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Abstract 

Plasmas are nowadays widely used in industries, such as solar cell production and semi
conductor industry. At the moment, possibilities for new applications of plasmas are being 
explored. Due to the unique properties of plasmas, it is expected, that in the next decades, 
plasmas can make a valuable contribution to medical science. An important aspect ofthis re
search is the study of the interaction between biologica! tissues and plasmas. In our project, 
the effects of an low-pressure, Inductively Coupled Plasma (ICP) on bone tissue are studied. 

Different plasmas have been applied to several bone samples, varying plasma conditions, 
such as type of gas, power and pressure of the plasma. A comparison between plasma-treated 
and untreated bone samples is made. The goal is to determine the effects of plasma treatment 
on bone tissue and to identify the plasma properties that infiuence the effect of the treatment. 

The elemental composition ofbone tissue is studied using ion beam analysis techniques, 
while the molecular structure is investigated with Fourier Transform Infrared (FTIR) spec
troscopie ellipsometry. Nanoindentation is used to study the mechanica! properties of the 
bone. 

It is shown that all plasma treatments applied in our project, affect both the mineral part 
and the organic components of the bone tissue. The mineral part, which mainly consists 
of hydroxyapatite (Ca10(P04) 6(0H)2), is etched non-selectively by the plasma, while the 
organic part, mainly collagen, is selectively modified. The organic components are more 
affected by the plasma than the mineral part. These modifications of the bone composition 
have an in:fluence on its mechanical properties, mainly causing an increase in elastic modulus 
and a decrease in hardness, depending on plasma conditions. 

Ellipsometry measurements indicate that not only material is removed during treatment, 
which changes the stoichiometry of the bone, but also the cross-linking of collagen is modi
fied, without changing stoichiometry. 

The selectivity of the collagen removal and modification is influenced by the type of gas 
and the power of the plasma. The pressure of the plasma only has a minor infiuence. Noble 
gases, like argon and krypton only cause physical sputtering due to ion bombardment, while 
the oxygen plasmas also exhibit chemical etching processes. 
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Chapter 1 

Introduction 

1.1 Plasmas 

A plasma can be defined as a (partially) ionized gas, containing ions, electrons and neutrals. 
Plasmas are often called the fourth state of matter, next to the solid, liquid and gas phase. It is 
usually formed at very high temperatures of typically 4000-20000 K. At these temperatures 
the atoms of a gas ionize due to collisions, forming ions and electrons and the gas changes 
into the plasma phase. The largest and oldest examples of plasmas are natural plasmas, like 
stars and lightning. Over the last century, mankind has been working to tame this fourth state 
of matter, trying to produce and control their own plasmas. The results of this work can be 
seen in every day life, fluorescent lamps and street lights are examples of man-made plasmas. 
Also in industry, the use of the reactivity of plasmas is well established. The deposition of 
thin layers for solar cell production and the fabrication of integrated circuits use plasmas. 

A special category of man-made plasmas are the so-called non-thermal plasmas. These 
kind of discharges do not need a gastemperature of more than 4000 K. Under certain condi
tions, the electrons in the plasma are at a high temperature, sustaining the discharge, while 
the neutral gas remains at low temperatures. The low gas temperature implies that the desir
able properties like reactivity and selectivity of such plasmas can be used, without causing 
thermal damage to the substrate material. These types of plasmas are extremely interesting 
for applications on delicate materials. In the last few years, following the success of plasma 
technology in the semiconductor industry, the development ofplasmas for biomedical appli
cations is being explored. 

1.2 Project background 

It is expected that plasmas can make a valuable contribution to medical science, with ap
plications in treatments for diseases like, arteriosclerosis, osteoporosis and eczema. Many 
patients suffer from these kind of diseases, while no effective treatment is available. For 
instance, recent statistics show that more than 10 million people, of which 80 % are female, 
suffer from osteoporosis in the United States alone. One out of every two women above 
fifty will have a fracture related to osteoporosis, within the next 25 years. The total health 
care costs related to osteoporosis were 13.8 billion US dollars in 1995 [1]. These statistics 
show that these kind of diseases are nowadays a major problem, without a suitable solution. 
Plasmas h.ave the potential to contribute to the development of better treatments for these 
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4 Chapter 1 Introduction 

diseases. 
However, the interactions between plasmas and living tissues are still poorly understood 

and further research on this topic is needed, before plasmas can play a role in medical sci
ence. 

In 2001, the group Elementary Processes in Gas discharges (EPG) of the Eindhoven Uni
versity ofTechnology has started a program to study the interactions between (non-thermal) 
plasmas and living biological tissues [2]. The goal is to develop a plasma source suitable 
for biomedical purposes. This means development of a so-called plasma needle, which can 
perform plasma treatments in vivo, without causing thermal damage. To achieve this, the 
plasma has to be non-thermal and operate at atmospheric pressure. It also has to have very 
small dimensions, typically 0.1 to 1 mm. 

The research program consists of two parts. One is the development and characterization 
of a small, non-thermal plasma source. The other part consists of the study of the interaction 
between plasmas and biological tissues. Because at the time our project started, the plasma 
needle was still under development, it could not be used for the study of the plasma-tissue in
teraction. Moreover, the small dimensions of the plasma needle limit the available diagnostic 
techniques for analysis of the plasma phase and the plasma treated area of the tissue will be 
small. For this reason we chose to use an other plasma source to study the plasma-tissue 
interaction. 

A low-pressure, inductively coupled plasma was used as a plasma source in our research. 
This kind of plasma is a well-known plasma, which has a large volume that can be well 
characterized with a variety of techniques. It is also a non-thermal source and it is capable 
of treating large area samples. The disadvantage of this source is the required low-pressure 
conditions of typically 50 mTorr. This vacuum requirement limits the choice of tissues that 
can be studied. Living cells can not survive under these low pressures, which means that 
living tissues can not be used in this research. Bone tissue was chosen as the biological 
tissue to study, because of its stability, rigidity and low water content. 

1.3 Plasma physics 

In this section, some basic concepts of plasma physics are introduced. A more complete and 
detailed description of plasma physics can be found in numerous textbooks like [3] and [4]. 

A plasma is a collection of free charged and neutral particles. Plasmas can be categorized 
on the basis oftheir degree of ionization. This degree of ionization, Xiz is defined as 

(1.1) 

in which n9 is the neutra! gas density and ni the ion density. The degree of ionization 
typically ranges from 10-5 to 1. A plasma is called weakly ionized if Xiz is in the range of 
10-6 to 10-2• A degree of ionization of 1 corresponds to a fully ionized plasma. 

An important property of a plasma is its quasi-neutrality. The plasma consists of a collec
tion of positive and negative charges, hut at sufficiently large length scales, the net charge of 
the plasma is zero. This implies that for the bulk of the plasma the electron density is equal to 
the ion density, ni ~ ne. The characteristic minimum length scale for the quasi-neutrality is 
called the Debye length. In regions smaller than the Debye length, spontaneous differences 
in electron and ion density can occur, inducing electric fields. When the length scale of this 
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charge separation becomes larger than the Debye length, the quasi neutrality will be restored 
by the induced electric field. The Debye length is described by 

(1.2) 

where Eo is the vacuum permittivity, Te the electron temperature in Kelvins, e the elementary 
charge in Coulomb, k the Boltzmann constant and ni the ion density in the plasma in m-3 • 

The plasma used in this research has a Debye length oftypically 13 to 130 µm. An overview 
of several plasma parameters for the plasma source used in this project is given in table 1.1, 
at the end of this section. 

In plasma physics, electrons and ions in a plasma can have different temperatures, Te 
and Ti respectively. In so-called thermal equilibrium plasmas, like e.g. plasma torches these 
temperatures are approximately equal, Te ~ ~- However, in weakly ionized plasmas this is 
not the case and the electron temperature is much higher than the ion temperature. These type 
ofplasmas are electrically driven and the applied powerpreferentially heats the fast electrons, 
resulting in a high electron temperature, Te. The slow, heavy ions can effectively exchange 
energy with the neutral gas atoms, which have similar velocities and masses. These ion
neutral collisions are important, because the plasma is only weakly ionized. The ions loose 
energy in these collisions and stay relatively cold. A typical electron temperature for a low 
pressure non-equilibrium discharge is 1-10 e V (1 e V ~ 11600 K), while the ion temperature 
is typically a few times room temperature (293 K ~ 0.026 eV). 

If the ions and electrons have Maxwellian velocity distributions, the temperature can be 
related to the average velocity of the particles by 

3 1 -2 -kT = -mv 
2 2 ' 

(1.3) 

where T is the temperature of the type of particle, v is the average thermal velocity and m 
the mass of the particle. It can be seen from equation 1.3 that, the thermal velocity of the 
electrons ( Vth "' J kTe/ me) is several hundred times higher than the thermal velocity of ions 
(vth ,...., Jk~/mi), due to the smaller mass and higher temperature of the electrons. Man
made plasmas are usually generated in a vacuum vessel with conducting walls, at ground 
potential. The walls of the vessel are continuously bombarded by randomly moving parti
cles of the plasma. The fact that the thermal electron velocity is much higher than the ion 
velocity implies that the grounded walls of the vacuum vessel are initially bombarded by 
more electrons than ions from the plasma. Tuis implies that the electrons are lost at the 
grounded wall and a positive space charge is formed in front of the wall. Due to the positive 
space charge, an ion flux towards the wall is induced, balancing the electron bombardment 
of the wall. The steady state result is a wall at ground potential and the plasma at a positive 
potential, called the plasma potential, Vp. The plasma potentialis typically several times Te. 
The space charge region near the walls is called a sheath. The sheath has a thickness of a 
few times the Debye length, which means it is typically in the order of 0.1 mm. 

The positive plasma potential over the sheath confines the electrons in the plasma, but at 
the same time it accelerates ions towards the wall. The ions will have an energy of several 
times Te, because they are accelerated by the plasma potential. The velocity is directed 
perpendicular to the wall and much higher than the thermal velocity of the ions. The result is 
a fast ion energy flux, directed almost perpendicular to the wall. Tuis high, directed velocity 
of the ions is exploited in plasma processing. 
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Using certain assumptions about the sheath properties, it can be shown that the ions 
accelerated over the sheath must have a certain velocity before they enter the sheath. The 
assumptions made about the sheath are: 

• The sheath is collisionless. This means that the mean free path, which is the aver
age distance travelled by a particle between collisions, is much larger than the sheath 
thickness. It can be shown that fora typical ICP plasma used in this project, the mean 
free path is in the order of millimeters, while the sheath thickness is in the order of 
tens of millimeters, which validates the collisionless sheath assumption. 

• The electrons have a Maxwellian velocity distribution. 

• The sheath potential decreases monotonously towards the wall. 

• The plasma at the sheath-plasma edge is quasi-neutral. 

Under these assumptions, the Poisson equation can only be solved when 

(1.4) 

in which vi,s is the velocity of the ion towards the wall at the plasma-sheath edge, Vs is the 
Bohm velocity and mi is the mass of the ions. This relation is known as the Bohm sheath 
criterion. It is clear from equation 1.4 that the ions entering the sheath must already have a 
certain minimum velocity. This implies that the ions are pre-accelerated in a region between 
the actual sheath and the bulk of the plasma. This region is called the pre-sheath. It is a 
quasi-neutral region in which particles from the plasma are accelerated to the Bohm velocity 
before they enter the actual sheath. The characteristics of the potentials and densities in the 
different regions in the plasma are shown in figure 1.1. 

1 1 

sheath i pre-sheath i plasma 
----:----------- 1 vp 

Figure 1.1: Potential ( </> ), electron density ( ne) and ion density ( ni) in the three regions of a 
plasma. 

The bulk of the plasma is at the plasma potential, Vp, which is positive relative to the wall. 
The pre-sheath shows a small potential drop, which accelerates the ions to the Bohm velocity, 
before they enter the sheath region. Both the pre-sheath and the bulk of the plasma are quasi
neutral ( ne ~ ni). In the actual sheath, there is a difference in ion and electron densities 
causing a space charge, which accelerates the ions towards the wall. The accelerating electric 
field in the sheath is much larger than in the pre-sheath. 
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The plasma source used in this project is an Inductively Coupled Plasma (ICP). This 
type of plasma source uses a RF inductive field to drive the plasma. The inductive field is 
generated by a RF driven coil outside the vacuum vessel. The frequency used to drive the 
coil in this setup is 13.56 MHz. This frequency of the electric fields is too high for the heavy 
ions to follow so that they will react only to the time averaged fields. However, the electrons 
can follow the oscillations and are accelerated in the induced electric field in the plasma. 
Therefore, it are the electrons that are heated by the induced field. The high energy electrons 
transfer energy to the heavy particles trough collisions, causing excitation and ionization of 
the heavy particles, sustaining the plasma. The plasma source is described in more detail in 
chapter 3. Typical values of the plasma parameters of the ICP source used in this project are 
given in table 1.1. 

Parameter Typical value 
Electron temperature, Te 2-7 eV 
Ion temperature, ~ 300-600 K 
Neutral gas temperature, T9 300-600 K 
Electron density, ne 1016_ 1018 m-3 

Ion density, ni 1016_ 1018 m-3 

Neutral density, n9 1019_ 1021 m-3 

Debye length, Àne 13-130 µm 
Sheath thickness 10-4 m 

Table 1.1: Typical values of plasma parameters of the ICP plasma source. 

1.4 Report content 

This report presents the work done on a project studying the interactions between a low
pressure, non thermal plasma and bone tissue. Several bone samples have been subjected to 
a plasma, using different plasma conditions. The effects of the plasma treatments have been 
studied using different, complementary diagnostic techniques. Ion beam analysis has been 
performed to study the atomie composition of the plasma treated bones. With ellipsometry, 
the molecular structure has been studied and the mechanica! properties have been evalu
ated using nanoindentation. Characterization of the plasma and identification of particles 
produced during treatment have been done with an energy resolved mass spectrometer. 

Chapter 2 gives a general introduction in the properties and composition of bone tissue. 
The Inductively Coupled Plasma source, used for the plasma treatments in this research is 
described in chapter 3. The different analysis techniques used, are described in chapter 4. 
The results obtained are presented in chapter 5. The presentation of the results is structured 
following the different analysis techniques. Chapter 6 compares and interprets the results 
from the different techniques. In chapter 7, conclusions about the work are drawn and rec
ommendations for further research are made. An assessment of technology aspects of the 
presented work is given at the end of this masters thesis. 
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Chapter 2 

Bone Tissue 

2.1 Structure of bone 

The skeletal system consists of individual bones and the connective tissue that joins them. 
Bone is a specialized tissue, which fulfills several functions in a living organism. First of all, 
the rigidity, hardness and moderate elasticity of bone, make it very suitable to maintain the 
shape of the body, protect soft tissues and transmit the force ofmuscular contraction from one 
part of the body to another, during movement. These are all important mechanica! functions 
of bone. Furthermore, bone has metabolic functions, for instance, it acts as a reservoir for 
ions in the body and it contributes to the regulation of the extracellular fiuid composition. 

The skeleton consists of many different bones of which the structure and composition 
depend on the skeletal site and function of the bone. However, all bones in the skeleton share 
the same basic components. As an example for the macroscopie structure of bone, a long 
bone (e.g. femur and tibia) is presented in figure 2.1. 

Figure 2.1: Schematic of a typical long bone. 

The main part of the bone is the diaphysis, which is the cylindrical, hollow central shaft 
of the long bone. The cavity of the diaphysis is filled with bone marrow. The two rounded 
ends of the bone are the epiphyses and the connection between epiphysis and diaphysis is 
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10 Chapter 2 Bone Tissue 

called metaphysis. The growth plates are located between the epiphysis and metaphysis. In 
the young skeleton, longitudinal growth of the bone originates from these growth plates. In 
the mature bone, the growth plates disappear as the bone no longer grows longitudinally. The 
outer surface of the bone is covered by the periosteum. This thin sheet consists of a layer of 
undifferentiated cells, capable of forrning new bone during growth and fracture healing. The 
surface of the diaphysis cavity is covered by the endosteum. This is a sheet, similar to the 
periosteum, capable of forming new bone during growth and fracture healing. 

Bones are made up out oftwo types ofbone tissue. Cortical (or compact) and cancellous 
(or trabecular) bone. Cortical bone is a dense, solid material, while cancellous bone has a 
spongy structure, which consists of vertical plates and a network of trabecular rods and bars. 
Both types ofbone are shown in figure 2.2. 

Figure 2.2: Picture of bovine bone, indicating both cortical and cancellous bone. The sample 
is part of a cross section of a bovine femur, cut perpendicular to the long axis of the bone. 

Cortical bone forms the outer wall of all bones and is found most in the outer wall of 
the diaphysis. The epiphysis and metaphysis are mainly made up out of cancellous bone, 
with only a thin outer wall of cortical bone. Approximately 80% of the total skeletal mass 
is cortical bone. However, there are large differences in the distribution of both types of 
bone between individual bones. Long bones, like the femur and tibia, have a long diaphysis 
with a thick cortical bone wall. Short and flat bones, like vertebrae and the pelvis, contain 
less cortical bone because they only have a thin outer wall, while the main part is cancellous 
bone. 

2.2 Composition of bone 

From a materials science point of view, bone can be seen as a composite material of two 
components, a mineral substance deposited in an oriented fashion on an organic matrix. The 
organic matrix forms the structural framework for the. bone, while the mineral part increases 
stiffness and strength. The mineral part makes up about 65% of the total bone mass, the 
organic matrix together with cells and water makes up about 35%. 

The organic matrix consists mainly (~ 90%) of type I collagen fibrils. The remaining 
10% are noncollagenous proteins, proteoglycans and phospholipids. The noncollagenous 
components play a role in bone homeostasis, for example as growth factors and enzymes 
[5]. The collagen fibrils consist of filamentous molecules, which are polypeptide chains 
arranged in a triple helix configuration. Cross-links between the chains provide stabilization 
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of the molecules. The collagen protein consists of several different amino acids in different 
sequences. However, glycine, proline and hydroxyproline, shown in figure 2.3, are the most 
abundant amino acids in collagen proteins. 

Figure 2.3: Most abundant amino acids in type 1 collagen [6]. 

The main mineral component of bone is poorly crystalline hydroxyapatite (HA), whose 
unit cell can be represented by Ca10(P04) 6(0H)2. The hydroxyapatite crystals are small 
(,....., 20 x 40 x 200 Á) and can have different shapes, like rod-, tablet- or needlelike. The 
bone mineral is not pure hydroxyapatite, hut is calcium- and hydroxide-deficient. The reason 
for these deficiencies is found in the fact that the Ca and OH sites in the hydroxyapatite can 
be substituted by similar sized cations (Mg2+, Sr2+, Na+, K+) and anions (CO~- ,F- ,HPo~-, 
H2P04) respectively [7]. Because of the impurities it is difficult to give a detailed descrip
tion of the bone mineral. Typical values for the different components of bone mineral are 
presented in table 2.1. 

Bovine Cortical Bone 
(wt%) 

Calcium 26.7 ± 0.15 
Phosphorus 12.47 
Carbonate 3.48 
Citrate 0.863 
Sodium 0.731 ± 0.015 
Magnesium 0.436 ± 0.009 
Chloride 0.077 
Fluoride 0.072 
Potassium 0.055 ± 0.0009 
Strontium 0.035 

Table 2.1: Chemical composition ofbone mineral [7]. 

