyld. The RBS studies were done in Jyvéskyla.

As two very different techniques - one physical and one chemical vapor deposition
technique - were used to deposit Ca-P-O films, it was not surprising that film compo-
sitions also were different. Fig. 5.1 (a) shows the energy histogram and corresponding
elemental depth profiles of Ca-P-O thin films deposited using ion beam sputtering.
The film thickness was about 100 nm. The thin film sputtered using argon showed
greater number of impurity elements such as carbon, nitrogen, sodium and aluminum.
The origin of excess hydrogen is most likely residual water in the sputtering cham-
ber and target. High carbon content in the film can be associated with a misaligned
beam hitting the carbon mounting during the deposition process. The origin of Na
and Al remained unclear. A Ca/P atomic ratio of 1.6 approaching the stoichiometric
ratio of HA was obtained for the film sputtered using Ar as feedstock at 10 kV from
a HA-+red phosphorus target corresponding to 43.6 at.% P. On the other hand the
films sputtered from pure HA targets and targets with lower P content showed Ca/P
ratios greater than 2. Similar results have earlier been reported for RF sputtered films
which were deposited using pure HA target [103,104].

The TOF-energy histogram and corresponding depth profiles of a thin film deposited
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using ALD are shown in Fig. 5.1(b). ALD films generally had lower impurity content.
A Ca/P of ratio of 1.64 was obtained for as-deposited 50 nm thick film. Whereas
non-stoichiometric Ca/P atomic ratio was obtained for annealed Ca-P-O film on Si
substrates (Fig. 5.2) due to loss of phosphorous during annealing. When the film
composition was studied as a function of ALD cycles, it was found that the Ca/P
ratio increases with the number of cycles (Fig. 5.3), and thinnest films are very P-
rich.

When these two deposition techniques are compared, the sputter deposition has the
great advantage of being a room temperature technique whereas ALD requires growth
at 300 °C. This limits the number of possible substrates. On the other hand, ALD can
be done for large surface areas in one deposition run, and it can be used to deposit
uniform films on very rough or even porous substrates, which is not possible for ion
sputter deposition.
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Figure 5.1: TOF—energy histogram and corresponding elemental depth profiles for a Ca-P-O thin
film deposited using (a) ion sputter deposition on a borosilicate substrate and measured with 16
MeV 63Cu™ ions at IMEC (b) ALD on Si substrate measured with 11.9 MeV ®3Cu®* ions at JYFL.
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5.1.2 Annealing

As-deposited Ca-P-O films are amorphous for most thin film deposition techniques,
and subsequent annealing is required to gain hydroxyapatite crystalline structure. In
this thesis, sputter deposited Ca-P-O films were annealed in moist Ny atmosphere for
10 min at 800 °C but X-Ray Diffraction measurements showed no crystalline peaks
characteristic for HA. On the other hand, ALD Ca-P-O on Si substrate annealed at
800 °C showed nanocrystallite formation. TOF-ERDA showed a decrease in carbon
and hydrogen content in ALD Ca-P-O film on Si substrates annealed at 600 °C and
700 °C, but an increase in hydrogen content was observed after annealing at 800 °C.
This could originate from -OH groups formed during annealing in the presence of
moist Ar atmosphere [68].
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Figure 5.2: Ca/P atomic ratio of ALD Ca-P-O films on Si and Ti substrates abraded with 2000 grit
size abrasive paper annealed for 10 minutes at 500 °C, 700 °C and 800 °C.

An increase in Ca/P atomic ratio was observed for annealed Ca-P-O films on Si and
Ti substrates as shown in Fig. 5.2. In addition to crystallisation, this can be due to
the volatile nature of phosphorus or weak phosphorus bonding in the films which can
result in the formation of calcium rich film after the annealing process [103,105].
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A decrease in Ca and P areal densities in annealed Ca-P-O film on Ti substrates was
noted, and this can be due to partial delamination of Ca-P-O film. Presence of Ti was
observed at the surface of the sample after annealing at 800 °C whereas at 700 °C
the Ca-P-O layer remained intact at the surface. Koch et al. studies suggest that HA
films annealed at lower temperatures 575 °C exhibited better adhesion to Ti-6A1-4V
substrates than films annealed at higher annealing temperature 700 °C. This can be
attributed to softening of the Ti-6Al-4V substrate, formation of a titanium oxide layer
between the HA film and the Ti-6Al-4V substrate, and thermal stresses [106].

5.1.3 Ion irradiation

The Ca/P ratios of low and high energy ion irradiated ALD Ca-P-O films were well
within the range of the un-irradiated films, determined by means of RBS analysis.
Reduction in film thickness due to low energy ion irradiation did not exceed 30% of
the original thickness of 35 nm.

5.1.4 Substrate roughness

In TOF-ERDA both ingoing ions and out-coming sample atoms travel at glancing
angle with respect to the surface. Because of this, the technique is surface rough-
ness sensitive. In this work, special care was taken in the analysis to make sure that
calculated values were comparable from one sample to another.

The ALD Ca-P-O films on abraded Ti substrates showed a decrease in Ca/P ratio
with greater surface roughness as seen in Fig. 5.3. For a very smooth Si substrate
the Ca/P atomic ratio was the highest. The difference in Ca/P ratios for abraded Ti
and smooth Si substrates can be due to the following reasons: The growth mechanism
of Ca-P-O film involves two processes, first the deposition of calcium carbonate and
then successive (Ch30)3PO/H20 cycles subsequently convert some of the carbonate
to phosphate. The initial exchange reaction between carbonate and phosphate groups
at the surface |68 of the substrate can lead to a dependence of Ca/P atomic ratio on
the film thickness. Also during the deposition process a part of phosphorous precursor
might adsorb to the substrate surface, which therefore alters the Ca/P atomic ratio.
Film growth was faster on Ti substrates in comparison with Si substrate. This can be
explained by larger surface area for abraded substrates during the first cycles, which
leads to faster film growth. Also the oxidation of Ti and presence of hydroxyl group
(-OH) creates the chemical difference during the deposition process. Since ALD is
a chemical gas phase method relying only on surface reactions, the starting surface
plays an important role in the first growth stages.
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Figure 5.3: Ca/P atomic ratio of Ca-P-O films deposited with 10, 20, 50, 100 and 208 ALD cycles
on Ti substrate abraded with SiC abrasive paper, grit size 600, 1200, 2000 and 3 pm diamond paste.
The number denotes: (1) Film coated with 10 cycles, (2) 20 cycles, (3) 50 cycles, (4) 100 cycles, and
(5) 208 cycles on Si substrate.

5.2 Surface morphology

In addition to the chemical environment, the surface morphology has an important role
in determining the biocompatibility of a surface. The surface morphology was studied
with an AFM with respect to annealing and ion irradiation of the as-deposited films.
The amorphous as-deposited films followed the surface morphology of the substrate.

5.2.1 Annealing

Ca-P-0 films were annealed in order to obtain crystalline structure similar to hydroxy-
apatite. The crystallisation process was clearly observed for ALD Ca-P-O film on Si
substrate, as seen in Fig. 5.4. The film was very similar to the as-deposited one after
annealing at 500 °C, but after annealing at 700 °C there were cracks at the surface,
most likely resulting from the change in film density during crystallisation of the film
or differences in thermal expansion coefficient between the Ca-P-O film and the Si
substrate. After annealing at 800 °C the sample surface showed clear nanocrystallite
(500 nm x 200 nm) formation perpendicular to the cracks.
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500 °C 700 °C 800 °C S nm

Figure 5.4: AFM images (5 pmx5 pum) of Ca-P-O films with 208 ALD cycles on Si substrates
annealed under humid argon (99.999%) atmosphere for 10 minutes at 500 °C, 700 °C and 800 °C.

The AFM images of 208 ALD cycle Ca-P-O film deposited on abraded Ti substrates
with 2000 grit paper and annealed at 500, 700, 800 °C are shown in Fig. 5.5. The
surface of the sample annealed at 500 °C is similar to the one of as-deposited (not
shown). Annealing at 700 °C lead to the crystallisation of the Ca-P-O film. A further
temperature increase to 800 °C showed structures as high as 400 nm. These structures
do not originate from the originally 50-60 nm thick Ca-P-O film but they are most
likely TiOq crystals.