The presented values are results from different measurements on bone mineral using different 
techniques, for example gravimetry, IR spectroscopy and energy dispersive X-ray analysis 
[7]. Again, it should be noted that the values presented in table 2.1 are averages of a variety 
of bovine bones. The exact composition may change with, for example skeletal position, 
age, sex and <liet. 
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2.3 Remodelling of bone 

Living bone tissue does not have a statie structure, that remains unchanged during its life
time. Mature bone is constantly renewing itself to maintain a healthy condition. The process 
of renewing bone is called remodelling. During remodelling, microdamage to the bone is 
repaired, dead bone is replaced and old brittle bone is substituted by new bone. For adults, 
the cortical bone has a mean age of 20 years and cancellous bone only 1 to 4 years [7]. Bone 
remodelling takes place on both the periosteal and the endosteal surfaces of the bone. Special 
cells, osteoclasts and osteoblasts are responsible for bone remodelling. The multinucleated 
osteoclasts arise from the fusion of mononuclear precursors from nearby hemopoietic tissue. 
The function of the osteoclasts is to resorb old bone. Osteoblasts develop from local os
teogenic precursor cells. Their function is to produce new bone. The group of bone cells that 
accomplishes one quantum ofbone tumover is called a basic multicellular unit (BMU). The 
life cycle of the unit consists of seven consecutive stages of resting, origination, activation, 
resorption, reversal, formation, mineralization and back to resting [8]. 

Most of the bone surface, about 80%, is in the resting phase. This means that no re
modelling takes place at that time. The remodelling cycle starts with the origination of a 
BMU. The exact process of origination is still unknown. However, it is believed that one 
of the factors initiating the process is the formation of microcracks [8]. These microcracks 
have a size between 10 and 100 µm and are the result of normal mechanica! loading. During 
the origination phase, osteoclasts develop from the precursor cells and migrate to the bone 
surface near the microcrack. 

The second stage is the activation stage. Because the life span of individual cells is much 
shorter than that of a BMU, new cells must be activated continuously during the BMU life 
cycle. The signals for activation of new osteoclasts are not fully understood, but appear to 
be coming from the existing BMU cells. 

The next stage is the resorption phase. Here, the osteoclasts, in contact with the bone 
surface resorb bone, forming cavities of typically 100 µm depth. Tuis phase takes about 3 
weeks. 

The reversal stage indicates the period between the completion of the resorption and the 
beginning of the formation of new bone. The osteoclasts that are finished with the resorp
tion migrate away from the surface and undergo apoptosis. At the same time, osteoblasts 
develop from precursor cells and migrate to the osteoclast cavities. It is believed that both, 
factors released during resorption and factors released during the apoptosis of the osteoclasts 
stimulate the formation of osteoblasts. 

When the resorption is completed and the osteoblasts activated, the formation stage can 
start. The osteoblasts deposit layers of organic bone matrix in the cavities, which will calcify 
in the mineralization stage. 

In this last stage, bone mineral is deposited in the organic matrix, giving stiffness and 
strength to the newly formed bone. The complete mineralization process takes about 3 to 
6 months, after which the bone returns to the resting phase. A complete bone remodelling 
cycle takes about 4 to 7 months. 

Diseases like osteoporosis and Paget's disease are the result of a disturbed remodelling 
cycle of bone. Osteoporosis is often defined as a systematic disease causing an absolute 
decrease in the amount of bone. This bone decrease can be caused by either an increase 
in bone resorption or a decrease in bone formation. The result is weakened bones, with an 
increased chance for fractures. 
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2.4 Mechanical properties of bone 

The mechanical properties of bone have been extensively studied in literature [9]. Different 
testing methods, like tensile, bending and compressive tests are applied to different types 
and geometries of bone. There are large differences observed in the mechanica! properties of 
cancellous and cortical bone. For instance, the reported elastic modulus of cancellous bone 
is a factor of l 0 to 100 smaller than the one for cortical bone, while the ultimate strength 
for cancellous bone is smaller by a factor of 5 to 10. These differences can be explained 
by the different structural properties of the two types of bone, as discussed previously in 
this chapter. In the remainder of this section, we will focus on the mechanica! properties of 
cortical bone, because it is the type ofbone used in our research. 

The dense nature of cortical bone is responsible for its strong and stiff mechanica! proper
ties. In table 2.2 the mechanica! properties ofbone are compared to several other, commonly 
used materials. Poly methyl methacrylate (PMMA), is a synthetic biomaterial used in, for 
instance contact lenses. 

Material Elastic modulus Strength 
(GPa) (MPa) 

Stainless steel 180 850 
Titanium 110 1250 
Bone 21 120 
PMMA 3 35 
Cartilage 0.024 3 

Table 2.2: Mechanica! properties ofbone and several other materials. 

The typical properties of cortical bone determined in mechanica! tests are elastic mod
ulus, ultimate strength and hardness. The results of these tests are not all consistent and 
exhibited a large spread. For instance reported elastic modulus, for human cortical bone 
ranges from 3.1 to 34.3 GPa [9] and hardness from 0.29 - 0.74 GPa [7]. The reason for 
this large spread in measured properties can be found in both the testing method and the 
properties of bone. 

First of all, the type of testing method and the geometry of the test specimen are of 
influence on the measured values of the mechanica! properties. For instance, the elastic 
modulus is significantly higher in compressive tests (14.7 - 34.3 GPa) than in torsional tests 
(3 .1 - 3. 7 GPa) [7]. The reasons for these differences and factors influencing the results, are 
not yet fully understood and still under investigation. 

Secondly, the structure of bone tissue is not uniform. This results in differences in me
chanical properties for different bones under study. Factors that influence the composition 
and structure ofbone are for instance, the race, age and sex of the test subject and the degree 
of mineralization and porosity of the bone. These effects make it difficult to compare results 
between experiments using different test samples. 

An interesting property of bone is its anisotropy in mechanical properties with respect to 
the load direction [10]. The elastic modulus is highest in the longitudinal (weight-bearing) 
direction of a long bone. The transverse direction (perpendicular to the long axis of the bone) 
has the lowest elastic modulus. This anisotropy is the result of the longitudinal orientation 
of collagen fibers and hydroxyapatite crystals in the bone. 
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Chapter 3 

Plasma Source 

3.1 Plasma setup 

The plasma setup used in our research is a so-called Inductively Coupled Plasma (ICP) dis
charge. In this type of plasma source a RF inductive field is used to drive the plasma. To 
achieve the inductive field, a RF powered antenna is placed against a dielectric window, to 
couple the power into the plasma. The antenna together with the plasma acts as a trans
former, with the antenna being the primary side of the transformer and the plasma a single 
turn secondary conductor. In this way, the power can be coupled into the plasma without 
direct contact between the antenna and the plasma. The frequency used to drive the source 
is 13.56 MHz, which is a frequency reserved for research purposes. 

The ICP setup used in our research, called ETS 1.3, has been built and characterized by 
C.Y.M. Maurice [11]. A schematic of the ETS 1.3 setup is shown in figure 3.1. 

turbo pump 

(front view) 

en trance 

viewing 
<--window 

.- throttle valve 

mass spectrometer .------

stainless steel 
electrode 

----=--tt- plasma --------'---- gas feeds 

quartz plate 

(top view) 

Figure 3.1: Schematic cross sections of the ETS 1.3 reactor setup. 

The stainless steel vacuum chamber has an intemal diameter of ,...._, 500 mm. The dielectric 
window, used to separate the plasma from the RF antenna is a 25 mm thick quartz plate, 
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which has a 330 mm diameter. On the other side of the chamber, a stainless steel electrode 
with a diameter of 300 mm and a 10 mm hole in the center, is placed. It is water-cooled to 
avoid heating from the plasma and it is electrically insulated to allow a bias voltage to be 
applied. An energy resolved mass spectrometer (ERMS) is mounted on a carriage behind 
the electrode, with its entrance orifice pressed against the hole in the electrode. 

The antenna, used to induce the RF field in the plasma, is a three turn flat spiral coil. It 
has a diameter of 22 cm and is made of 6 x 4 mm copper tubing. It is water-cooled to prevent 
overheating during plasma operation. 

The vacuum chamber has four IS0-250 ports. The bottom port is used to fix the setup to 
the table and connect the pumping system. The top one is used to install a Langmuir probe, 
which is used to characterize the plasma. The two side ports can be either closed with blind 
flanges or windows to allow optica! access. 

The pumping system consists of a Pfeiffer 350 1 s-1 turbomolecular pump, backed by 
a 270 m3 h-1 roots pump and a 40 m3 h-1 rotary pump. The base pressure of the setup 
is 5 · 10-7 mbar. A throttle valve between the turbo pump and the chamber controls the 
pressure in the chamber, when gas is inserted for a plasma. The gas inlet consists of eight 
small tubular gas feeds, distributed around the quartz plate and directed towards the center 
of the plate. The gas inlet is controlled by three mass flow controllers, to allow mixing of 
gases. Typical flow rates range from 15 to 80 seem (Standard Cubic Centimeter per Minute, 
standard is 0 °C and 760 Torr), depending on the type of gas and pressure wanted. 

The power transfer from the antenna to the plasma is maximum when the total impedance 
of the antenna-plasma system is equal to the intemal impedance of the 13.56 MHz RF source. 
These impedances are in general not equal and a so-called matching network is introduced 
between the load (antenna-plasma) and the RF source. With this matching network it is 
possible to match the impedance of the load to the impedance of the source (in our case 50 
0). The configuration used for the matching network is a L-type network. A schematic of 
the RF network is given in figure 3.2. 

ctune 
L 

Figure 3.2: Schematic of the RF matching network in the ETS 1.3 setup 

The matching network consists of two tunable capacitors, one placed in series (Crune) and 
one in parallel (CMatch) with the load L. The capacitor CMatch, matches the impedance of the 
resonant circuit to 50 0, while the capacitor Crune forms a resonant circuit at 13.56 MHz. 
The capacitor Crune is a 15 kV, 3 - 500 pF variable capacitor and the capacitor CMatch is a 5 
kV, 20 - 200 pF variable capacitor. The power range of the RF source is 0 to 2200 W, but in 
all experiments, powers from 0 to 800 W are used. 

All pumps, valves, flow controllers and other equipment needed to run the reactor are 
controlled by a programmable logic controller (PLC). 

The plasma setup is equipped with several diagnostic systems, used to characterize the 



3.2 Plasma parameters 17 

plasma. A Langmuir pro be is used to measure the properties of free electrons of the plasma 
[11]. A Doppler Shifted Laser Induced Fluorescence (DS-LIF) system is installed to measure 
the ion velocity distribution functions of Ar ions in the plasma. This system is described 
extensively in [12]. Finally, an energy resolved mass spectrometer is installed to measure 
properties of particles reaching the electrode. This includes, identification of the particles, 
both neutrals and ions and the measurement of the energy distribution functions of these 
particles. This system will be described briefly in section 4.4 of this thesis. 

3.2 Plasma parameters 

By changing the type of gas, power and pressure of the plasma, the electron and ion prop
erties of the discharge will be modified. A Langmuir probe is used to measure the electron 
temperature, Te and electron density, ne for the different plasmas. The energy of the ions 
bombarding the surface is measured with the energy resolved mass spectrometer. The re
sults of the characterization of the plasma source will be presented here briefly, while amore 
detailed characterization is perf ormed by C. Y.M. Maurice [ 11]. 

Influence of the type of gas 

The plasma properties for plasmas using different gases, have been studied. The results are 
shown in table 3.1. 

Gas Electron temp. Electron density Ion energy 
Te (eV) ne (1017 m-3) Ei (eV) 

He 6.10 ± 0.02 0.36 ± 0.05 24.0 ± 0.5 
02 3.93 0.35 17.6 
Ar 2.44 5.8 8.0 
Kr 2.34 5.8 6.5 

Table 3.1: Plasma properties for different types of gas of the discharge. The pressure of the 
plasmas is 50 mTorr, the power 400 W. 

The energy of the bombarding ions and the electron temperature decrease with increasing 
mass of the ions. The helium and oxygen plasmas have a similar, low electron density, while 
the argon and krypton plasmas have higher electron densities. 

Influence of the pressure 

The influence of the pressure on the plasma properties is only studied in argon plasmas. The 
results of these measurements are shown in table 3.2. 
The electron temperature and ion energy decrease with increasing pressure, while the elec
tron density is positively correlated with the pressure of the plasma. 

Influence of the power 

For both argon and oxygen plasmas, the power dependency of the electron and ion properties 
is studied. These measurements are shown in table 3.3. 
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Pressure Electron temp. Electron density Ion energy 
(mTorr) Te (eV) ne (1017 m-3) Ei (eV) 

5 4.51±0.02 1.87 ± 0.05 19.2 ± 0.5 
20 3.28 2.87 12.5 
35 2.91 4.02 9.9 
50 2.62 5.64 8.0 

Table 3.2: Plasma properties as a function of discharge pressure for argon plasmas. The 
power of the plasmas is 400 W. 

Gas Power Electron temp. Electron density Ion energy 
(W) Te (eV) ne (1017 m-3) Ei (eV) 

Ar 400 2.44 ± 0.02 5.8 ± 0.05 8.0 ± 0.5 
Ar 600 2.77 8.1 8.1 
Ar 800 2.65 10.3 7.8 
02 400 3.93 0.35 17.6 
02 600 3.05 0.66 13.5 
02 800 3.35 0.78 12.6 

Table 3.3: Plasma properties as a function of discharge power for argon and oxygen plasmas. 
The pressure of the plasmas is 50 mTorr. 

It can be seen from table 3.3 that for argon plasmas the electron temperature and the ion en
ergy do not depend strongly on the discharge power. However, the electron density increases 
with increasing power. For the oxygen plasma only the electron temperature shows no clear 
trend with power, while the electron density is positively correlated to power and the ion 
energy decreases with increasing power. 

3.3 Heating of the sample 

The ICP is not completely non-thermal, because the neutral gas temperature of the plasma is 
a few times room temperature, which means that the bone sample, which is initially at room 
temperature, will be heated by the neutrals from the plasma. Additionally, there are ion and 
electron fluxes from the plasma bombarding the bone sample. These will not only have an 
etching effect, but will also heat the sample. It is known that the structure of collagen in bone 
can be modified by heat application, changing the properties of the bone [13]. An estimation 
of the heating of the sample is made to investigate the need for special precautions during 
plasma treatment . 

The first type of particles bombarding the bone sample and causing heating of the sam
ples, are the ions. These ions are accelerated towards the sample in the sheath region of the 
plasma. To estimate the ion flux at the sample surface, some assumptions about the plasma 
have to be made. First of all, the sheath is considered to be a collisionless, steady state 
sheath. In this case, the ion flux in the sheath is constant, given by [ 4] 

(3.1) 
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with ns the ion density at the sheath edge and uB the Bohm velocity, which is defined in 
equation 1.4. The ion density at the sheath edge n8 , can be approximated by 

ns = ni exp (-~P) , (3.2) 

where <I>p is the plasma potential with respect to the potential at the sheath-presheath edge, 
which can be described by <I>P = 1{ and ni is the ion density in the bulk of the plasma. 
Because of the quasi neutrality of the plasma, the ion density in the bulk is equal to the 
electron density, ne in the plasma. Combination of equations 3 .1 and 3 .2 yields an expression 
for the ion flux at the sample surface, 

(3.3) 

Here M is the mass of the ions in kg, ne the electron density in m-3 and Te the electron 
temperature in Kelvin. The quantities Te and ne of the plasma can be measured by e.g. a 
Langmuir probe. 

The energy transfer between the bombarding ions and the sample is assumed to be max
imum, meaning that all the kinetic energy of the ion is transferred to the sample. The energy 
flux to the sample is then equal to the particle flux, described by equation 3 .3 multiplied by 
the average energy of the ions, (Ei), which can be measured with the mass spectrometer. 
The ion energy flux from the plasma to the sample is then given by 

(3.4) 

Fora typical ICP argon (M = 40 amu) plasma the electron temperature Te is approximately 
2.5 e V, the ion density is in the order of 5 · 1017 m-3 and the ion energy is typically 8 e V. The 
resulting ion energy flux for these plasma conditions is 300 J/sec m2 • 

The second energy flux towards the sample surface is an electron flux. Despite the fact 
that the wall is at a negative potential relative to the plasma, the electrons can still bombard 
the sample surface, due to their high velocities. The electron energy flux to the sample is 
described by 

(3.5) 

where <I>w is the potential of the wall, relative to the plasma. The wall potential can be 
described by [ 4] 

(3.6) 

in which Mis the mass of the gas atoms in the plasma and me is the mass of the electron. For 
a typical argon (M = 40 amu) plasma, used in the ICP under study, the electron temperature 
Te is 2.5 eV and the bulk ion density is 5 · 1017 m-3• This yields an electron energy flux of 
145 J/sec m2• 

The last sample heating mechanism is the neutra} particle bombardment. During plasma 
operation, there are not only ions and electrons bombarding the surface, but also particles 
from the neutra} gas. The neutral gas temperature of an ICP plasma is typically a few times 
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room temperature, which implies that the bone sample is not only heated by the ion bombard
ment, but also subjected to a gas with a temperature of a few hundred Kelvin. To estimate 
the heating effect of the neutrals, it is assumed that a particle from the plasma that collides 
with the sample, takes the temperature of the sample during the collision. This implies that 
the particles after the collision will have a Maxwell velocity distribution, corresponding to 
the sample surface temperature. The net energy flux from the plasma to the sample surface 
is given by [14] 

2kTplasma ( ) 
M Tplasma - Tsample , (3.7) 

where n0 is the neutral density, k the Boltzmann constant, M the mass of the gas atoms, 
(lvnl) the average absolute velocity of the neutrals in the plasma, Tplasma the temperature of 
the plasma and Tsample the temperature of the sample. The energy flux described in equation 
3.7 is absorbed by the sample, causing heating of the sample. 

The ion and electron energy fluxes are independent of the sample temperature, but it is 
clear from equation 3.7 that the neutral particle energy transfer depends on the temperature 
of the sample. To evaluate the temperature behavior of the sample in time, a simple model 
is applied. Typical argon plasma treatment conditions of Te = 2.5 eV, ne = 5 · 1017 m-3 , 

n 0 = 5 · 1020 m-3 , Tplasma = 600 K and treatment times of 20 minutes are used in the model. 
The heat capacity of the bone is assumed to be 1.3 J/gr K [13]. The lumped capacitance as
sumption is applied, stating that the temperature in the sample is uniform during the heating 
process. The assumption is valid because in this case the Biot number Bi ~ 0.03 < 0.1. 
More detailed information on the lumped capacitance method can be found in [15]. The ion 
and electron fluxes are calculated using equations 3.4 and 3.5. The neutral energy flux, which 
is assumed to be constant during one time step in the model, is calculated using equation 3.7, 
assuming an initial sample temperature of 293 K. Heating of the sample is calculated using 
the heat capacity of the sample and total energy absorbed by the sample. The new temper
ature of the sample is used to evaluate the neutral flux during the next time step. For this 
simulation, time steps of 1 sec are used. The results of the simulation are shown in figure 
3.3. 

Figure 3.3 shows that the final temperature of the sample will be approximately 480 K. 
Fora treatment of 40 minutes under the same plasma conditions, the final sample temper
ature will be 600 K. Collagen in bone is expected to denature at temperatures higher then 
425 K [16]. Denaturation of collagen will change the composition and properties of the bone. 
Because this effect is a temperature effect, it will modify the whole sample, not only the sur
face, like the plasma treatment. The aim of our research is to study the effect of a plasma 
treatment on bone tissue surface, which makes the collagen denaturation due to heating an 
unwanted effect. The estimation of the heating of the sample under plasma conditions, typi
cal for our research, shows that special cooling precautions are needed to prevent unwanted 
denaturation effects. 

A possible solution for this problem is applying a cooling system in the sample holder, 
which will keep the sample at low temperatures, avoiding collagen denaturation. A dedi
cated, water-cooled sample holder has been designed. It has been applied during all plasma 
treatments. The temperature of the sample, during plasma treatment could not accurately be 
measured, but was expected to be significantly lower, not exceeding the denaturation tem
perature. 
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Figure 3.3: Sample temperature evaluation as a function of time, during treatment. The 
treatment time is 20 minutes. Plasma conditions are n0 = 5 · 1020 m-3 , ne = 1017 m-3, 

Tplasma = 600 K 
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Chapter 4 

Experimental Techniques 

4.1 Ion beam analysis techniques 

4.1.1 Rutherford Backscattering Spectrometry 

Rutherford Backscattering Spectrometry (RBS) is a well established ion beam analysis tech
nique in materials research. It has been used extensively for the determination of stoichiome
try, areal density and film thickness in thin films. The technique is based on the measurement 
of the number and energy distribution of ions, backscattered from atoms in the solid target 
under investigation. From this measurement, the different elements present in the sample, as 
well as the concentrations of these target elements, can be determined as a function of depth. 

The measurement principle of RBS is shown in figure 4.1. 

detector 

~ 
Figure 4.1: Experimental geometry of RBS. E 0 is the initial energy of the ion, f::.Ein is the 
energy loss of the ion in the sample on the inward path, Ec is the energy of the ion before the 
collision with an atom of the sample, K Ec is the energy of the ion after the collision, f::.Eout 

is the energy loss in the sample on the outward path and E is the energy of the ion detected 
by a detector. ()in is the incident angle, ()out the outward angle and ()s the scattering angle. 

The principle ofRBS is as follows: the ions from an ion beam hit the sample surface with 
an energy E0 under an angle ()in with respect to the normal of the sample. Ata depth x, the 
ion from the ion beam collides with an atom from the sample and is scattered over an angle 
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es. The scattered ion leaves the sample at an angle eout and with an energy E, after which it 
is detected, energy-resolved, by a detector. 

During the interaction of the ion with the sample, the ion loses energy. This energy loss 
consists of three components: 

• The stopping of the ion by the sample material on the inward path, Di.Ein· 

• The energy loss due to the collision 

• The stopping of the ion on the outward path, Di.Eout· 

U sing the law of conservation of momentum in a two-body collision, it is clear that scattering 
of the incident particle over an angle larger than 90° can only occur when the mass of the 
target atom is larger than the mass of the incident ion. In the RBS configuration, scattering 
angles es larger than 90° are used, which implies that only elements heavier than the incident 
ion can be detected. To be able to detect a large range of target elements, a light incident ion, 
like 4 He+, is used. 

The energy loss due to the collision can be calculated with simple collision kinematics 
[17]. From the laws of conservation of momentum and energy in a two-body collision, one 
finds that a light ion with energy Ebef before the collision will have an energy Eaft = K Ebef 
after the collision with K, the kinematic factor, given by [18] 

K = E /E = [J(M:f - M[sin2es) + M1coses] 
2 

- aft bef M1 + M2 ' (4.1) 

where Eaft is the energy after the collision, es is the scattering angle defined in figure 4.1, 
M1 and M2 are the masses of the incident and target particle, respectively. In the situation 
described in figure 4.1, the energy of the ion before the collision, Ebef, is defined as Ec, 

while the energy after the collision, Eaft, is described by K Ec. If the parameters Mi, Ebef 

and es are known, M2 can be determined with equation 4.1 by measuring the energy Eaft of 
the backscattered ion. From its mass, the target element can be identified. 

The stopping of an ion in a material is assumed to be a (quasi-)continuous process based 
on Coulomb scattering with mainly electrons in the target [17]. Stopping is described by ~~, 
the stopping power of the target material, which is expressed in energy loss per unit length. 
This quantity depends on the type and energy of the incident ion and on the composition of 
the target material. For the high velocity limit, Bethe [19] derived quantum mechanically, a 
formula for the stopping power, ~, 

dE = (~)
2 

47r Zf~Z2 [ln (2meVfon) - ln (i - Vion
2
)- Vfon], (4.2) 

dx 47rEo mevion I c c 

where Z1 and Z2 are the atomie numbers of the incident ion and target atom respectively, 
vion is the velocity of the incident ion, N is the atomie density of the target, me the mass 
of the electron, c the speed of light and I the mean excitation energy of the electrons. This 
calculation is valid for monoelemental targets. To calculate the stopping power of compound 
materials, Bragg's rule can be used, stating that the stopping contributions of all elements in 
the target can be linearly added. 

Using equation 4.2 it can be shown that the energy loss due to stopping on the inward 
path is now described by 

"E· = x (dE) ~ in · 
cosein dx in 

(4.3) 
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For the outward path the stopping energy loss is 

D..E t = x (dE) 
ou cosBout dx out ' 

(4.4) 

where the distance x and the angles Bin and Bout are defined in figure 4.1. 
The energy of the ion, E, which is detected by the detector after the interaction with the 

material is given by 

E = Eaft - D..Eout = KEc - D..Eout = K(Eo - D..Ein) - D..Eout· (4.5) 

With equations 4.3 and 4.4 this becomes 

E=KE0 - -- - + - x=KE0 -[S]x, ( K ( dE) 1 ( dE) ) 
cosBin dx in cosBout dx out 

(4.6) 

where [S] is defined as the energy loss factor. 
The identification of the different elements in the target is done by evaluating the ions 

that were scattered at the surface of the sample. In that case x = 0 in equation 4.6 and 
the measured energy Eis completely determined by the kinematic factor K. By measuring 
E for the ions scattered from the surface and with equation 4.1, in which Ebef = E0 and 
Eaft = E, the mass of the target atom can be calculated. 

Equation 4.2 shows that the stopping power depends on the velocity of the ion, pen
etrating the sample material, which implies that the energy loss of the ion depends on its 
velocity. This makes the ion energy loss process as a function of depth, difficult to analyze. 
By applying the surface approximation, 

( dE) ~ (dE) = const 
dx. dxE in o 

(4.7) 

and 

(~!)out~ ( ~!) KEo = const, (4.8) 

the energy loss due to stopping, [S]x, in equation 4.6 shows a linear relation between the 
energy loss and the path of the ion in the material. This means that with equations 4.1, 4.2 
and 4.6, a measured energy fora specific element can be associated with a depth at which 
the collision occurred. This gives a conversion from the energy scale to a depth scale in the 
sample. In this way it is possible to determine a depth profile for the different elements. 

The energy of the backscattered ion is detected using a detector with a multichannel 
analyzer. A typical RBS measurement on a thick bone target is shown in figure 4.2. 
The energy Eca in figure 4.2 corresponds to ions scattered of a calcium atom (M = 40 amu) 
at the surface of the sample. These scattered ions did not experience any stopping in the 
sample and only lost a characteristic amount of energy due to the collision. The plateau on 
the low-energy side of the Ca step is due to collisions with calcium atoms at a certain depth 
in the sample. These scattered ions not only lost energy due to the collision, but they also 
lost energy due to stopping. Because of the fact that a thick sample (± 2 mm) is used, the 
Ca plateau runs from the Ca step, representing atoms near the surface, down to low energies. 
Superimposed on this calcium plateau similar step-plateau features for phosphorus (M = 31 
amu) and oxygen (M = 16 amu) can be observed. The light elements carbon (M = 12 amu) 
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Figure 4.2: Typical RBS measurement on a thick bone target, showing the normalized yield 
as a function of channel number. Ion beam: 1.7 MeV 4He+ ions, Q = 30 µC, (}in = 0°, 
(}out = 100. 

and nitrogen (M = 14 amu) are not observed in the spectrum. Their energies after scattering 
are too low to be resolved from the background noise. The concentrations of trace elements 
like magnesium, :fluorine and sodium in the sample are too low to be detected with RBS. The 
surface concentrations of the different elements that can be detected in the sample can be 
determined from the step heights Hi, as defined in figure 4.2. 
The measured signal height of the step for element i, Hi, can be expressed as [17] 

(4.9) 

where Q is the total number of incident ions, 0 the detector solid angle, 8E the width of 
a detector measurement channel, ( ~) i the differential scattering cross section for element 
i, [ S)i the energy loss factor of the target and Ni the atomie concentration of element i at 
the sample surface. 0, (}in and 8E are properties of the setup, which can be determined 
before the experiments. [S)i can be calculated from equation 4.6. In the energy range used 
in our experiments, the scattering is assumed to be pure Coulomb scattering, also known as 
Rutherford scattering. Rutherford [20] derived an theoretica! expression for the differential 
scattering cross section, ~, for the case of Coulomb scattering, given by 

da = (Z1Z2e2)2 4 ( JMi- Mlsin2()s + M2coses)2 

dfl 4Eo M2sin4 (}s JMi - Mlsin2(}8 

(4.10) 

By measuring Q and Hi and with equation 4.9, the absolute atomie concentration at the 
surface can be calculated. In practice, the quantity Q is difficult to measure accurately and 
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absolute atomie concentrations can often not be obtained. In this case the stoichiometrie ra
tios for different elements in the sample can be determined. The stoichiometrie ratio between 
element n and m in the sample is given by 

(4.11) 

in which the quantity Q is cancelled out. 
From equation 4.11 it is clear that, with this method, the stoichiometry of the surface 

can be calculated by measuring the step heights Hi. The absolute concentrations at different 
depths can be calculated in a similar way by measuring the signal Hi for different energies. 
The atomie concentration for this energy can be calculated with equation 4.9. The energy to 
depth conversion is subsequently done with equation 4.6. This procedure only works ifthere 
is no peak overlap from the signals of the different elements. If this is not the case, one has 
to separate the peaks. 

One approach to obtain the depth profile from the measurements with overlapped peaks 
is based on computer simulation. The energy spectrum ofbackscattered ions, using experi
mental conditions and a specified target composition, is calculated following the procedure 
described before and compared to the measured spectrum. The procedure is to iteratively 
change the target composition and recalculate the simulated spectrum until it is best matched 
with the measured spectrum. The backscattering analysis program used is the RUMP pro
gram [21, 22]. 

Our RBS experiments were conducted at the Center for Application oflon Beams in Ma
terials Research (AIM) at the Forschungszentrum Rossendorf e.V. (FZR) in Dresden, Ger
many. Here, a RBS setup is available which uses 1.7 MeV 4He+ ions from a Van-de-Graaff 
accelerator. The geometry of the setup is such that the incident ions come in perpendicular 
to the target surface (()in = 0°) and scattered ions are detected by a semiconductor PIPS 
detector at an scattering angle of 170° ( () s = 170°' ()out = 10°). 

4.1.2 Elastic Recoil Detection Analysis 

Elastic Recoil Detection Analysis (ERDA) is a very useful ion beam analysis technique for 
depth profiling of light elements. In ERDA, a high-energy ("' 1 MeV/amu) heavy-ion beam 
is used to probe the target. In contrast to RBS, not the scattered incident ions, but the recoiled 
target particles are detected. 

From the law of conservation of momentum, it is clear that recoils can only scatter over 
scattering angles from 0 to 90°. This implies that in order to detect part of the recoils, the 
incident beam should come in at a grazing angle with respect to the target. In this way, 
part of the recoiled atoms are scattered out of the target and can be detected. The ERDA 
measurement principle is schematically drawn in figure 4.3. 
The incident ion comes in with an energy E0 , under an angle ()in· On its inward path, the ion 
loses energy, !:lEin, due to stopping. The incident ion is scattered over an angle 0 8 , while 
the recoil is scattered over an angle <Pr. out of the sample. On its outward path, the recoil 
loses energy !:lEout due to stopping. Finally the recoil leaves the sample at angle Bout, with 
an energy E, after which it is detected by a detector. 

From the laws of conservation of momentum in a two-body collision, one finds that the 
recoil will have an energy Eaft = K 2Ebef after the collision with K 2 , the kinematic factor, 
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~out 
~detector 

Figure 4.3: Geometry of an ERDA experiment. E 0 is the initia! energy of the ion, f::.Ein 

is the energy loss in the sample on the inward path, Ec is the energy of the ion before the 
collision with an atom in the sample, K 2Ec is the energy of the recoil after the collision, 
f::.Eout is the energy loss of the recoil on the outward path and E is the energy of the recoil 
detected by a detector. ()in is the incident angle, ()out the outward angle of the recoil, ef>r is the 
scattering angle of the recoil and ()s the scattering angle of the ion. 

given by [ 18] 
K _ 4M1M2cos2ef>r 

2 - (M1 + M2)2 ' 
(4.12) 

in which M1 and M2 are the masses of the incident ion and recoil atom respectively and ef>r 

is the scattering angle of the recoil. In the situation described in figure 4.3, the energy of the 
ion, before the collision, Ebef, is defined as Ec and the energy of the recoil after the collision, 
Eaft• is described by K2Ec. 

The energy loss due to stopping on both the inward and outward path is described by 

[ 
K 2 (dE) 1 (dE) l f::.E = f::.Ein + f::.Eout = (). d + () d X = [S]x, (4.13) 

COS in X in COS out X recoil,out 

where K 2 is the kinematic factor for the recoil, defined in equation 4.12. The angles ()in and 
()out are defined in figure 4.3. The factors (ddxE). and (ddE) .

1 
t are the stopping powers in · x recoi ,ou 

of the target material for the incident ion and recoil respectively. The stopping powers in the 
ERDA measurements are identical to the ones used in the RBS measurements, because they 
are properties of the target material, which is the same for both analysis techniques. 

The energy loss due to the collision described by the kinematic factor, K 2 in equation 
4.12, is used to identify the different elements at the sample surface from the measured 
ERDA spectrum, similar to the element identification in RBS. The energy loss due to stop
ping, described in equation 4.13, is used in the energy to depth conversion in the ERDA 
spectrum, similar to the energy to depth conversion in RBS. 
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One of the problems encountered in an ERDA experiment is the fact that not only re
coils, but also forwardly scattered projectiles can reach the detector. The flux of scattered 
projectiles is expected to be much larger than the flux of recoils, while their energies are 
comparable. A simple energy detecting detector is not capable of making this discrimina
tion, which means that a dedicated detector is needed. 

Our ERDA experiments have been performed at the Rossendorf Institute in Dresden. 
Here, the ERDA beam line is equipped with a semiconductor detector with Al range foil for 
H detection and a Bragg Ionization Chamber (BIC) for detection of other elements. 

The detector for H detection works on the principle that heavy ions experience more 
stopping in a material than light ions. From equation 4.2 can be seen that the stopping ~ is 
proportional to Zf, the square of the atomie number of the ion. The H detector consists of a 
simple semi conductor detector with an Al foil in front of the detector entrance window. The 
thickness of the Al foil is 17 µm and is chosen in such a way that only the light H ions will 
pass the foil and all the ions heavier than H will be stopped in the foil. The H ions that pass 
the foil are detected energy resolved by a semiconductor detector. Because the thickness 
of the range foil is known, the stopping of the H atoms in the foil can be calculated and 
the original H energy spectrum before the foil can be reconstructed. The measured energy 
versus intensity profile for H ions can be converted to a depth profile of the absolute atomie 
concentration using a special computer code described in [23] using the stopping power data 
from Ziegler et al. [24]. 

The Bragg Ionization Chamber is also based on the fact that ions with different atomie 
masses have different stopping profiles in a material, in this case a gas chamber. The energy 
deposition as a function of depth in the chamber for two ions with different atomie numbers, 
calculated using equation 4.2, is shown in figure 4.4. 
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Figure 4.4: Energy deposition as a function of depth for different ions. 

Equation 4.2 is valid in the high velocity limit, but it only breaks down at the end of the 
path when the incident ion has slowed down sufficiently to get neutralized. It is clear from 
equation 4.2 that the stopping power is proportional to Zf and +. This means that ions with 

vion 

a higher atomie number will have a higher stopping at the same entrance energy. The higher 
stopping leads to a higher velocity loss and consequently, to an even higher stopping. This 
explains the different depths of the energy deposition peaks for different elements. The area 
under the curves in figure 4.4 is the total energy loss in the target, which is equal to the initial 
energy of the ions, if the ions are completely stopped in the chamber. If the initial energy is 
the same for both ions, it is clear that the peak height of the heavy ion will be higher than the 
peak height of the light ion. 
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The Bragg Ionization Chamber is based on this principle. It measures both the total 
energy lost in the chamber and the energy loss peak height. In this way it is possible to 
discriminate between ions with the same energy but different atomie number. 
A schematic of the Bragg Ionization Chamber is given in figure 4.5. 
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Figure 4.5: Bragg Ionization Chamber, used in the ERDA experiments. 

The BIC consists of a cylindrical vessel filled with 99.95 % isobutane gas at a pressure 
between 50 and 200 mbar. The recoils and scattered incident ions enter the BIC through 
an entrance window, which consists of a 670 nm grid-supported mylar foil. When the fast 
moving ion passes through the gas of the detector, atoms will be ionized and electron-ion 
pairs are produced. By applying an electric field, the produced charge can be collected at the 
electrodes. The entrance window grid is kept at a potential of -3000 V. On the other end of 
the chamber there is an anode plate at a potential of 600 V. In order to be able to separate 
the electron signal from the ion signal a fine-meshed Frisch grid (FG) at ground potential is 
placed a few mm in front of the anode. The electron drift velocities are of the order of cm/sec 
and much smaller than the velocity of the ion creating the electron-ion pairs. This implies 
that the electrons created closest to the anode, will reach the anode first. Therefore the anode 
current pulse corresponds to the mirror image of the energy deposition curve of figure 4.4. 
A typical anode current versus time measurement is shown in figure 4.5. From this current 
measurement both the energy loss peak height and the total energy loss can be derived. This 
is done by means of the electronic arrangement shown in figure 4.5. The anode current pulse 
is divided after the preamplifier (PA). One part is directed to a main amplifier with a long 
shaping time (3 µs) providing the total energy signal. The other part is directed to a main 
amplifier with a short shaping time (100 ns ). This signal will only contain information about 
the peak height (Bragg-peak). This Bragg-peak is proportional to the atomie number Z. 

In an ERDA measurement both the Bragg peak intensity and the total energy are mea
sured with a multichannel analyzer and plotted in a graph. An example of an ERDA mea
surement is shown in figure 4.6. 
The different branches in figure 4.6 can be identified, from the Bragg-peak heights, as dif
ferent elements. Especially the light elements C, N and 0 are well resolved. For heavier 
elements the mass separation becomes less. The largest signal is the Cl signal from scat-
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Figure 4.6: Example of an ERDA measurement on a bone sample, showing the Bragg peak 
intensity in channels versus the energy, also in channels. Ion beam: 35 MeV Cl7+ ions, 
()in = 15°, </>r = 30°, ()out = 15° Q = 3.4 µC 

tered ions from the ion beam. However, the signal from Ca recoils can just be distinguished 
from the Cl signal. The P signal is overlapping with the Cl signal and can not be resolved. 
The distribution of the number of counts over a branch corresponds to the depth profile of 
the concentration of this element. To obtain the depth profiles for the different elements, 
each branch is selected by hand from the measurements and the measured intensities for 
this branch are projected on the total energy axis. Tuis gives a total energy versus intensity 
graph for each selected element. Depth profil es of the absolute atomie concentration for each 
element are obtained using a special computer code described in [23]. 

The ERDA setup at the Rossendorfinstitute uses 35 MeV Cl7+ ions from a 5 MV tandem 
accelerator. The geometry is such that the incident ions come in at an angle ()in of 15° with 
respect to the sample surface. The BIC detector is placed at a scattering angle of 30° and the 
H detector at a scattering angle of 38°. 

4.2 Nanoindentation 

4.2.1 Nanoindentation setup 

Nanoindentation, developed over the last 10 years, is nowadays a widely used technique in 
materials research for measuring mechanica! properties ofthin films and small volumes. Ina 
nanoindentation experiment a hard indenter tip is pressed into a sample under investigation, 
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measuring simultaneously the displacement of the tip and the load applied to the indenter. A 
measurement consists of a loading stage until a preset maximum load and subsequently an 
unloading stage. For both stages, load and displacement data are recorded. The mechanica! 
properties that can be measured with a nanoindenter are the elastic modulus (E) and the 
hardness (H). A procedure for the calculation of these properties from the measured force
displacement curves is presented in section 4.2.2. 

The advantage of nanoindentation over conventional indentation techniques is the fact 
that displacements of the order of nanometers can be measured accurately, which allows 
measurements with ultra low loads of the order of milliNewtons. Tuis implies that the size 
of the indent can be as small as 1 µm. Conventional microindentation techniques use loads 
in the order of Newtons, which gives indents ranging from 20 to 150 µm. The small size 
of the indent in nanoindentation makes it possible to determine the mechanica! properties 
of the sample with a good spatial resolution, implying that microstructural features of the 
sample can be resolved. For example, in the research on the mechanica! properties ofbone, 
microstructural features like osteons can be spatially resolved with nanoindentation. 