500 °C 700 °C 800 °C 500 nm

Figure 5.5: AFM images (75 umx75 pm) of Ca-P-O films with 208 ALD cycles deposited on Ti
substrates abraded with 2000 grit size abrasive paper and annealed for 10 minutes at 500 °C, 700
°C and 800 °C.
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5.2.2 Ion irradiation effect

AFM images of annealed ALD Ca-P-O thin films before and after low energy ion
irradiation are presented in Fig. 5.6. Low energy ion irradiation enhanced the lateral
growth of a polycrystalline structure. This manifests itself as a change in surface
morphology with the crystallites forming floral-like patterns around the nucleation
sites. This effect is increased with an increase in ion acceleration energy. This can be
either associated with Ostwald ripening which is governed by Gibbs-Thomson effect
[107-109] or due to nuclear energy deposition from Ar ions. The ion bombardment
contributes necessary atomic mobility from atomic displacements, giving rise to the
floral patterns of the crystals.

a b
50 nm
c d

Figure 5.6: AFM images (10 umx10 pm) of annealed Ca-P-O ALD films (a) un-irradiated surface
and Ar beam irradiated at (b) 0.6 keV (c) 1 keV (d) 1.2 keV.
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No floral crystallite patterns were observed on annealed films irradiated with 2 MeV
160+ beams. In contrast, the AFM images of the as-deposited samples showed a change
in surface topography with the formation of raised islands of some 2-5 pym in diameter
and 7 nm in height Fig. 5.7. This is most likely associated with the accumulation of
residual gas in the blisters as a result of irradiation.

40 nm

Figure 5.7: AFM images (5 pmx5 um) of as-deposited ALD Ca-P-O (a) un-irradiated and (b) 2
MeV 160% beam irradiated surface.

5.3 Hydrophilicity

Wetting properties are important for the interactions of cells with the surface. These
were characterised in terms of the contact angle of a liquid drop. Fig. 5.8 shows
energy vs contact angle for as-deposited and annealed Ca-P-O films after low energy
ion irradiation. Post deposition annealing led to a decrease in contact angle from 72°
to 55° for water and a decrease from 76° to 62° for cell culture medium. An increase
in wettability after irradiation was noted, which was complemented with a significant
overall reduction in contact angle for both as-deposited and annealed films. This
significant change in contact angle can be associated with change in surface properties
of Ca-P-O thin film such as sputter removal of the outer hydrocarbon layer, ion beam
induced surface roughness and formation of reactive radicals. These reactive radicals
play an important role in the formation of hydrophilic groups [110]. In contrast the Ca-
P-O film bombarded with 2 MeV 16O+ showed contradictory results with no reduction
in the contact angle for both as-deposited and annealed films.
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Figure 5.8: Energy vs contact angle for annealed and as-deposited Ca-P-O like films relative to
deionised water and cell culture medium after low energy Ar irradiation, where the number repre-
sents: 1. un-irradiated as-deposited (medium), 2. un-irradiated as-deposited (water), 3. un-irradiated
annealed (medium) and 4. un-irradiated annealed (water).

5.4 Crystalline phases

XRD results showed no diffraction peaks until annealing at 600 °C for as-deposited
ALD Ca-P-O film on Si substrate. A few weak characteristic HA peaks were observed
at 650 °C and above.

Strong diffraction peaks originating from titanium (~35.1°, 38.4°, 40.2° and 53.0°
at 20) at 25 °C were observed on ALD Ca-P-O film on Ti and these peaks remain
unchanged until 400 °C. Occurrence of the first trace of oxidation is observed at
500 °C with a weak diffraction peak at about 27.5° and broad peak at 38.1° as shown
in Fig. 5.9. The diffraction peak at 38.4° indicates the formation of non-stoichiometric
titanium oxide (TiO;_,). At 600 °C this phase strengthens as those broad peaks can be
observed on the side of every titanium peak. Moreover, the first weak peaks originating
from stoichiometric titanium oxide (rutile form) can also be seen. In earlier study
Holmberg et al. showed the existence of non-stoichiometric oxides of titanium [111].



42 Experimental results and discussion

The causes the broad peaks to emerge beside the titanium peaks as the hexagonal
unit cell expanses in dynamical manner with an increase of oxygen content, until it
eventually reaches to point where the lattice re-organises to stoichiometric oxide; a
rutile’s tetragonal crystal lattice in this case.
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Figure 5.9: XRD patterns of Ca-P-O films on Ti substrate ground with 2000 grit size abrasive
paper. The strongest diffraction peaks characteristic to Ti, TiO;_, and TiOs (rutile) phases are
indicated by the colored tick marks.

5.5 Cell growth and cell morphology

In this section, results are reported from in vitro pre-osteoblast cell culture assessments
that have been investigated to associate responses from the Ca-P-O thin films. Post
deposition annealing of Ca-P-O ALD films on Si substrate gave a decrease in contact
angle and these films showed greater spreading of osteoblast-like cells after three hours
of cell culture. A significant increase in cell spreading was observed after low energy
ion irradiation for both as-deposited and annealed films. High energy ion irradiation
on the other hand showed no significant difference after three hours of cell culture.