Another advantage of nanoindentation over conventional microindentation is that in nanoin
dentation both the hardness and the elastic modulus of the material can be measured, while 
microindentation only gives the hardness of the sample. 

The nanoindenter used in our experiments is a homemade nanoindenter build at the 
Department of Mechanica! Engineering of the Eindhoven University of Technology. A 
schematic of the setup is shown in figure 4.7 
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Figure 4.7: Schematic of the nanoindentation setup. 

The nanoindenter consists of a moveable sample holder with a displacement measurement 
unit and a diamond indenter tip attached toa coil-magnet assembly for the application and 
measurement of the load. Both the sample holder and the indenter part are suspended on 
springs. The force on the indenter tip can be controlled by varying the current through the 
load coil. This instrument works in a displacement-controlled mode, where indentation is 
achieved by moving the sample towards the indenter. The displacement is controlled by the 
displacement coil-magnet assembly. The indenter is kept at a constant vertical position by 
adjusting the current through the coil, under feedback from a displacement sensor on the 
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indenter. The applied load can be derived from the applied current through the indenter 
coil. The applied load can range from 1 mN to 1 N and be measured with an accuracy of 
approximately 0.025 %. The displacement of the sample towards the indenter is recorded 
by the first displacement measurement unit. Displacements between 0 and 250 µm can be 
measured with an accuracy of about 1 nm. During a measurement, the contact position is 
first determined. The sample moves towards the tip with a constant velocity of typically 100 
nm/sec. The contact position is determined when a change in velocity is measured by the 
displacement sensor on the sample holder. After contact, the sample is withdrawn approx
imately 5 µm and moved 20 µm in the xy plane to a new, undamaged spot on the sample 
and the measurement can begin. The sample is moved towards the indenter at a velocity of 
6. 7 nm/sec, while both the displacement and the applied force are recorded. The indenter is 
driven into the sample until a preset maximum load is reached. The sample is then moved 
away from the indenter at the same velocity and the force and displacement data are still 
recorded. When the sample reaches its starting position the measurement is completed and 
the indenter is fully withdrawn and moved in the xy plane to a new measurement position. 
In one measurement session, a total of 25 indents can be made. From the measured load and 
displacement data, a load-displacement curve can be constructed, which can be analyzed to 
obtain the elastic modulus and hardness of the sample at the position of the indent. 

4.2.2 Calculation of elastic modulus and hardness 

A typical load-displacement nanoindentation curve is shown in figure 4.8. 
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Figure 4.8: Typical load-displacement curve from a nanoindentation experiment. The pa
rameters used in the analysis are indicated in the figure. 
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The quantity P max is the peak indentation laad, hmax is the indenter displacement at peak 
laad, h f is the final depth of the contact impression after complete unloading, he is the con
tact depth, which is the vertical distance along which contact is made at peak laad and S is 
the initial unloading stiffness. 
Bath elastic and plastic deformation occur under the indenter tip during loading. The unload
ing part is dominated by elastic deformation, which makes it possible to determine the elastic 
modulus of the material under study from the slope of the unloading curve. The hardness of 
the material can be determined by calculating the mean pressure under the indenter at max
imum laad. The procedure to obtain these quantities from the measured load-displacement 
curve presented here is developed by Oliver and Pharr in 1992 [25]. 

Figure 4.9 shows a cross section of an indent from the nanoindenter and defines the 
parameters used in the analysis. 
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Figure 4.9: Schematic representation of an indent from a nanoindenter showing the various 
parameters used in the analysis. 

The total displacement h can be written as 

h =he+ hs, (4.14) 

where he is the contact depth, the vertical distance along which contact is made and h8 

is the displacement of the surface at the perimeter of the contact. During unloading, the 
elastic deformations are recovered and when the indenter is fully withdrawn, the depth of the 
residual hardness impression is h f. 

The four key parameters in the analysis are the peak laad (Pmax), the depth at peak laad 
(hmax), the initial unloading contact stiffness (S) and the projected contact area (A). The 
peak laad and depth at peak laad can easily be determined from the load-displacement curve 
in figure 4.8. For the determination of the initial unloading stiffness, an expression for the 
load as function of depth is derived. This is done by fitting the unloading curve to the power 
law relation 

(4.15) 

where P is the indentation load, h is the displacement and h f is the final depth of the indent 
after unloading, which can be determined from the load-displacement curve. The coefficients 
band mare determined from the fit. The unloading stiffness S, which is given by the slope 
of the unloading curve is now determined by differentiating equation 4.15 and evaluating it 
at h = hmax, giving 

(4.16) 
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For determination of the contact area A, we need to evaluate the contact depth he. This he 
can be derived from the load-displacement curve using 

(4.17) 

where c is a constant, which depends on the geometry of the indenter tip. For a paraboloid 
ofrevolution (e.g. Berkovich indenter), c = 0.75. 

The projected contact area, A, is now derived by evaluating an empirically determined 
indenter shape function, A(he)· This function describes the projected area, A, as a function 
of the contact depth he and depends on the elastic properties of the load frame and the exact 
geometry of the tip. A procedure to determine the indenter shape function is described by 
Oliver et al. [25]. 

When the four parameters, P max' A, S and hmax are calculated, the hardness of the sam
ple, H, can be derived from 

H = Pmax 

A 
( 4.18) 

and the effective elastic modulus, Eef f from 

(4.19) 

The calculated modulus is an effective modulus, because there is elastic deformation in both 
the sample and the indenter tip. The effective modulus is related to the sample modulus by 

1 (1 - v;ample) (1 - V~p) 
--= + ' 
Eeff Esample Etip 

(4.20) 

where Vsample and Vtip are the Poisson ratios for the sample and the tip materials respectively. 
For the diamond tip an elastic modulus Etip of 1140 GPa and a Poisson ratio, Vtip of0.07 are 
assumed, for the Poisson ratio of the bone sample, Vsampb a value of 0.3 is assumed [26]. 

4.3 Fourier Transform Infrared spectroscopie ellipsometry 

4.3.1 Principles of ellipsometry 

Ellipsometry is known to be an accurate, non-perturbing, but also difficult technique in sur
face analysis. It has the advantages that no high vacuum conditions are needed and that it 
can be used real-time and in-situ. The disadvantage is that an ellipsometric measurement not 
directly yields the interesting, physical parameters, such as refractive index, layer thickness 
or dielectric function, but a model must be applied to obtain these parameters. 

Ellipsometry is based on the measurement of the change of the polarization state of light, 
reflected from a surf ace. This change can be expressed by the Fresnel coefficients, r P and 
r 8 , for reflection in the direction respectively parallel and perpendicular to the plane of in
cidence. The ratio of these reflection coefficients de:fines a quantity p, which is a measure 
for the change of polarization. Conventionally, the polarization change p, is expressed in the 
ellipsometric angles W and .6., de:fined by 

(4.21) 



36 Chapter 4 Experimental Techniques 

An schematical interpretation of the reflection coefficients and the ellipsometric angles is 
shown in figure 4.10. 

Figure 4.10: Reflection of a beam of linearly polarized light from a surface A. The plane of 
incidence is defined by the incident and reflected beam. The reflection coefficients (rp and 
r 8 ) and the ellipsometric angles (-Wand .6.) are indicated in the figure. 

From figure 4.10 it is clear that tan W in equation 4.21 represents the relative amplitude 
change and .6. the phase difference between the reflection coefficients r P and r s· Measure
ment results are usually presented by W and .6. spectra. Parameters like, refractive index and 
dielectric functions can be obtained from the ellipsometric angles by applying a model to fit 
the experimental W and .6. spectra. 

An ellipsometer setup consists of a source, different polarizing elements and a detector. 
Generally a linear polarizer, is placed immediately after the source. Another similar linear 
polarizer is placed in front of the detector. The first polarizer is called the polarizer, the 
second the analyzer. The polarization of the incoming light is fixed by the polarizer and the 
polarization of the outgoing light by the analyzer. In our case, both the polarizer and the 
analyzer angles are fixed, avoiding problems with unknown polarization of the source and 
polarization dependency of the detector. The sample under investigation is placed between 
the polarizer and the analyzer. The light beam passing through the polarizer is reflected by 
the sample surf ace in the direction of the analyzer. 

An ellipsometric measurement is usually performed by modulating the polarization state 
of the light beam. This can be done by rotating the polarizer (Rotating Polarizer Ellipsom
etry) or the analyzer (Rotating Analyzer Ellipsometry). However, the results obtained with 
these types of setups are not independent from the polarization of the source and detec
tor. Another possibility to modulate the polarization of the light beam is by adding another 
optical component to the setup. This can be a photoelastic modulator or an extra rotating 
polarizing element, such as a compensator (or retarder). We will focus on the latter. The 
rotation of the compensator results in a sinusoidal variation of the intensity of the detected 
signal. Analysis of this varying signal gives information about the change of polarization 
induced by the sample. The Rotating Compensator Ellipsometry (RCE) setup has the ad
vantages over other configurations that it can determine .6. unambiguously, that it has the 
same accuracy everywhere in the W-.6. plane and that it is insensitive to source and detector 
polarization. A schematic of the Rotating Compensator Ellipsometer setup is presented in 
figure 4.11. 
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Figure 4.11: Schematic of the spectroscopie Fourier Transform Infrared (FTIR) rotating 
compensator ellipsometer. 

The different polarizing elements, like polarizer, compensator and analyzer can be identified 
in figure 4.11. The beam is focused on a detector by means of a mirror. As a light source, a 
Fourier Transform Infrared spectrometer is used, which is introduced in section 4.3.2 

4.3.2 Fourier Transform Infrared spectrometer 

A popular form of ellipsometry, especially in infrared, is spectrometric ellipsometry. In this 
configuration, a FTIR spectrometer is combined with an ellipsometer as shown in figure 
4.11. Measurements with this type of setup can provide information about the molecular 
composition of the surface under study. 

An advantage of FTIR ellipsometry over classica! FTIR spectroscopy is the ability to 
study the surface of a sample. Normally, FTIR spectroscopy is done in transmission, mea
suring averages over the thickness of the sample. Because FTIR ellipsometry works in re
:tlection, this allows an analyzing depth of typically a few µm. The exact analyzing depth 
depends on the angle of incidence and the transparency of the sample material. The smallest 
analyzing depth is obtained with a grazing incident angle. Because the expected depth of a 
plasma treatment is in the order of 1 µm, the use of a FTIR ellipsometer is a major advantage. 

The basis of the FTIR spectrometer is a Michelson interferometer, shown in figure 4.12. 
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Figure 4.12: Michelson interferometer 

fixed mirror 
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The Michelson interferometer consists of a light source, a collimating mirror set, a beam 
splitter and two mirrors of which one is moveable. The path length difference in the setup is 
the difference between the path from the beam splitter to the fixed mirror and the path from 
the beam splitter to the moveable mirror. Due to this path length difference, interferometric 
effects will influence the output light intensity. The output light intensity, integrated over the 
wavenumber CJ = :h is a function of the path length difference l, given by 

1100 100 1 I(l) = - I0 (CJ) cos (2nCJl)dCJ = -I0 (CJ) exp (2niCJl)dCJ. 
2 0 -oo 4 

(4.22) 

Equation 4.22 describes a Fourier transformation. The back transformation is given by 

2100 

Io(>.) = ; -oo I(l) exp (-2niCJl)dl. (4.23) 

This implies that by measuring the output intensity I(l), as function of path difference land 
performing a Fourier transform, the intensity as a function ofwavelength >.can be obtained. 
The advantages of this technique are that the full intensity of the light is used at all times and 
that the whole wavelength spectrum is obtained in one path difference scan. The outgoing 
light of the Michelson interferometer is the incident beam for the consecutive ellipsometer 
setup. The spectra! range is equal to the length intervals between two positions of the mirror 
and the resolution of the output light is equal to the inverse of the scan length of the moving 
rmrror. 

4.3.3 Stokes and Mueller formalisms 

The state of polarized light can be represented by so-called Stokes vectors, introduced by 
G.G. Stokes in 1852. A Stokes vector is a four-dimensional vector in which each element 
is a linear combination of observables of electromagnetic waves. The Stokes vector S is 
defined as 

S = [~~i = [ Ix ~ ly l - 52 I+i -Li ' 
53 Ir - fz 

(4.24) 

where 10 is the total irradiance of the beam. Ix and Iy are the irradiances in the x and y 
direction respectively. The subscripts +î and -î refer to irradiances in the direction +45° 
and -45° respectively, Ir and 11 represent the right and left circular polarizations respectively. 
Counterclockwise, when looking into the source, is by convention the positive rotation di
rection. A great advantage of the Stokes formalism is that all elements of the Stokes vector 
are direct observables, which means they can be measured experimentally. 

In order to make use of these Stokes vectors in systems which change the polarization, a 
formalism is needed which describes the effect of optical components on the initial polariza
tion state of a light beam, described by a Stokes vector. Mueller introduced such a formalism 
in 1948 [27]. In the Mueller formalism, optical components are described by 4 x 4 matrices. 
A Stokes vector representing the polarization state of the light before the optical component 
is transformed by a Mueller matrix, representing the optical component into another Stokes 
vector, describing the polarization state of the light after the optical component. The repre
sentations in Mueller matrices of some common optical components are given in table 4.1 
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Optica! component Mueller matrix 

-~ . (~11 ~11 o~o o~ol Perfect linear polarizer with 
horizontal transmission axis 

Partial linear polarizer with (l+n 1 - O'. 0 

21sin0) 
horizontal transmission axis, 1 1 - O'. 1 + O'. 0 
attenuation coefficient a and -· 

2focosfJ 
a phase difference fJ between 

2 0 0 
0 0 -2fosinfJ 2focosfJ 

the main axes 

Perfect retarder (or compen-

(~ 
0 0 

siL) 1 0 
sator) with horizontal fast 

0 cos fJ 
axis and retardation fJ 

0 - sin fJ cos fJ 

Imperfect retarder (or com
pensator) with a horizon
tal fast axis, a retardation 
.6.c, and a relative amplitude 
change Wc 

Ellipsometric reflection from 
a sample where the major axis 
is determined by the plane of 
incidence. Angles w and ti. 
are the obvious ellipsometric 
quantities. 

Rotation matrix to represent a 
component in another frame 
of reference. The new frame 
is obtained after rotation over 
an angle (} from the old frame 

cos2Wc 
1 
0 
0 

cos2W 
1 
0 
0 

(0~1 

0 
0 

sin 2'11 c cos .6.c 
- sin 2'11 c sin .6.c 

0 
0 

sin 2'11 cos ti. 
- sin 2'11 sin ti. 

0 0 
cos 2() sinW 

-sinW cosW 
0 0 

sin 2 ili ~sin L':., ) 
sin 2'11 c cos .6.c 

~) 
Table 4.1: Mueller matrices for several common optical components 

Normally, an optical system consists of a number of optica! components in series. The 
effect of the whole system on the polarization state of the light passing through, can be rep
resented by a cascade of Mueller matrices working on the Stokes vector&, representing the 
incoming light. The outgoing light is described by the Stokes vector ~u. This arrangement 
is schematically drawn in figure 4.13 
Each optical component in the system can be described by a Mueller matrix (M1 , M 2 , ... ). 

The whole system can be described by a single Mueller matrix (M), which is the multiplica-
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So su -M ~ M2 ~ M3 -1 

Figure 4.13: Schematical representation of the change of a Stokes vector by a series of optical 
components. 

tion of all component matrices. 

i=l 

M = M N. M N-1 ... M 2. M 1 =II Mi. 
i=N 

4.3.4 Rotating compensator ellipsometry 

(4.25) 

The theory for the description of the rotating compensator ellipsometer presented here is 
based on the work of J.H.W.G. den Boer [28]. In the setup shown in figure 4.11 the light 
from the FTIR spectrometer passes through the following optical components 

• A perfect polarizer, with azimuth P described by Mueller matrix Mp· 

• The sample under investigation, described by M w.ó.· 

• A compensator with fast axis azimuth C, relative amplitude change \Il c, and retardation 
.6.c. A perfect compensator would have a retardation .6.c of 90° and no relative ampli
tude change (\Il c = 45°). However, it is not possible to build a perfect retarder with 
a wide spectral range. There will always be imperfections in the retarder properties, 
which result in different values for \Il c and .6.c. The Mueller matrix Mw .ó. , describing 
the imperfect retarder, can deal with these imperfections. - c c 

• A perfect analyzer with azimuth A, described by Mueller matrix MA. 

Using the Stokes and Mueller formalisms, the polarization state of the light measured at the 
detector can be calculated by multiplying the Mueller matrices for the different optical com
ponents and applying this to the Stokes vector for the light from the source. The Mueller 
matrices for the different components of the setup can be found in table 4.1. It should be 
noted that the table gives the Mueller matrix for a linear polarizer with horizontal transmis
sion axis. To obtain a Mueller matrix for a linear polarizer with the transmission axis at 
azimuth (), one needs to multiply the given matrix by a set of rotation matrices as shown in 
equation 4.26. 

(4.26) 

This change of reference frame is necessary for the polarizer, compensator and analyzer. The 
incident beam coming from the source is considered unpolarized and can be described by the 
Stokes vector 

(4.27) 
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Using equation 4.13, the resulting Stokes vector for the rotating compensator setup is given 
by 

~u = R(-A)M A. R(A- C). M'lic~c. R(C). Mw~. R(-P). Mp. R(P). ~' (4.28) 

using the relation 

R(A) · R(-C) = R(A - C). (4.29) 

Evaluation of the first component of the Stokes vector, the intensity 10 , shows harmonie 
contributions in the compensator azimuth angle C. The measured intensity can be written as 

I(C) = A0 + A2 cos2C + B2sin2C +A4 cos4C + B4 sin4C, (4.30) 

where A0 - B4 are Fourier coefficient and I ( C) the measured intensity at compensator angle 
C. The Fourier coefficients are defined by 

Ao - ~ 1
00 

I(C)dC, 
7r 0 

21
00 

A2 - I(C) cos 2CdC, 
7r 0 

21
00 

B2 - - I( C) sin 2CdC, ( 4.31) 
7r 0 

A4 21
00 

- I(C) cos4CdC, 
7r 0 

2 1
00 

B4 - - I(C) sin4CdC. 
7r 0 

Further evaluation of these Fourier coefficients with equation 4.28 and the Mueller matrices 
for the different components gives 

A0 = 1- cos2Pcos2W 
1 

+ 2(1 + Ye) [cos2A(cos2P- cos2\ll) + sin2Asin2Psin2W cos.0.], 

A2 = Xe( COS 2P - COS 2\ll) 

+ Xe cos 2A(l - cos 2P cos 2W-) - Ze sin 2A sin 2P sin 2\ll sin D., 

B2 = Xe sin 2P sin 2\ll cos D. 

+Ze cos 2A sin 2P sin D. + Xe sin 2A(l - cos 2P cos 2\ll), 

A4 = ~(1-ye) [cos2A(cos2P- cos2\ll) - sin2Asin2Psin2\llcos.0.], 

1 
B4 = 2(1 - Ye) [cos 2A sin 2Psin 2\ll cos D. +sin 2A(cos 2P - cos 2\ll)], 

(4.32) 
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where the quantities Xe, Ye and Ze, describe the compensator imperfection by 

Xe = COS 2\[! e' 

Ye = sin 2W e cos -6.e, 

Ze = sin 2\[! e sin -6.e. 

(4.33) 

The quantities \[! e and -6.e can be determined by performing a calibration measurement, in 
straight-through arrangement without a sample, as described in section 4.3.6. 

By choosing appropriate values for P and A, equations 4.32 can be simplified. The 
configuration at which the polarizer azimuth P = 45° and the analyzer azimuth A = 0° 
is chosen. This gives for the Fourier coefficients: 

1 
Ao = 1 - 2(1 + Ye) cos 2W, 

A2 = Xe(l - COS 2W), 

B2 = Xe sin 2\[! cos .6. + Ze sin 2\[! sin-6., 
1 

A4= -2(1-ye)cos2W, 

B4 = ~(1 - Ye) sin 2\[! cos .6.. 

(4.34) 

Equations 4.34 can be solved expressing the tangents of the ellipsometric angles as func
tion of the Fourier coefficients A0 - B4 and the compensator quantities Xe, Ye, Ze· This gives 

with 

tan2W = J Xr + Xi, 
X1 

tan-6. = X
2

, (4.35) 

(4.36) 

Since the value of \[! is determined from a root and the arctan function only gives values 
between -90° and 90°, the exact values of \[! and .6. have to be determined, using the sign 
information from the Fourier coefficients. This can be done, which means that the ellipso
metric angles \[! and .6. can be determined unambiguously. 

It is also clear from equation 4.35 that the tangents ofboth \[!and .6. are determined. This 
implies that there is no region in the W-.6. plane where the ellipsometer loses its accuracy. 
The ellipsometric angle .6. could also be determined from a eosine, however, this means 
that for the measurements in which the eosine of .6. is around unity, the value of .6. would 
be very inaccurate. This because the accuracy is determined by the first derivative of the 
eosine function with respect to the ellipsometric angle. This is a sine function and that 
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will be around zero when the eosine is around unity. This implies that the calculation of 
the ellipsometric angle will not be very accurate. With the rotating compensator setup the 
ellipsometric angle .6. can be determined over a range of 0° - 360°, which can not be done 
using other techniques. 

Because of the use of a FTIR spectrometer, the measurement of the ellipsometric angles 
is done for every wavelength in the selected wavelength range. 

4.3.5 Ellipsometry models 

A disadvantage of an ellipsometry measurement is that the measured quantities w and .6. 
are not directly of physical interest. The goal of the measurements is to obtain information 
about the optica! and physical properties of the material under investigation. These inter
esting parameters, such as layer thickness, roughness and (complex) index of refraction can 
be derived from the measured ellipsometric angles using a model. The procedure is to fit 
the measured spectra with the spectra obtained from the model. The models used can be 
extremely complex, but for the infrared wavelength region most of them are based on the 
theory of the Lorentz oscillator. This model consists of an oscillator, driven by an extemal 
force and subjected to a damping force. As an example of the basics of an ellipsometry 
model, the Lorentz oscillator will be described here briefly. 

An electromagnetic wave reflected of a surface, exhibits a polarization modification, due 
to the induced dipole moments of the atoms or molecules of the sample material. The Lorentz 
oscillator is commonly used to describe the motion of a bound electron to the nucleus, sub
jected to the oscillating electric field E of the reflecting beam. The equation of motion for 
the electron is given by 

d2r. dr. 2 
m dt2 + mr dt + mwor. = -efE, (4.37) 

where r. is the displacement vector of the electron, m the mass of the electron, e the absolute 
value of the electronic charge, f the oscillator strength, r a damping coefficient and w0 the 
resonant frequency, which is the frequency of the system after an initia! displacement, but 
without a driving force or damping. 

The dielectric function 'E of a material represents the degree to which a material may be 
polarized by an applied electric field. Tuis is expressed by the relation between the displace
ment field D and the electric field E, given by 

(4.38) 

The dielectric function of a condensed, isotropic material is a complex function with a 
real and imaginary part given by 

(4.39) 

The imaginary part, c2 of the dielectric function is the resonance term for the energy dissi
pation, when the electromagnetic beam interacts with the sample material. 

The dielectric function is related to the complex refractive index of the material by 

(4.40) 

where N is the complex refractive index. This complex refractive index can be written as 

N = n+ik, (4.41) 
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where n is the index of refraction and k is the extinction coefficient. An expression for n and 
k can be derived from equations 4.39 - 4.41. 

1 

n [~Vd + c~ + c1] 2 
1 

k = [~Vei + c~ - cl l 2 (4.42) 

It is clear from equation 4.42 that if c1 = 0, n = k which is defined as the longitudinal 
optica! (LO) mode. The transverse optical (TO) mode is defined by the maximum of c2 • 

An expression for the dielectric function 'E of a material can be derived by using Maxwell 's 
equations. When a material is assumed to consist of a set of Lorentz oscillators as described 
by equation 4.3 7, the dielectric function of the material is [29] 

_ _ 4nNfe2 1 
c = Eoo + ( 2 2) ·r ' m w0 -w -z w 

(4.43) 

where Nis the number of oscillators per unit volume and €00 the dielectric background, which 
is usually a real number. When it is assumed that a material consists of several oscillators, 
with different resonance frequencies, equation 4.43 becomes 

where 2:i Ni = N. 

_ _ 4ne2 
"'"' Ndi 

c = Eoo + --~ ( 2 2) ·r ' m . w0 -w -z w 
i 

(4.44) 

The link between the refractive index (and dielectric function) and the ellipsometric an
gles w and ~ is made by the Fresnel reflection coefficients, 

N1 cos eo + N0 cos e1 ' - -
N0 cos eo - N1 cos e1 

N0 cos eo + No cos e1 

(4.45) 

and the ratio 
(4.46) 

In practice, the ellipsometric angles w and ~ are measured whereas the refractive index 
or dielectric function is wanted. To obtain these parameters the model described above has 
to be inverted, calculating the dielectric function from the ellipsometric angles. When the 
sample is a bulk material, there is a one-to-one correspondence between the~ and w spectra 
and the n and k values of the substrate material. The ~ and w spectra can not be interpreted 
directly as absorption spectra, but they can give an indication about the position of absorption 
peaks. 

In the IR range under investigation here (2.5-12.5 µm), molecules play the role of oscil
lators. Each type of molecular bond represents a type of oscillator with its own resonance 
frequency. By calculating these resonance frequencies from the measured ellipsometric spec
tra, the type of molecular bond in the sample can be identified. In this way ellipsometry 
measurements can give information about the molecular composition of the sample under 
investigation. 
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4.3.6 Measurements with the spectroscopie rotating compensator ellip
someter 

When designing a FTIR ellipsometer one of the major difficulties is the lack of good polar
izing components with a large spectra} range in the infrared. Such high quality components 
are not commercially available and must be home-made. Especially, design of the rotating 
compensator is a major challenge in the development. 

The designs of Brewster angle polarizers and a rotating compensator for the current setup 
are made by J.C. Cigal [30]. 

The performance of the Brewster angle polarizers is very good. Polarization coefficients 
of 4000-8000 over a spectra} range from 2.5 to 12.5 µm are achieved. The polarization 
coefficient is defined as the ratio between the intensities of the light transmitted in the trans
mission direction and extinction direction. This is a factor of 5 to 10 better than the existing 
tandem wire grid polarizers [28], with also less dependency on wavelength. 

The compensator will not be a perfect retarder, inducing a phase shift of 7r /2 for all wave
lengths. However, the theory presented in section 4.3.4 allows an imperfect compensator, if 
the compensator properties \[f c and ~c. which will depend on wavelength, are determined 
accurately. A procedure for determining these parameters is derived by J.H.W.G. den Boer 
[28]. In this calibration procedure, the ellipsometer is placed in a straight through con
figuration, without a sample between the polarizer and the compensator. An ellipsometric 
measurement is performed in which the measured amplitude ratio, \[f, and phase shift, ~ 
are induced by the compensator. This means that with this measurement the compensator 
properties, \(! c and ~c can be determined. With equation 4.33, the quantities Xc, Yc and Ze, 

used to describe the imperfect compensator, are calculated. 

In the presented FTIR ellipsometer, the FTIR spectrometer is a Broker IFS66. The op
tica} components of the ellipsometer are home-made. To enable rotation of the polarizing 
components, they are mounted on a stepper motor and rotation is controlled by computer. A 
Mercury Cadmium Telluride (Graseby, MCT M-16) IR detector is used. The sampling speed 
of the system is 160 kHz. In the presented experiments a spectra} range from 4000 to 800 
cm-1 (2.5 to 12.5 µm) and a spectra} resolution of 4 cm-1 are used. Measurements are done 
ex-situ under atmospheric conditions. Because bone is largely transparent in the IR range, a 
grazing incident angle is needed to do refl.ection measurements. The angle of incidence was 
fixed at 80°. 

The measurement sequence is as follows. The polarizer is set at an azimuth angle of 45° 
and the analyzer at an angle of 0°. The compensator is rotated over a total of 180° in 10 
steps of l 8°. At every position of the compensator, 2000 scans of the FTIR spectrometer 
over the full path difference are made. The intensities as function of path difference are 
measured and averaged over the 2000 scans. A Fourier transformation is done to obtain the 
intensity versus wavelength profile for the fixed compensator angle C. After all compensator 
positions are measured, an intensity versus compensator angle graph can be constructed for 
every wavelength. These intensities as function of compensator angle are Fourier analyzed 
and the ellipsometric angles are calculated using equations 4.30 - 4.36. This is done for every 
wavelength resulting in graphs of the ellipsometric angles as function of wavelength. 
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4.4 Energy resolved mass spectrometry 

In order to study the different particles present in the plasma, a Balzers Plasma Process 
Monitor 422 (PPM422) is used. This commercially available system is an energy resolved 
mass spectrometer (ERMS), which can detect positive and negative ions as well as neutrals 
with masses ranging from 0 to 512 amu and energies from 0 to 512 eV. The spectrometer is 
placed behind the electrode in the plasma setup as shown in figure 3.1. A small hole in the 
center of the electrode allows the particles from the plasma that reach the electrode, to enter 
the mass spectrometer via its entrance orifice (100 µm). 

A schematic of the ERMS setup showing the basic components is shown in figure 4.14. 
The ERMS consists offour main components which are the ionization chamber, the cylindri-
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EJ_1Fl'11~~ Hd 

~!1---n--H 1111-r::t~~ector 
ion cylindrical i :: ) 
en~ mirror ( jj ) SEM 
opties analyzer ( !! ) 

( :: ) 

( ) 
,,L-

Figure 4.14: Schematic of the Balzers Plasma Process Monitor 422 (PPM422), showing the 
basic components of the spectrometer. 

cal mirror analyzer (CMA), the quadrupole mass analyzer (QMA) and the secondary electron 
multiplier (SEM) detector. Electrostatic lenses are used to guide the ions through the mass 
spectrometer. 

When the mass spectrometer is in ion measurement mode, the ion entry opties focus the 
ions from the plasma through the ionization chamber into the CMA. The ionization chamber 
has no effect on the ions. It is only used, when the mass spectrometer is used to measure 
neutrals. The neutrals from the plasma are ionized in the ionization chamber and go through 
the rest of the mass spectrometer in the same way as the ions from the plasma in the ion 
measurement mode. The ionization chamber is fitted with a heated filament, which emits 
electrons that are subsequently accelerated to typically 70 e V. These electrons enter the ion
ization chamber through a cylindrical mesh electrode. The neutral particles in the chamber 
will be ionized by the energetic electrons through inelastic collisions. The ionized neutrals 
are guided out of the ionization chamber into the remaining part of the mass spectrometer. 

The next component of the ERMS is a cylindrical mirror analyzer, which acts as an 
energy selector. The CMA consists of two concentric cylinders at different potentials. The 
ions enter the CMA at the cylinder axis and are subsequently sent trough a hole in the inner 
cylinder. The potential on the outer cylinder is such that the ions are bent back towards the 
inner cylinder. The radius of the bend depends on both the potential difference between the 
inner and outer cylinder and the energy of the ion. The potentials are chosen such that an ion 
with the desired energy will be bent and guided through a second hole in the inner cylinder 
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as shown in figure 4.14, while ions with different energies do not pass the second hole and 
are lost on the inner or outer cylinder. A detailed description of the CMA can be found in 
[31 ]. 

The ions with the selected energy that have passed the CMA, are guided into the quadrupole 
mass analyser. The QMA consists of an electrical quadrupole built up out of four parallel 
metal rods. The voltages applied to the rods consists of a DC component and a superimposed 
AC component. The mass selection occurs by mass dependent oscillatory ion trajectories be
tween the rods. Ions with the right mass will pass the QMA, while ions with other masses 
are lost at the rods or the mass spectrometer outer wall. The mass of the transmitted ions can 
be selected by choosing the appropriate magnitudes for the DC and AC voltages on the rods. 
The QMA is described in more detail in [32]. 

The ions that have passed both the CMA and the QMA have the desired energy and mass 
and can be detected by the last component of the ERMS, the secondary electron multiplier. 
The SEM consists of a cathode, 16 dynodes and an anode, with increasing potentials. The 
ions from the QMA are deflected onto the cathode of the SEM. Here, the ion will create one 
or more free electrons due to the collision with the cathode. These free electrons are acceler
ated towards the first dynode, which is at a higher potential. The accelerated electrons have 
gained enough energy when they arrive at the second dynode, to create more free electrons 
in the collision with the dynode. The entire multiplication cascade consists of 16 dynodes. 
Eventually, all electrons are gathered at the anode. This anode signal is processed further, 
using a pulse discrimination circuit to suppress noise. The SEM has a typical amplification 
of 1 · 106 . The entire detector has a useable linear range of 0 .1 to 2 · 106 counts per second. 

To avoid loss of ions due to collisions with gas molecules in the mass spectrometer, the 
whole system is put to vacuum conditions. The mass spectrometer is pumped separately 
from the main plasma vessel by means of a small turbomolecular pump, backed by a mem
brane pump. The base pressure of the system is in the order of 10-5 mbar. At this pressure 
collisions between the ions and the residual gas atoms are negligible. 

The measurements are fully controlled by the spectrometer software. There are two basic 
measurements available, a mass scan at a fixed energy and an energy scan at a fixed mass. 
The boundaries and scan resolutions for the mass and energy can be chosen by the user. 
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Chapter 5 

Results 

In this chapter, the results of the measurements on plasma-treated bone samples, using dif
ferent analyzing techniques, are presented. Interpretation and discussion of the measured 
data will be done in the next chapter, by comparing the results from the different techniques 
and presenting a simple model for the plasma etching of the bone samples. This chapter will 
be limited to the presentation of measured data and the observation of differences between 
measurements. 

5.1 Sample preparation 

In the presented research, bovine bone is chosen to study the interaction between plasma 
and bone tissue. The samples were taken from the cortical part of the diaphysis of a bovine 
femur. The femurs were obtained from a local butcher and stored at - l 8°C, until further 
processing. Sections of approximately 5 cm length from the middle of the diaphysis, were 
cut using a handsaw. These sections were cleaned of any remaining tissue and the marrow 
was removed. The samples were cut to the desired size from the selected sections, by means 
of a precision cut-off diamond saw (Struers Accutom-5). To avoid any contamination of the 
samples with cooling liquids from the saw, water was used as the saw's cooling agent. The 
samples had a size of approximately 25 x 25 x 2 mm and were cut parallel to the long axis 
of the femur as shown in figure 5 .1. 

a b 

Figure 5.1: (a) Schematic of a selected section of bovine femur diaphysis, from which the 
samples are obtained. (b) Top view of the cross section of the bone section, indicating the 
position from which the samples were taken. The samples are indicated in <lark gray. 

The sample surface was chosen as large as possible for the maximum reflected light intensity 

49 
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in the ellipsometer experiments. The thickness of the sample was chosen arbitrarily, hut such 
that it is much larger than the expected plasma treatment depth of about 1 µm. 

After being cut to the desired size, the bone samples were cleaned by putting them in 
demineralized water for 24 hours, after which they were dried to air for another 24 hours. 
Finally, the samples were stored in a vacuum chamber (,....., 10-4 mbar), until needed for 
experiments. Under these vacuum conditions, water and some organic material is removed 
from the sample. This is not a problem, because experimental plasma treatment conditions 
also require low pressures (50 mTorr). 

5.2 Plasma treatments 

A series of 16 samples has been treated in a low-pressure, lnductively Coupled Plasma (ICP) 
chamber, under different plasma conditions for each sample. Measurement series using dif
ferent gases, powers and pressures of the plasma, are made. In table 5.1, a complete list of 
the reactor settings for the various treatments is given. 

Sample Gas Power Pressure Time 
name (W) (mTorr) (min) 
Al Ar 800 50 20 
A2 Ar 600 50 20 
A3 Ar 400 50 20 
A4 Ar 400 50 20 
AS Ar 400 50 20 
A6 Ar 400 35 20 
A7 Ar 400 20 20 
A8 Ar 400 5 20 
01 02 800 50 40 
02 02 800 50 20 
03 02 600 50 20 
04 02 400 50 20 
05 02 400 50 20 
Krl Kr 400 50 20 
Hel He 400 50 20 
AOl Ar/02 (50/50) 400 50 20 

Table 5 .1: Experimental conditions of plasma treatments. Each bone sample has been la
belled with a name, corresponding to its plasma treatment. 

Untreated bone samples are also investigated to establish a comparison between treated and 
untreated samples. 

One measurement series studies the infiuence of the type of gas, used to generate the 
plasma on the effect of the treatment. Three noble gases (helium, argon and krypton), one 
molecular gas (oxygen) and one mixture (50 % argon and 50 % oxygen) are used. The noble 
gases were chosen for their chemical non-reactivity. This means that only ion bombardment 
has to be considered in the interpretation. Oxygen is chosen because it is expected to be 
more reactive, causing selective etching of some elements of the bone. All these treatments 
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are performed with a power of 400 W, a pressure of 50 mTorr and a treatment time of 20 
minutes. The samples Krl, Hel, 05 and A4 are part ofthis series. 

The second measurement series investigates the influence of pressure on the plasma treat
ment. Four different pressures of an argon plasma are applied to study this effect. Increasing 
the pressure of the plasma leads to decreasing bombarding ion energy and increasing ion 
density, as described in section 3.2. The characterization of the plasma source, including the 
effect ofpressure is done by C.Y.M. Maurice [11]. Measurements on bone samples, studying 
the influence of pressure, are performed in an argon plasma at 400 W, with a treatment time 
of 20 minutes. The samples AS, A6, A7 and A8 are part ofthis series. 

The last measurement series is studies the influence of the power of the plasma on the 
treatments. Three different powers in both argon and oxygen plasmas are used. Again, 
changing the power of the plasma, leads to different properties of the bombarding ions as 
described in section 3.2. The pressure of the plasma used, is 50 mTorr and the treatment 
time is 20 minutes, except for sample 01, where the treatment time is 40 minutes. Samples 
01, 02, 03 and 04 are part of the oxygen power series and A 1, A2 and A3 of the argon 
power series. 

5.3 Ion beam analysis 

An elemental analysis of the bone tissue is done using ion beam analysis techniques. Both 
Rutherford Backscattering Spectroscopy (RBS) and Elastic Recoil Detection Analysis (ERDA) 
are used, in order to obtain information on a large range of atomie elements. RBS gives in
formation on the elements Ca, Pand 0, while ERDA yields information on H, C, N, 0, F, 
Na, Mg and Ca. However, the presence of F, Na and Mg in the bone could be determined, 
hut the quantities were too small to investigate the changes in concentration due to plasma 
treatment. The elements Ca and 0 can be detected with both techniques, making it possible 
to verify the consistency of both analysis techniques. 

The results are expressed in ratios of atomie concentrations. RBS and ERDA are in 
principle capable of giving absolute quantitative results, but due to the surface roughness of 
the sample ( ,.._, 0.5 µm) and the inaccurate measurement of the total charge on the sample (due 
the electrically insulating bone sample), this is not possible in our case. However, the atomie 
ratios characterizing the stoichiometry of the bone are important parameters, commonly used 
in literature to investigate bone diseases [33], aging of bone [34] and characterization of 
synthetic bone-like materials [35]. 