Fig. 5.10 presents the fluorescence microscope images from cell culture studies on Ti
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substrates. After 24 hrs of cell culture the osteoblast showed more enhanced filopodia
spreading on a Ti substrate polished with 3 um diamond paste (Fig. 5.10 (b)) than on
a Ti substrate abraded using SiC paper of grit size 600 (Fig. 5.10 (a)). No significant
difference in cell spreading was noticed between the uncoated Ti control substrate
and the ALD deposited Ti substrate. This suggests that difference in cell spreading
is more due to the surface roughness than the effect of Ca/P atomic ratio on Ti
substrates. Similarly Ti substrates annealed at 500 °C and 700 °C exhibited greater
filopodia spreading of osteoblasts-like cells than the substrate annealed at 800 °C,
which showed a reduced number of cells and rounded cell morphology. Stable adhesion
with maximised cell proliferation have earlier been observed on moderately rough
substrates [112]. Unlike amorphous films deposited using ion sputtering, as-deposited
ALD film on titanium showed no dissolution of the Ca-P-O thin film in the cell
growth medium. In studies of Thian et al., silicon-substituted hydroxyapatite films
were deposited using magnetron co-sputtering on abraded Ti substrate. The films
which were annealed at 700 °C for 3 hours under a moist Ar atmosphere demonstrated
increased spreading and attachment of human osteoblast-like cells [113].

Figure 5.10: Fluorescence microscope images (140 pm X 120 pm) of mouse pre-osteoblast cells
cultured on Ca-P-O films with 208 cycles on Ti substrates (a) abraded using 600 grit SiC abrasive
paper b) polished using 3 pm diamond paste.
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6 Conclusions

In this work the results from deposition, modification and characterisation of Ca-P-O
thin films deposited using ion sputtering and ALD are presented. The general goal was
to prepare thin biocompatible calcium phosphate films on substrates made of different
materials and having different surface morphologies. Ion beams played a central role
in this study. Ions were used both for modification and compositional characterisation
of the films. The biocompatibility and surface topography of the films were probed
by means of in wvitro cell studies and atomic force microscopy, respectively.

Among the deposition techniques, ion sputtering deposition has the great advantage
of being a room temperature technique. In this study a Ca/P ratio similar to that of
hydroxyapatite could be reached by adding extra phosphorous to the sputtering target.
The drawbacks of the technique were high film impurity content, lack of crystallisation
during post-deposition high temperature annealing and dissolution of thin films in the
cell culture medium.

The as-deposited ALD Ca-P-O films are amorphous, and high temperature post-
deposition annealing was required for crystallisation. Ion irradiation of as-deposited
films was tested as an alternative low-temperature process to mimic the energy depo-
sition to the film during the annealing process. Low energy irradiation did not initiate
any crystallite formation in as-deposited films, but improved the hydrophilicity of the
thin film surfaces, as determined with contact angle measurements. Annealed and
crystallised ALD Ca-P-O films showed an increase in hydrophilicity in comparison
with as-deposited films, and this hydrophilicity was further improved by low energy
ion irradiation.

Ca-P-0 films were successfully deposited on Ti substrates with different roughnesses
using ALD. The film growth and Ca/P ratio were studied for films aiming to be
stoichiometric, as well as for clearly phosphorous rich films. The effect of substrate
roughness was observed in the composition of deposited films, an increase in Ca/P
atomic ratio was observed with decrease in substrate roughness. In the cell tests with
mouse pre-osteoblast cells the ALD Ca-P-O films showed preferential filopodic growth
on smoother surfaces as compared to rough surfaces. The presence of an ALD film
on the surface or lower temperature annealing did not have great influence on the
number of cells or morphology. This similarity is due to the biocompatible nature of
Ti and its amorphous oxides. The high temperature annealing at 800 °C was required
for the formation of nanocrystallites on Ca-P-O films on Si, and pronounced filopodia
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structures of cells were observed on these films. Annealing at the same temperature
caused a major change in the Ti sample surface topography due to oxidation of the
substrate. This resulted in rounded cell morphology with a greatly reduced the number
of pre-osteoblast cells on the annealed surface.

Atomic layer deposition is more versatile technique than the ion sputtering method
for depositing Ca-P-O films. It has many advantages such as low dissolvability of films
in cell culture medium, uniform deposition, tunable Ca/P atomic ratio and ability to
deposit on complex and porous structures. One interesting idea for future research
could be to use heavy water instead of normal water during the ALD process or post
deposition annealing, and this way trace the origin of hydrogen in the films.
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