5.3.1 Calculation of atomie ratios 

RBS 

Interpretation of the effect of the plasma treatment from RBS measurements is done by fit
ting a theoretica! RBS spectrum obtained from a model for the bone sample, to the measured 
spectrum. The model for the treated bone sample is as follows: the treated sample consists 
of two layers, one affected by the plasma treatment and the other, the bulk of the sample, 
which is not changed by the plasma and has the stoichiometry identical to untreated bone. 
The affected layer is assumed to have a linear concentration gradient with distance, rang
ing from the surface composition to the bulk composition. For this model of the sample, a 
theoretica! RBS spectrum is calculated, using the RUMP software [21, 22]. The model for 
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the sample is iteratively changed to determine the best fit between simulated and measured 
spectra. The parameters that are used for the fit are the composition of the aff ected lay er near 
the surf ace and the thickness of the affected gradient layer. The surface composition is used 
as a parameter to fit the relative peak heights in the spectrum, the thickness of the gradient 
layer to fit the shape of the plateaus to the measured spectrum. The two parameters in the fit 
are not independent, which makes the fitting procedure more difficult. The accuracy of the 
penetration depth and surface stoichiometry calculation is defined by identifying a range of 
simulations, which have an acceptable fit with the measured data. From this range of simu
lations, the corresponding penetration depths and surface compositions are determined. This 
range is presented as the error bars of the RBS measurements. Calculation of the accuracy 
is done for every RBS measurement. The depth and composition corresponding to the best 
fit is chosen as the measurement point in the presented RBS measurements. The analyzing 
depth of a RBS measurement is typically 2 to 3 µm. 

ERDA 

The information depth of an ERDA measurement is smaller than for RBS experiments. For 
ERDA, the analyzing depth is typically 1 µm for the elements C, N and 0. However, the 
information depth for calcium is smaller, because it is limited by the overlap of the cal
cium peak with the chlorine peak from the beam, as shown in figure 4.6. This reduces the 
information depth for calcium to approximately 350 nm. 

The results obtained from an ERDA experiment, consist of depth profiles of absolute con
centrations for each selected element. However, the absolute concentrations and the depth 
dependency of the profiles are unreliable, due to the surface roughness of the samples in 
combination with the small incident and scattering angles in the ERDA experiments. This 
problem can be avoided by calculating atomie ratios instead of absolute profiles and using 
integrated depth profiles to find the average concentration of the layer. 

The distance until which the depth profiles are integrated is chosen equal to the maximum 
information depth for calcium. The depth profiles for each element are integrated over the 
integration depth and the calculated areas are subsequently divided to obtain atomie ratios. 

The integrated areas can be determined with an accuracy of 10 % of the total area. From 
these errors, the error bars for the atomie ratios in the ERDA experiments are calculated. 

5.3.2 Untreated bone 

Measurements on different samples of untreated bone have been performed to verify the 
reproducibility of the results obtained and to investigate the possible differences between the 
samples. The theoretica! value for the Ca/P ratio is 1.667, since calcium and phosphorus 
are only expected in hydroxyapatite (Ca10(P04) 6(0H)2). For ratios involving oxygen and 
hydrogen, no theoretica! value can be given, since these elements are present in both the 
mineral and organic component ofbone and the exact stoichiometry of the organic matrix is 
not known. The measured Ca/P and Ca/O ratios of several untreated samples are shown in 
figure 5.2. 

The Ca/O ratio is obtained from both the RBS and the ERDA measurements. All mea
surements from both techniques are within 9 % of the average value, indicating that there are 
no significant differences between the results of the two techniques and the different sam
ples. Measurements of Ca/P are within 5 % of the average for all samples, confirming the 
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Figure 5.2: Measurements with RBS and ERDA of Ca/P (only RBS) and Ca/O ratios of 
untreated samples. S2 and S2' represent two measurements on different spots on the same 
sample. The error bars in the figure are calculated, following the procedure described in 
section 5.3. l. 

uniformity of the samples. The average ratios of calcium to other elements are presented in 
table 5.2. The results have a calculated accuracy of 10 %. 

Atomie ratio 
Ca/P 1.63 
Ca/O 0.33 
Ca/C 1.62 
Ca/N 4.94 
Ca/H 2.54 

Table 5.2: Average atomie ratios for untreated bone samples. 

The value for the Ca/P ratio is in agreement with the theoretica! value of 1.667. The stoi
chiometry presented in table 5.2 wiH be used in the analysis of plasma treated samples as the 
composition of the bulk of the sample, at depths larger than the plasma penetration depth. 

5.3.3 Plasma treated bone 

Changes in atomie composition of the bone due to plasma treatment are investigated, using 
RBS and ERDA. The plasma penetration depth is determined using the RBS measurements. 
Different plasma treatments are applied to study the influence of the plasma parameters on 
the effect of the treatment. 

Comparison of analysis techniques 

The Ca/O ratio of the bone can be determined with both RBS and ERDA, making it possible 
to compare the techniques. However, the Ca/O ratios can not be compared directly. The 
presented results from the RBS measurements give the composition near the surface, while 
the ERDA measurements indicate the average Ca/O ratio of the integration layer, which is 
equal to the calcium information depth. To accurately compare the techniques, a correction 
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to one of the Ca/O ratios has to be applied. The easiest correction procedure is to calculate 
the average RBS Ca/O ratio of a layer with a thickness equal to the integration depth in 
the ERDA experiment. Tuis can be done, using the calculated surface composition and the 
known linear gradient in the RBS simulation. In this way, the corrected RBS Ca/O value can 
be compared with the ERDA Ca/O results. The comparison of the Ca/O ratios obtained with 
RBS and ERDA, after the RBS correction, are shown in figure 5.3. 
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Figure 5.3: Comparison between Ca/O ratios obtained with RBS and ERDA. The RBS re
sults are corrected as indicated in the text, for the comparison with the ERDA results. 

The RBS and ERDA measurements are consistent within a range of 8 %, which is within the 
accuracy of the measurements. This indicates that both techniques are consistent and that 
the results obtained with either technique are reliable within the measurement accuracy. 

Plasma penetration depth 

We define the plasma penetration depth as the distance from the sample surface over which 
the bone is affected by the plasma treatment. Figure 5.4 shows the plasma penetration depths 
for the different treatments, calculated from the RBS measurements, using the fitting proce
dure described in section 5 .3 .1. 
The calculated plasma penetration depths vary from 470 to 760 nm. However, the accuracy 
oftheir calculations is not very high ("'"' 20 %), which makes that the differences between the 
measurements are not significant. It is not clear if the possible variations in penetration depth 
are caused by different plasma conditions or the original properties of the bone sample, like 
porosity and surface roughness. Nevertheless, it can be concluded that an average value for 
the thickness of the layer affected by the plasma is of the order of 500 nm. 

The composition of the bulk of the sample, which is not modified by the plasma treat
ment, is investigated with ERDA. Because the information depth for calcium is less than the 
plasma penetration depth, no ratios with calcium can be calculated for the bulk, only ratios 
with H, C, N and 0 are possible. To obtain these bulk ratios, the depth profile for each ele
ment is integrated from the plasma penetration depth until the maximum information depth 
(± 1200 nm). The results are shown in figure 5.5. 
The measured ratios of the treated samples, except the 01 sample, seem to be in reasonable 
agreement with measurements for the untreated samples. The 01 sample is treated with a 
high power oxygen plasma for a longer time than the rest of the samples, which might ex-
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Figure 5.4: Calculated plasma penetration depths for different plasma treatments obtained 
from RBS measurements. The error bars in the figure are calculated, following the procedure 
described in section 5 .3 .1. 

plain the discrepancy. The experimental conditions for each sample can be found in table 
5.1. For all treatments the C/H and O/C ratios are slightly different from the untreated sam
ples, indicating that the plasma penetration depth may be different for different elements of 
the sample. The plasma penetration depth for C seems to be larger than for other elements. 
However, the differences are small and within measurement accuracy. 

For the 01 sample, there are significant differences in NIH, CIN and O/N ratios, with 
untreated samples. This implies that nitrogen is affected over a greater depth than the other 
elements in the 01 treatment. 

In general, it can be concluded that the determination of the plasma penetration depth 
from the RBS measurements is reliable within the presented accuracy. However, there are 
indications that the plasma penetration depth is not the same for all elements in the sample. 
Elements like C and Nare affected toa greater depth than Hand 0. Quantification of these 
small differences in penetration depth is not possible with the current measurements. 

Calcium-phosphorus ratio 

The calcium-phosphorus ratio, obtained from RBS measurements, is the only measured ratio 
that consists of elements only present in the mineral part of bone. Therefore, it can be used 
as an indicator for a modification in composition of the mineral part of the bone, due to 
plasma treatment. The results presented in figure 5 .6 show the Ca/P ratio at the surf ace for 
each treated sample, obtained with the RUMP simulation. These ratios for treated samples 
are compared to the Ca/P ratio for untreated samples. 
It is clear from figure 5.6 that for all treatments, except 01, the Ca/P ratio is not changed 
significantly. The 01 sample shows a considerable lower value for Ca/P. This sample has 
been treated fora longer time ( 40 min., all other 20 min.), which might explain the difference. 
However, the 01 sample is the only sample with a longer treatment time, which means that 
it is not possible to study the infiuence of treatment time in more detail. 

It can be concluded that for all 20 minute plasma treatments, the calcium-phosphorus 
stoichiometry of the bone sample is not changed. This means that either the mineral part of 
the bone is not etched at all by the plasma or that it is etched non-selectively, which means 
that calcium and phosphorus are etched at the same rate, leaving its ratio constant. It appears 
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that the different plasma conditions under investigation (type of gas, pressure and power) all 
have the same effect on the etching selectivity of the mineral part of the bone. 

Influence of the type of gas 

The results obtained from ERDA measurements, studying the influence of the type of gas of 
the plasma are shown in figure 5.7. Figure 5.7(a) shows that the ratio of calcium and oxygen 
does not change significantly for any treatment. This implies that oxygen and calcium are 
etched at the same rate. 

The Ca/N ratio is clearly modified due to the plasma treatment and is also sensitive to the 
type of gas as can be seen from figure 5.7(b). The increased Ca/N ratio can be explained by a 
larger nitrogen than calcium removal or a smaller calcium than nitrogen deposition. Because 
no calcium or nitrogen is present in the plasma, it is not expected that any deposition occurs. 
This means that the increase in Ca/N ratio is interpreted as amore effective nitrogen removal. 
The increase of the atomie ratio is the largest for the oxygen and argon/oxygen plasmas, 
showing an increase of Ca/N ratio by a factor of 2. For krypton and helium the increase is 
less, but still significant. The oxygen and argon/oxygen plasmas are also the most efficient 
in carbon etching, while argon and krypton are the least efficient. 

The changes in calcium-hydrogen ratio are not very large (an increase in Ca/H ratio 
by a factor of 1.3), but the argon/oxygen mixture is the most effective plasma for etching 
hydrogen. Krypton does not seem to etch hydrogen preferentially. 

From figures 5.7(e) and 5.7(f) can be seen that nitrogen etching is more effective than 
oxygen etching for all gases. For all treatments, except krypton, the etching of nitrogen 
seems slightly more effective than carbon etching. However, the differences in C/N ratio are 
not significant. 

Influence of the pressure 

The influence of the pressure of the plasma on the effect of the treatment on the bone is 
studied, using ERDA. Figure 5.8 shows the results from these measurements. 
There seems to be no clear influence of the pressure on the stoichiometry change of the 
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surements. Study of the influence of the type of gas of the plasma. Samples S4 and S5 are 
untreated samples. Plasma treatment conditions: 400 W, 50 mTorr and 20 min. The error 
bars in the figure are calculated, following the procedure described in section 5 .3 .1. 
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Figure 5.8: Atomie ratios for bone samples treated by plasma, obtained from ERDA mea
surements. Study of the influence of the pressure of the plasma. Samples S4 and S5 are 
untreated samples. Plasma treatment conditions: argon gas, 400 Wand 20 min. The mT in 
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bone. All ratios presented here change by approximately the same amount for all treatments 
applied. The effect of the pressure of the plasma on plasma properties is studied in more 
detail by C.Y.M. Maurice [11]. Careful analysis of this work may explain why no influence 
of pressure on the effect of the treatment is observed. 

Inftuence of the power 

The results from the study of the influence of the power of the plasma on the effect of the 
treatment ofbone, for both argon and oxygen plasmas, are shown in figure 5.9. 
The calcium-oxygen ratio is not significantly modified by the differences in power for both 
gases used. For the oxygen plasma, there seems to be a strong relation between increasing 
plasma power and increased etching of nitrogen. The Ca/N ratio increases with a factor of 3, 
compared to untreated bone. It is remarkable that for argon plasmas there is no correlation 
between the power of the plasma and nitrogen etching. 

For hydrogen etching, there is a trend with power for both gases. However, the trend for 
oxygen is only weak, while there is a strong dependency between power en hydrogen etching 
for argon plasmas. For the high power argon treatment, the Ca/H ratio increases by a factor 
of 2.5, compared to the untreated samples. 

The results for carbon show no clear dependency with power for both gases. The effect 
of the oxygen plasma is slightly larger than for an argon plasma at all powers. 

The ratios oxygen-nitrogen and carbon-nitrogen confirm the relation between power of 
the plasma and nitrogen etching with oxygen plasmas. This trend shows that with oxygen 
plasmas, nitrogen is removed from the sample much more than carbon and oxygen. For 
argon plasmas there is no trend with power observed for the O/N and C/N ratios. 

It can be concluded that for oxygen plasmas the etching of nitrogen is strongly posi
tively correlated to the power of the plasma. For argon plasmas, the etching of hydrogen is 
positively related to the power of the plasma. 

5.4 N anoindentation 

A series of nanoindentation experiments have been performed, to study the effects of plasma 
treatment on the elastic modulus and hardness of bone. Comparative measurements have 
been performed on different untreated samples to investigate the effect of natural differences 
between samples and to test the reproducibility of the nanoindentation technique. 

For every sample, two measurement series of 25 indents each, have been performed. 
Because of the roughness of the surface and some unknown problems in the experiment 
control software, not all indents are correct. The erroneous indents can easily be identified 
from characteristic features in the measured load-displacement curves. The correct indents 
are selected for further analysis. The calculation of the elastic modulus (E) and hardness (H) 
from the measured load-displacement curves is done using the procedure of Oliver and Pharr 
[25], described in section 4.2.2. 

Because of the natural inhomogeneities of bone on length scales in the order of 1 µm, 
variations in elastic modulus and hardness between the individual indents are expected. A 
plasma treatment has a large scale effect on the bone, affecting the entire sample surface. 
This implies that we are not interested in the inhomogeneities of the bone on the µm length 
scale, but in the changes of the averages of the mechanica! properties over the entire sample. 
For this reason, averages of the elastic modulus and hardness are calculated for each sample. 
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Figure 5.9: Atomie ratios for bone samples treated by plasma, obtained from ERDA mea-
surements. Study of the in:fluence of the power of the plasma, for both argon and oxygen 
plasmas. Samples S4 and S5 are untreated samples. Plasma treatment conditions: 50 mTorr 
and 20 min. The error bars in the figure are calculated, following the procedure described in 
section 5.3. l. 
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In the analysis of the results, statistica! tests are used to determine significant differences 
between samples. Differences are considered significant at a probability level of 95 % (P < 
0.05). 

5.4.1 Untreated bone 

Comparison between untreated samples 

Five samples, cut longitudinal to the long axis of the bone (described in section 5.1) and 
stored under vacuum conditions prior to the experiments have been investigated. The results 
are shown in figure 5.10. 
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Figure 5.10: (a) Elastic modulus (E), and hardness (H) for selected indents on one sample. 
(b) Average elastic modulus and hardness for all untreated samples. The error bars indicated 
are the standard deviations of the averages for each sample. 

From figure 5 .10( a) it is clear that there is a fairly large spread ("'"' 30 % ) in the measure
ments between different indents on one sample. For each sample the average and standard 
deviation of the average are calculated and shown in figure 5 .1 O(b). To investigate significant 
differences between the samples, a one-way Analysis of Variance (ANOVA) statistica! anal
ysis is applied. There appear to be no significant differences between the different samples 
for both the elastic modulus and the hardness (P > 0.05). This indicates that the large spread 
in the measurements on different positions on one sample is due to inhomogeneities of the 
bone and that the average values for E and H do not change significantly between different 
samples. 

The average value of the elastic modulus for all samples is 14.4 ± 0.4 GPa. This is 
significantly different (P < 0.001) from the literature value of 11.7 GPa [7]. The average for 
the hardness is 0.96 ± 0.04 GPa. In literature, values for the hardness ranging from 0.35 -
0.75 GPa are reported [7]. Our measurements are again significantly higher than the range 
of values found in literature. 

Effect of vacuum storage 

In order to study the effect of storage of the samples under vacuum conditions, two series 
of measurements are performed. One series consists of samples, stored under vacuum con
ditions, the other series of samples, which are kept in air. For the samples, stored under 
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vacuum, 59 indents on 5 samples are performed. For the samples, stored in air, 116 indents 
on 4 samples are performed. The averages and standard deviations of the averages for both 
the elastic modulus and the hardness are determined for both series. The results are presented 
in table 5.3. 

Elastic modulus (GPa) Hardness (GPa) 
Vacuum storage 14.4 ± 0.4 0.96 ± 0.04 
Air storage 14.1 ± 0.3 0.57 ± 0.04 

Table 5.3: Results of nanoindentation experiments on samples stored under vacuum condi
tions and stored in air. 

The storage of the samples under vacuum conditions does not have a significant effect on 
the elastic modulus of the bone. However, the hardness of the samples stored in air is 40 % 
lower than the hardness of the vacuum-stored samples, which is a significant difference (P < 
0.001). 

It should be noted that all measurements are performed under atmospheric conditions. 
It is possible that water, removed under the vacuum conditions, is re-introduced during the 
nanoindentation measurements. 

Direction of cut 

It is known that the mechanica! properties of bone are not isotropical hut depend on the di
rection of the applied load. The elastic modulus of bone, loaded in the longitudinal direction, 
is higher than the elastic modulus under transverse loading [7]. In order to study this effect, 
nanoindentation experiments have been performed on two sets of samples, cut in different 
directions. The untreated samples, described in previous experiments, are cut parallel to the 
long axis of the bone. This implies that the load is applied in the transverse direction of the 
bone. The samples used for the plasma treatment are also cut in this direction. A set of 5 
samples, cut perpendicular to the long axis, is prepared. These samples are loaded in the 
longitudinal direction of the bone. The averages and standard deviations of the averages for 
both the elastic modulus and the hardness are determined for both series. The results of the 
measured elastic modulus and hardness are shown in table 5.4. 

Elastic modulus (GPa) Hardness (GPa) 
Longi tudinal cut 14.4 ± 0.4 0.96 ± 0.04 
Transverse cut 18.7 ± 0.4 0.68 ± 0.03 

Table 5.4: Results of nanoindentation experiments on samples cut in different directions. 

The elastic modulus of the transverse cut samples is 30 % higher and the hardness is 29 % 
lower than the longitudinal cut samples. The differences in elastic modulus and hardness 
between the two groups are significant (P < 0.001). The higher elastic modulus for the 
transverse cut direction is in agreement with the trend found in literature [7]. 
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5.4.2 Plasma treated bone 

Plasma treatments have been applied to 16 samples. The different treatment conditions are 
shown in table 5 .1. The results of nanoindentation experiments on all treated samples are 
shown in figures 5.11 - 5.13. 
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Figure 5 .11: Elastic modulus ( a) and hardness (b) obtained from nanoindentation measure
ments on bone tissue, studying the effect of different feed gases for the plasma. The error 
bars in the figure are standard deviations of the measured averages. 
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Figure 5.12: Elastic modulus (a) and hardness (b) obtained from nanoindentation measure
ments on bone tissue, studying the effect of different pressures for the plasma. The mT in 
the x-axes labels represents mTorr. The error bars in the figure are standard deviations of the 
measured averages. 

Influence of the type of gas 

It can be seen in figure 5.11 that there are no changes in the elastic modulus for the He and 
0 2 plasmas. For the other treatments, there is a significant increase in the elastic modulus 
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Figure 5.13: Elastic modulus (a) and hardness (b) obtained from nanoindentation measure-
ments on bone tissue, studying the effect of different powers for the plasma. The error bars 
in the figure are standard deviations of the measured averages. 

(28 % for Ar, 44 % for Ar/02 and 26 % for Kr). For the hardness, there are no significant 
changes for the Ar/02, Ar and K.r plasmas. He (25 % decrease) and 0 2 (33 % decrease) 
plasmas show significant changes, compared to untreated bone. 

Influence of the pressure 

The results in figure 5.12 show that there are significant increases in the elastic modulus for 
the pressures 20, 35 and 50 mTorr. The increases in E are respectively 17 %, 33 % and 19 %. 
For the hardness no significant differences between the treated and untreated samples are 
found. 

Influence of the power 

The measurements shown in figure 5.13 indicate that for an Ar plasma, there is no clear 
power dependency of the treatment effect on the elastic modulus and hardness. All Ar treat
ments result in a significant increase of the elastic modulus (26 % for 400 W, 15 % for 600 
W and 28 % for 800 W). For the hardness there are no significant differences after the Ar 
treatments. 

For the 0 2 there is an significant increase (23 %) in elastic modulus for the 600 W treat
ment and a significant decrease (23 %) for the 800 W, 40 min treatment. This is the only 
decrease in elastic modulus observed in all treatments. No significant differences are found 
for the 400 and 800 W treatments. For the hardness, there is a significant decrease for all 
treatments 60 % for 800 Wand 40 min, 36 % for 800 W, 19 % for 600 Wand 38 % for 400 
W). There appears to be a correlation between decreasing hardness and elastic modulus with 
increasing power. However, the 400 W treatment does not fit in this trend. There is no clear 
explanation for this discrepancy. 
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5.5 Fourier Transform Infrared spectroscopie ellipsometry 

The molecular structure of the bone surf ace is investigated using the infrared spectroscopie 
ellipsometer, which is described in chapter 4. The measurements are performed ex-situ. 
This implies that the measurements suffer from water contamination from the air. A typical 
ellipsometric measurement is shown in figure 5 .14. 
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Figure 5.14: Ellipsometric parameters '11 and D. as a function ofwavenumber for an untreated 
sample of bone tissue. The sample has been under vacuum conditions for 24 h before the 
measurements. The main features of the mineral and organic components of the bone are 
indicated in the D. spectrum. The presence of C02 and water is mainly due to the ex-situ 
measurement conditions. 

The measured spectra have a spectral range from 4000 cm-1 to 800 cm-1 and a spectral 
resolution of 4 cm-1. During a complete measurement, the compensator is rotated over a 
total of 180° in 10 steps of 18°. At every compensator position, 2000 scans of the FTIR 
spectrometer are made. To overcome the transparency of the bone in the infrared, the sample 
was positioned at grazing (80 °) incident angle. The intensity of the reflected signal was 
nevertheless weak. 

The spectral bands are better visible in the D. spectrum and the main spectral signatures 
have been indicated in figure 5. l 4(b ). The spectra! position of these signatures is comparable 
to the ones found in usual FTIR transmission absorption spectroscopy [7]. There are several 
features representing the mineral matrix of the bone. 

• The most intense contour represents v1v3 phosphate absorption (1200-900 cm-1 ). It 
has been shown that this contour is a superposition of 11 sub-bands including PO~
and HPo~- absorptions, depending on the stoichiometry of the sample [36]. 

• Carbonate substitution into the hydroxyapatite lattice is evident in the carbonate ab
sorption band in the region from 850-890 cm-1 (v2CO~-). This band is composed 
ofthree sub-bands corresponding to OH- substitution, Po~- substitution and unstable 
carbonate [37]. Another carbonate absorption (v3Co~-) band is situated between 1400 
and 1500 cm-1. However this band is overlapping with organic components and it is 
difficult to distinguish this carbonate band from the other components. 
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The organic structure of the bone is represented by different amide features. 

• Amide A and B are present in the region 3200-3500 cm-1. These bands provide infor
mation on hydrogen bounding in collagen (N - H stretch). However, their intensities 
are weak and the bands are overlapping with the band of water (3400-3800 cm-1). 

This makes it very difficult to analyze the amide A and B features and they will not be 
studied in this report. 

• Amide I (around 1650 cm-1) corresponds mainly toa peptide bond C = 0 stretch. lts 
contour is composed of three sub-bands characterizing collagen structure, providing 
information on the collagen helix and cross-linking structure [37]. 

• Amide II (around 1550 cm-1) is due to mixed C - N stretch and N - H in plane 
bending [36]. 

• Amide III spectral band (1200-1300 cm-1) is much weaker and corresponds to com
plex in-plane vibrational modes, 

There are two contours that are most likely due to the measurement environment. 

• C02 contour ( around 2340 cm-1) is due to absorption of C02 in the air. This band 
does not cause any problems in the interpretation, because it is not overlapping with 
any interesting bands from the bone sample. 

• OH contour (3400-3800 cm-1) coming from water molecules. This water can be both 
present in the sample and in the air. The band is overlapping with the weak amide A 
and B bands, which makes it impossible to use the amide A and B bands for analysis. 

It should be noted that ellipsometric measurements can only give quantitative results, 
when a model is applied. This model should include the mineral and organic components 
and the (unknown) porosity of the bone. Such a model is very complicated and at the moment 
not available. This study will focus on a qualitative description of the bone spectra. 

5.5.1 Untreated bone 

The first effect that was investigated with ellipsometry, was the influence of vacuum con
ditions on the bone sample. This is necessary for further analysis, to make a distinction 
between an effect of the vacuum conditions and the plasma treatment. It is also useful to 
verify that bone is a suitable biological tissue for our experiments. It should not suffer major 
damage in the mineral and organic structure, due to the vacuum conditions. Finally, also 
the water content of the bone sample is studied. Under vacuum conditions, most of the wa
ter absorbed in the bone will be removed. However, once in open air again, water will be 
re-introduced in the porous bone. We believe that the re-absorbed quantity is however sig
nificantly lower than the original water content. Tuis will be verified in these experiments. 
We will focus on the variations of the .6. spectrum because the observed features are clearer 
than in the \l1 spectrum and the .6. spectrum is similar to infrared spectra from FTIR absorp
tion spectroscopy [7]. Figure 5.15 shows a comparison between measurements of a sample 
stored in air and a sample stored under vacuum conditions. 
The spectrum of the atmospheric stored sample appears to be more noisy. This is probably 
due to the presence of more water, leading to stronger interferences in this spectral range. 
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Figure 5.15: Ellipsometric parameter b. as a function of wavenumber for two untreated 
samples. One stored in air (dashed line) and one stored in vacuum (10-4 mBar) for 24 hours 
(solid line). The different absorption features are indicated in the spectrum. 

An other difference between the two spectra is observed in the phosphate absorption region. 
This band overlaps with a water absorption region, which may explain the discrepancy. It 
is clear that all the above identified peaks are present in both spectra and that the sub-band 
structure is not modified, which implies that the material did not undergo dramatic structural 
changes. This proves that the vacuum conditions only have a minor effect on the bone tissue. 

5.5.2 Plasma treated bone 

The big advantage of ellipsometry over conventional transmission infrared spectroscopy is 
the analyzing depth of only a few microns. Due to the grazing incident angle, the analyzing 
depth is reduced to approximately 1 micron. This makes it possible to measure the changes 
in the sample due to the plasma treatment, which has a penetration depth of about 500 nm. 

Figure 5.16 shows a typical spectrum of a treated sample before and after plasma treat
ment. The plasma treatment conditions were, an 0 2 plasma, for 20 minutes at 400 W and 50 
mTorr. The spectral range shown, is reduced to 1800-800 cm-1, to focus on the interesting 
features. The main structure of the spectrum, described before for untreated samples remains 
present, but some changes can be observed. 

The organic amide I and II bands are slightly shifted after the plasma treatment. The 
amide III band does not seem to be shifted, but accurate analysis is not possible because of 
the weakness of the signal. 

The amide I band can be deconvoluted in three sub-bands [30]. The component with 
the highest frequency is related to the cross-linking of collagen. The two lower frequencies 
correspond to the structure of collagen. From the shift of the amide I peak can be concluded 
that the cross-linking of the collagen is affected by the plasma treatment. 

The amide II band is shifted over approximately 20 cm-1 to lower wave numbers. It 
seems that the shift of the band implies that an important amount of nitrogen is removed, by 
breaking C - N and N - H bonds in the peptide functions (-CO - N H-) of the collagen. 

The spectral bands corresponding to the mineral part of the bone are not shifted, hut seem 
to be less intense, especially v3PO~- and v1 PO~-. This implies that there is etching of the 
mineral part of the bone, during the plasma treatment. 
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Figure 5.16: Ellipsometric measurement of D. spectra for an untreated sample, stored under 
vacuum (dashed line) and the sample treated with an oxygen plasma (solid line). 

Other diff erences between the two spectra are not significant enough to be interpreted 
as changes in the bone tissue. However, the measurements indicate that selective etching 
of organic materials occurs during an oxygen plasma treatment. The cross-linking of the 
collagen and the chemica! peptide bonds seem to be affected by the plasma. 

Influence of the type of gas 

As indicated in table 5.1, a series of different gases are used, in order to study the effect of 
the type of gas on the effect of the plasma treatment. A comparison between ellipsometry 
measurements on samples treated with different plasmas is made. The positions of the bands 
of the mineral components of the bone, phosphate and carbonate, do not seem to have moved 
due to the treatment. However, the amide II band is shifted towards lower frequencies as 
shown in figure 5 .1 7. 
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Figure 5.17: Comparison between ellipsometric D. spectra of the amide I and II regions of 
different plasma treatments. 

For all treatments, the band is shifted towards lower frequencies, indicating an effect on 
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the nitrogen bonds in the collagen. Due to the roughness and porosity of the samples, it is 
not possible to compare the absolute peak heights of the different samples. However, by 
comparing relative peak heights of amide I and II, it appears that a krypton plasma is more 
efficient in etching amide I. Only for this treatment, the intensity of amide II is bigger than 
for amide I. 

Inftuence of power 

The influence of the power of the plasma is investigated, by applying three different powers 
in an argon plasma to different bone samples. The results are compared in figure 5.18. The 
position of the phosphate absorption band does not seem to be modified and is not indicated 
in the figure. 
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Figure 5.18: Comparison between ellipsometric ~spectra of the amide I, IIand II regions 
of different argon plasma treatÎnents. The curves have been shifted vertically for better read
ability. 

The amide I peak is slightly shifted towards lower frequencies for higher powers (from 1645 
to 1630 cm-1 ). This can be explained by resorption of one of the sub-bands (at 1660 cm-1 ), 

which is related to the structure of collagen. 
The amide II peak seems to become a plateau at 400 and 600 W and disappears at 800 W. 

This resorption of the band, can be interpreted as chemica! bonds involving nitrogen, being 
broken. 

The amide III band, still present after a 400 W treatment, has become significantly less 
intense after the 600 W and 800 W treatments. Interpretation of the disappearance of this 
band, is however difficult, because it is related to the complex structure of collagen. 

5.6 Energy resolved mass spectrometry 

During every treatment, a mass scan of the particles present in the plasma is performed, 
using the energy resolved mass spectrometer (ERMS). For both neutral particles and ions a 
scan for masses ranging from 0 to 100 amu, is made. Before the treatment, a background 
measurement is performed, with plasma conditions identical to the plasmas used for the 
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treatments. By comparing the data during treatment with this background measurement, the 
effects of the plasma treatment on the bone sample can be determined. 

The ERMS measurements give the number of counts in the SEM detector, which is lin
early correlated to the number of particles detected, versus the mass divided by the electric 
charge of the particles. Because different settings for the amplification voltages and noise 
suppression level have been used for different treatments, it is not possible to quantitatively 
compare the measurements of different treatments. However, the measured mass spectra can 
be used to identify particles that are present in the plasma during treatment. As an example, 
interesting parts of the measured data for an oxygen treatment at 400 W and 50 mTorr are 
shown in figure 5 .19. 
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Figure 5.19: Mass spectrum for ions (a) and neutrals (b), measured with the energy resolved 
mass spectrometer. The number of counts versus the mass in amu divided by the electric 
charge is shown in the figures. The plasma treatment is an oxygen treatment at 400 W and 
50 mTorr. The treatment time is 20 minutes. Both a background measurement, with only the 
plasma and a measurement during bone treatment are indicated in the figure. 

From figure 5 .19( a) it can be seen that during treatment there is a large increase in measured 
signal for masses 17, 18, 19, 20 and 21. These increased peaks can be related to an increase 
in OH ions (mass 17), H20 ions (mass 18) and Ca2+ (mass 20). The increase in the peak 
at mass 19 is most likely due to the presence ofH3ü+, while the peak at mass 21 might be 
CaH~+. The results for the ion mass scan indicate that water and calcium are being removed 
from the bone sample during treatment. 

In the spectrum for neutrals, there is an increase in the peaks at 28, 30 and 44 amu/e. 
This can be related to an increase in CO or N2 (mass 28), NO (mass 30) and C02 (mass 44). 
This shows that the collagen matrix is affected by the plasma treatment. 

Other treatments show similar increases in peaks, indicating that also with other treat
ments etching ofboth the mineral and organic part of the bone occurs. 

Detailed, quantitative comparison between measurements was not possible due to the 
difficulties with the SEM amplification voltages and noise suppression levels during mea
surements. For this reason, it was impossible to identify differences between the different 
treatments with this analysis technique. 
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Chapter 6 

Discussion 

In this chapter, the results presented in chapter 5 are discussed. The measurements obtained 
with the different analyzing techniques are compared and a model for the effect of the plasma 
treatment is presented. Secondly, the performance of the different experimental techniques 
and possible improvements are discussed. 

6.1 Interpretation of the results 

First, the results for untreated bone are discussed, comparing measurements with litera
ture values, investigating the effects of vacuum on bone, verifying the anisotropy of bone 
and investigating the homogeneity between different samples. Secondly, the results for the 
plasma-treated bone samples are compared. The observed effects of the plasma treatment 
are explained by a simple model for the plasma etching of bone. 

6.1.1 Untreated bone 

Comparison between untreated samples 

First of all, the measurements on different untreated samples are compared with each other, 
in order to verify that there are no major differences in composition and structure between 
the samples. These differences might arise from the fact, that the samples are not all obtained 
from the same femur and that the exact skeletal position was not the same for all samples. 

The ion beam analysis techniques, measuring the calcium-phosphorus and calcium-oxygen 
ratios, presented in figure 5.2, show that the differences between the samples are smaller than 
the experimental errors. The nanoindentation experiments (figure 5.10) show that on small 
length scales in the order of microns, there are differences in the mechanica! properties. 
However, on macroscopie length scales, comparing different samples, there are no differ
ences in average elastic modulus and hardness between the samples. It is shown that both 
the chemica! composition and the mechanica! properties do not vary significantly between 
different samples. This is an important result for the rest of the research, because it allows 
us to compare plasma-treated samples with different untreated samples. 

Effect of vacuum storage 

The effect of storing the samples under vacuum conditions has been investigated using ellip
sometry (figure 5.15) and nanoindentation (table 5.3). The ellipsometry measurements of the 
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vacuum stored sample are less noisy than the measurements of the samples stored under air. 
This indicates that there is less water present in the vacuum stored samples, causing less in
terferences during the measurement. It is clear that water is removed from the sample, during 
the vacuum storage. All the spectral features of the sample stored under air, are also present 
in the spectrum for the vacuum stored sample. This indicates that the molecular structure of 
the bone is not significantly changed due to the vacuum storage. 

The nanoindentation measurements shows a small, not significant increase in elastic 
modulus and a 40 % increase in hardness, due to the vacuum storage. Hengsberger et al. 
[38] and Rho et al. [39] report a significant higher elastic modulus and hardness for dry 
samples compared to wet bone. This supports the idea that water is removed from the bone 
samples under vacuum conditions. The measured increase in elastic modulus and hardness 
due to drying of the sample is an effect of the vacuum storage that should be considered 
during further analysis. Because both the vacuum stored untreated samples and the plasma 
treated samples have been under vacuum conditions, the comparison between the two groups 
is possible. 

Comparison between measurements and literature values 

The results obtained with the different techniques are compared with values reported in liter
ature. The stoichiometry ofuntreated bone is determined using RBS and ERDA (table 5.2). 
The elements calcium and phosphorus are only present in the mineral part of the bone. This 
mineral part is poorly crystalline hydroxyapatite, Ca10(P04) 6(0H)2, which means that the 
theoretica! value for the Ca/P ratio is 1.667. This theoretica! value for Ca/P has been experi
mentally confirmed by Fountos et al. [33]. We measured a value of 1.63 for the Ca/P ratio, 
which is consistent, within the measurement error, with the theoretica! value. The elements 
0 and H are not only present in the mineral part of the bone, but also in the organic part, mak
ing it impossible to compare the measured ratio with the theoretica! ratio for hydroxyapatite. 
Unfortunately we found no reports in literature on the stoichiometry of bone including the 
elements 0, C, N and H, making it impossible to compare our results with other experiments. 
However, the measured Ca/O ratio (0.33) is lower than the theoretica! value for hydroxyap
atite, which is 0.38. Tuis lower measured value for Ca/O was expected, because oxygen is 
not only present in hydroxyapatite, but also in collagen. The same argument is valid for the 
measured Ca/H ratio of 2.54. This is considerably lower than the value for hydroxyapatite, 
which is 5. 

The ellipsometry measurements of untreated samples are in good agreement with FTIR 
spectroscopy spectra reported in literature [7, 36, 3 7]. Also, the differences between different 
samples are small, indicating a good homogeneity among samples. 

The measured elastic modulus of the samples (14.4 ± 0.4 GPa) is significantly lower than 
the value of 11. 7 GPa reported in literature [7]. The measured hardness (0.96 ± 0.04 GPa) is 
significantly higher than the literature values (0.35 - 0.75 GPa) [7]. A possible explanation 
for this discrepancy is the effect of drying of the sample. Our measurements are done on 
samples that are dried under vacuum, while the storage conditions for the experiments done 
by Cowin [7] are not known to us. 

The fact that there is no good comparison with literature possible for the chemical proper
ties is nota major problem in our research. This because the measurements between different 
untreated samples are consistent and the fact that we are mainly focussing on differences be
tween treated and untreated samples for the plasma treatments and not on the absolute values 
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of the measurements. 

Anisotropy of bone 

The nanoindentation experiments shown in table 5.4, performed on samples cut in different 
directions confirm the anisotropy in mechanica! properties of bone. The elastic modulus 
of the transverse cut samples is significantly higher than for the longitudinal cut samples, 
while the hardness is lower for the transverse cut compared to the longitudinal cut samples. 
The measured anisotropy (ratio of transverse and longitudinal cut) is for the elastic modulus 
1.30 and for the hardness 0.71. The measurements for the elastic modulus are in agreement 
with the anisotropy of bone reported in literature [10, 40]. However, the measurements of 
the hardness show an anisotropy smaller than unity, while measurements on human bone, 
reported by Rho et al. [ 40] exhibit a hardness anisotropy of 1.10. There is no good expla
nation for the discrepancy observed. Further investigation is necessary to confirm the trend 
measured and explain the differences with literature. 

Longitudinal cut samples have been used for all plasma treatments. The reason for choos
ing longitudinal cut samples is that these samples are more homogeneous in structure than 
the transverse cut samples. 

6.1.2 Plasma treated bone 

Plasma penetration depth 

The calculation of the plasma penetration depth (figure 5.4) shows that there is an infiuence 
of the plasma until a depth of approximately 500 nm. There are no significant differences 
in the calculated penetration depths for the different treatments, mainly due to the low accu
racy (,...., 20%) of the measurements. It should be noted that not only the plasma conditions 
determine the plasma penetration depth, but also the properties of the sample such as rough
ness and porosity have an effect on the calculated plasma penetration depth. The ERDA 
measurements on the bulk of the samples, shown in figure 5.5 are made to verify the calcu
lated plasma penetration depth. These measurments give some indications that the plasma 
penetration depth is different for different elements in the sample. However, the current 
measurements are insufficient to clarify this effect. 

Etching of bone mineral 

The effect of the plasma treatment on the bone mineral is investigated. The main constituent 
of the bone mineral is hydroxyapatite, (Ca10(P04) 6(0H)2). Ellipsometry measurements (fig
ure 5 .16) show that the phosphate group of the mineral part of the bone is modified during 
plasma treatment. The mass spectrometer results shown in figure 5 .19, indicate that calcium 
is removed from the bone sample. These results imply that the mineral part of the bone is 
being etched during plasma treatment. The RBS measurements of the Ca/P ratio (figure 5.6) 
show that the Ca/P ratio is not significantly affected by the plasma treatment. This means 
that the stoichiometry of the mineral part is not affected, there is no selectivity in the etch
ing. Non-selective etching is observed for all plasma treatments, the type of gas, power and 
pressure of the plasma have no effect on the selectivity of the mineral etching. 
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Etching of organic matrix 

The organic matrix of bone consists for 90 % of collagen, which is a protein containing 
mainly the elements C, 0, N and H. The ellipsometry measurements in figure 5.16 show a 
shift in both the amide 1 and amide II bands. The amide 1 shift is interpreted as changes in the 
cross-linking of collagen and C = 0 stretching. The amide II band shift is the result of the 
breaking of C- N and N - H bonds in the peptide functions (-CO-N H - ) in the collagen. 
These changes in amide 1 and II show that also the organic part of the bone is affected by the 
plasma treatment. This is confirmed by the ion beam analysis measurements (figures 5.7 -
5.9), in which especially the Ca/N and Ca/C ratios are modified by the plasma. This indicates 
that nitrogen and carbon, only present in the organic part of the bone, are more effectively 
etched than the Ca from the mineral part. Finally, with the mass spectrometer (figure 5.19) 
several particles containing C and N, like CO, C02, and NO are detected during treatment, 
confirming the idea that collagen is aff ected by the plasma treatment. 

Influence of the type of gas 

The ERDA measurements, using different gases in the plasma, shown in figure 5.7 indicate 
that the etching of oxygen does not depend significantly on the type of gas. This can be 
explained by the fact that most of the oxygen that is etched, is part of the bone mineral, 
which is etched non-selectively. 

On the contrary, the etching of nitrogen is more sensitive to the type of gas used. The 
largest increase in Ca/N ratio is observed for oxygen and argon/oxygen plasmas. For the 
carbon etching, also the largest effect is with an oxygen plasma and Ar/02 mixture. These 
effects can be explained by the fact that oxygen is the only molecular gas and known to 
be a very reactive plasma. The noble gases are chemically non-reactive, which implies that 
they can only etch by physical sputtering (ion bombardment). With an oxygen plasma, not 
only ion bombardment etching occurs, but also chemical etching. Oxygen radicals from the 
plasma react easily with the nitrogen and carbon in the collagen, forming NO, CO and C02, 

which is removed from the sample and is detected by the mass spectrometer (figuie 5.19). 
For hydrogen, the effect of the Ar/02 mixture on the hydrogen content of the bone is 

slightly bigger than for both the argon and oxygen plasma alone. This effect can be explained 
by the following etching model. The oxygen in the plasma reacts with the hydrogen in the 
bone, forming OH and H20. However, these groups can be chemically adsorbed in the matrix 
of the bone [41]. The vacuum conditions are not enough to remove this adsorbed water from 
the sample. When argon is added to the plasma, the adsorbed OH and H20 can be removed 
from the bone by the heating effect of the physical sputtering of argon ions. This explains 
why the presence ofboth gases increases the etching ofhydrogen. 

Krypton shows the smallest effect on all ratios measured with ERDA. This implies that 
the selectivity for krypton is the lowest, which can be explained by the fact that krypton is 
the heaviest of all gases used. Due to its mass, krypton can cause more damage to the bone 
surface, breaking both high and low energy honds, resulting in non-selective etching. 

The nanoindentation results in figure 5 .11 show that the elastic modulus has increased 
during treatment for argon, argon/oxygen and krypton plasmas. The helium and oxygen 
treatments show no effect on the elastic modulus, but cause a decrease in hardness. 

There are several known effects which change the mechanica! properties of bone. First 
of all, Currey [42] observed an increase in elastic modulus with ash content, which is the 
ratio of mineral over organic material in the bone. This implies that if organic material is 
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removed from the bone, its ash content increases, which implies that the elastic modulus will 
increase. On the other hand, Oxlund et al. [ 43] report a decrease in elastic modulus caused 
by a decrease in cross-links in bone collagen. 

During plasma treatment both effects occur. Collagen is removed from the bone as shown 
by the ERDA measurements and collagen cross-linking is also modified as shown by the 
ellipsometry measurements. For the helium and oxygen treatments the effects seem to be 
balanced, yielding an unchanged elastic modulus. For the treatments with argon, krypton 
and argon/oxygen, there appears to be more collagen removal resulting in a higher elastic 
modulus. 

Inftuence of pressure 

The influence of pressure on the treatment effect has been studied by applying several argon 
plasmas with different pressures. The ERDA results in figure 5.8 show no clear dependency 
of the stoichiometry change with pressure. The nanoindentation experiments in figure 5.12 
confirm this observation. There are no significant differences in hardness between the dif
ferent pressures and there is no clear trend with pressure for the elastic modulus. This is 
remarkable, because varying the pressure over a range of 5 - 50 mTorr results in a large 
variation of bombarding ion energy (20 to 7 e V) and electron density (2 · 1017 to 6 · 1017 

m-3). Because of the quasi neutrality of the plasma, the ion density is assumed equal to the 
electron density. A decrease in ion energy is expected to decrease the absolute etch rates of 
the plasma, while an increase of ion density is expected to increase the etch rates. However, 
it is possible that the absolute etch rates are pressure dependent, hut that the selectivity of the 
plasma etching does not depend on ion energy and ion density (within the range of energies 
and densities, used in these experiments ). Apparently, there is no pressure dependency of 
the selectivity of the etching in an argon plasma. Further research is necessary to relate the 
absolute etch rates with plasma pressure. 

Inftuence of power 

The study of the influence of the power of the plasma on the treatment effect is done for 
both oxygen and argon gas. The ERDA results shown in figure 5.9, indicate that there is no 
significant power dependency of the selectivity of oxygen etching for both the argon and the 
oxygen discharge. There is a small increase in Ca/O ratio for the 800 W argon plasma, hut 
there is no clear trend. However, for the oxygen plasma there is a strong increase of the Ca/N 
stoichiometry with increasing power. This can be explained by the fact that oxygen reacts 
chemically with nitrogen, causing preferential nitrogen etching. Measurements of the plasma 
properties, shown in table 3.3, indicate that there is a decrease in ion energy, with increasing 
power, hut an increase in electron density. The increase in Ca/N ratio might be explained by 
the decreasing energies. The physical sputtering, causing no change in sample stoichiometry 
is correlated to the energy of the bombarding ions. The chemica! etching is not strongly 
dependent on ion energy. This means that with increasing power, there is a decrease in non
selective etching, while the chemica! etching rate is constant. Because calcium is etched 
by ion bombardment and nitrogen is partially removed by chemica! etching, the result is an 
increase in Ca/N ratio with increasing power. 

It is remarkable that the power has no influence on nitrogen and carbon etching for the 
argon discharge. Tuis supports the idea that argon only causes physical sputtering, which 
means that the selectivity is not strongly dependent on discharge power. 
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An interesting effect can again be seen in the calcium-hydrogen ratio. The power of 
the oxygen plasma only has a small effect on the hydrogen etching selectivity. This can be 
explained, as before, by the adsorption of OH and H20 in the bone. Increasing the power of 
the oxygen plasmas might increase the reactivity of the plasma with hydrogen, forming more 
OH and H20, hut these groups are adsorbed in the bone and do not change the stoichiometry 
of the bone. For argon plasmas increasing the power accelerates the physical depletion of 
hydrogen. Part of the explanation can be the removal of adsorbed water from the bone for 
high power treatments. For the 800 W treatment, the increase in hydrogen removal can 
be partially linked to the removal of adsorbed H20 and OH from the sample, due to the 
heating effect of the argon ion bombardment. The small increase of Ca/O ratio for the 800 
W treatment supports this idea. However, this is only part of the explanation, because there 
is an increase in hydrogen etching for lower powers, hut there is no change in Ca/O ratio, 
indicating that other effects than water removal take place. Removal of hydro gen by breaking 
C - H and N - H honds in the collagen will also contribute to the increase of the Ca/H 
ratio. 

For ellipsometry, the power dependency for argon plasmas only is investigated. The 
results in figure 5 .18 show that the amide II feature is most aff ected by changing the power. 
The amide II band is related to C-N stretch and/or N -H in plane bending. The variations 
in the amide II band suggest that the C - N and/or N - H honds are broken during etching. 
The ERDA results show no significant change in stoichiometry with power for nitrogen and 
carbon, in argon plasmas. However, the hydrogen removal is related to the applied power. 
This implies that the amide II shift can be explained by an increased breaking of N - H 
honds and removal of hydro gen from the bone. 

The differences in amide I and amide III can be linked to a change in structure of collagen. 
This means that the cross-linking of the collagen network is increasingly affected, hut the 
stoichiometry of the bone is not altered. 

The nanoindentation results (figure 5.13) show for oxygen treatments, a trend with power, 
similar to the Ca/N and Ca/C ratios. There is no, power dependency of elastic modulus and 
hardness for argon treatments. For the 40 minute, 800 W oxygen treatment there is a de
crease in elastic modulus observed. This is the only significant decrease in elastic modulus 
for all treatments. A possible explanation is the fact that this treatment is the only 40 minute 
treatment. This long treatment might result in a higher sample temperature and more de
naturation of collagen, causing a decrease in elastic modulus. The decreasing hardness with 
increasing power suggests that there is increasing modification of the collagen matrix. 

Roughness of the sample 

When looking at the ellipsometry measurements in figure 5.16, it can be seen that the sig
nal to noise ratio for the measurement on the plasma treated sample is higher than for the 
untreated sample. This can be an indication for a smoothing of the surface by the plasma 
treatment. Ellipsometry can be sensitive for roughness of the sample surface, if the rough
ness is of the same dimension as the wavelength of the light. In that case the light beam is 
re:flected with a large angular spread, because of diffuse refiection due to the roughness. This 
reduces the intensity in the direction of the detector and decreases the signal to noise ratio. 

Optical roughness measurements have been performed on bone samples, measuring a 
surface roughness of approximately 0.5 µm. In our case the ellipsometry wavelength is of 
the order of 5 µm. This implies that the roughness of the sample can have an effect on the 
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signal to noise ratio of the measurements. The higher signal to noise ratio after treatment 
indicates that there is less diffuse refiection, implying a smoother surface. 

In order to further study a possible smoothing of the sample, scanning electron mi
croscopy (SEM) images have been made of a bone sample before and after plasma treatment. 
The photos, which have been taken at the same position of the same sample before and after 
treatment, are shown in figure 6.1. 

(a) Untreated sample (b) Plasma treated sample 

Figure 6.1: SEM pictures of untreated bone tissue (a) and bone tissue subjected to oxygen 
plasma treatment (b). Magnifications are 416x (a) and 414x (b). The treatment was a 20 
minute oxygen plasma at 400 W and under a pressure of 50 mTorr. 

It can be seen from figure 6.1 that on the scale of several microns, there is a smoothing 
effect of the plasma treatment. This is an additional indication that the mineral part of the 
bone is being etched. A selective etching of only the organic part would lead to an increased 
roughness and porosity of the sample surf ace. Quantification of the smoothing effect is very 
difficult, because of the natura! differences between samples before the treatments. 

6.2 Discussion of the results 

Ion beam analysis 

Ion beam analysis seems to be a reliable technique in this research. The results are repro
ducible and the measured ratios for Ca/P are in agreement with literature. 

Though the techniques have the potential to yield absolute values for the elemental areal 
densities, only elemental ratios could be determined, because of the insulating properties 
of the bone and the roughness of the sample surface. Because, with all treatments there 
is both etching of the mineral and organic part of the bone, care should be taken with the 
interpretation of the stoichiometry ratios. For example, an increase in Ca/N ratio implies that 
the nitrogen is removed more than calcium, but it gives no information on the absolute etch 
rates for both elements. This difficult interpretation makes it impossible to compare absolute 
values of collagen etching between different treatments. If absolute areal densities of the 
elements were obtained, this comparison would be possible. 

Another point subjected to improvement is the integration of the depth profiles obtained 
with ERDA. Because of the sample roughness and the insulating nature ofbone, the absolute 
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depth profiles for the different elements are unreliable. For this reason, an integration is 
performed and the elemental ratios are evaluated. Due to the integration, the depth profile 
for the elemental composition is lost. If the roughness of the sample would be less, the depth 
profile would be reliable and this might give information on the differences of the plasma 
treatment as function of depth. 

To be able to make depth profiles and calculate absolute areal densities, it is necessary 
to reduce the roughness of the samples and cover the samples with a thin conductive layer. 
This could be achieved by polishing the samples and depositing a thin homogeneous carbon 
film on the samples. 

Another point of attention is the effect of the ion beam on the bone sample. It is possible 
that the ion beam used for the analysis, itself induces modifications in the bone sample. After 
the treatment the shape of the ion beam could be clearly seen as a black dot on the bone 
sample, indicating a modification due to the ion beam. This effect should be investigated 
further. 

N anoindentation 

The nanoindentation measurements (figure 5.10) show a large spread in values for elastic 
modulus and hardness on one sample. This large spread in measured mechanica! properties 
in bone is confirmed by literature [38, 39]. This indicates that the measurement spread is 
due to inhomogeneities in the bone and not to the measurement technique itself. Because 
we are interested in the average properties of the bone, averaging over many indents is al
lowed. However, a considerable number of indents per sample is needed to obtain reasonable 
statistics in the measurements. 

Besides the spread in results, there is also a considerable number of erroneous indents. 
These indents are not useful in the further calculations. A reliable measurement should 
have a homogenous, flat bone surface before indentation. Porosity of the sample or a non
horizontal surface causes bad contact between the indenter tip and the surface and results in 
a bad indent. The erroneous indents can easily be identified and removed by analyzing the 
load-displacement curves. They show features like discontinuities in the curve and a negative 
final depth. 

By polishing the samples, creating a smooth surface, the number of bad indents can 
be decreased, also decreasing total measurement time. A possible polishing procedure is de
scribed in [38]. However, care should be taken not to contaminate the samples with polishing 
liquids. 

Fourier Transform Infrared ellipsometry 

The ellipsometry measurements are especially useful because they can measure modifica
tions in the bone that do not change the stoichiometry, like collagen cross-linking. Because 
bone is largely transparent in the infrared region, a grazing angle of incidence is needed to 
obtain su:fficient intensity of the reflected light. The measured spectra suffer from consider
able noise levels, due to low intensities of reflected light. A possible improvement is the use 
of a more intense light source. 

Quantification of the changes in the spectrum was not possible due to the fact that there 
was not a good model for the bone sample available. 
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Energy resolved mass spectrometry 

The results obtained with the energy resolved mass spectrometer are not easy to interpret. 
Different settings of the noise suppression levels and SEM voltages make it impossible to 
compare results between different treatments accurately. Another complicating factor is the 
fact that the collagen in the bone is a large complex network. There are many possible 
fragments of this network, that can be removed by the plasma treatment. It is difficult to un
ambiguously identify all the peaks in the measured mass spectrum. In the presented project, 
the ERMS has only been used to identify particles in the plasma that were expected from 
observations with other techniques. Quantification and comparison between treatments was 
not possible. 
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Chapter 7 

Conclusions and Recommendations 

This chapter contains the main conclusions about the results of this project. Furthermore, 
some recommendations for further research are made. 

Conclusions 

• Modifications ofbone tissue due to various low pressure, ICP treatments are observed 
using different analysis techniques. 

• Both the mineral part and the organic components of the bone are affected by the 
plasma treatment. 

• The depth until which the bone tissue is modi:fied by the plasma is approximately 500 
nm. 

• Measurements indicate that the mineral part of the bone is etched non-selectively, 
which implies that all elements of the hydroxyapatite molecule (Ca10(P04) 6(0H)2) 

are etched at the same rate, independent of plasma conditions. 

• The organic parts of the bone can be modified selectively, depending on the properties 
of the plasma. Both the type of gas and the power of the plasma influence the selectiv
ity of the etching. The pressure of the plasma only has a minor influence on the effect 
of the treatment. 

• The effect of helium, argon and krypton plasmas is mainly due to physical sputtering 
(ion bombardment), while with an oxygen plasma also chemical processes occur. 

• Ellipsometry measurements show that mainly collagen is affected by the plasma treat
ment. Especially the amide II group is affected, representing changes in N - H and 
C - N honds. Furthermore, it is shown that not only organic material is removed, 
which changes the sample stoichiometry, hut that also changes in the bone occur with
out stoichiometry change. The ellipsometry measurements show that the cross-linking 
of the collagen is affected by the plasma treatments, without changing the stoichiom
etry of the tissue. 

• The mechanica! properties ( elastic modulus and hardness) of the bone are aff ected by 
the plasma treatments. Most treatments cause an increase in elastic modulus and a 
decrease in hardness. However, differences between the effects of different plasmas 
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are observed. It appears that the modifications in mechanica! properties are caused by 
changes in the organic part of the bone. Because the exact effect of the plasma on the 
organic matrix is still unknown, it is difficult to explain the observed changes in elastic 
modulus and hardness. 

Recommendations 

• Further investigation on the plasma properties that in:fluence the selectivity of the 
plasma is recornmended. In the current research, the type of gas and the power of the 
plasma have been shown to in:fluence the treatment effect. Interesting measurement 
series would be a power series for an argon-oxygen mixture and a series studying the 
in:fluence of treatment time. 

• By polishing the samples, the results obtained with nanoindentation and ion beam 
analysis will be more accurate. lf also a conducting coating is applied, the RBS and 
ERDA can yield absolute densities for the different elements. 

• The effect ofheating of the sample, due to the plasma should be studied more carefully. 
The applied water cooling in the sample holder seems to be effectively cooling the 
sample, avoiding collagen denaturation. However, direct temperature measurements 
during treatment can be useful to confirm that the sample surface is effectively cooled 
and that the observed modifications in the sample are due to plasma etching, not plasma 
heating. 

• At the time our project has finished, the small-scale, non-thermal, atmospheric plasma, 
which was under development before, has become available. In the future, it will be 
useful to use this plasma for plasma treatments on bone and compare the results with 
the results of the ICP treatments, presented in this report. 
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Technology Assessment 

Over the last decades, technology has become increasingly important in medicine. Complex 
analysis instruments, like MRI and CT scanners have been developed for medical use, lasers 
have been introduced in precision surgery and small-sized cameras are available to assist 
surgeons in di:fficult procedures. All these complex technologies are nowadays regularly 
used in hospitals. 

Plasmas have also been introduced in medicine. However, their application is currently 
limited to the sterilization of surgery equipment. At the moment, not the full potential of 
plasmas in medicine is exploited. Applications in industry have shown the enormous poten
tial of the use of plasmas. They are used, for instance in the deposition of thin layers in solar 
cell production and are used for etching in semiconductor industry. 

The current research program aims to enlarge the possible applications of plasmas in 
medical science. The goal is to use the knowledge and experience in plasma technology to 
develop new tools with direct biomedical application. The success of plasmas in the semi
conductor industry, shows the enormous technological potential of plasma technology. It is 
expected that this potential is also present for biomedical applications. The presented re
search studies the effects of plasmas on bone tissue. This is a complete new field of research, 
in which the gathered knowledge is still limited. However, understanding the effects of a 
plasma on biological tissues is the first, necessary step in the development of new plasma 
tools for medicine. 
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