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Chapter 1: General Introduction

1.1

Plasmas and gas discharges

Strictly speaking, a plasma is a fully ionized gas (or gas plasma) containing only free
ions and electrons [1]. However, the word plasma is also commonly employed to refer
to partially ionized gases containing uncharged particles as well. These latter particles
(or neutrals) consist of atoms, molecules and radicals (atoms or assembly of atoms with
unpaired electrons) which, similarly to the ions, can be excited and de-excited to and
from various levels of energy. During these processes, photons, and subsequently light,
are produced. Particles in an ionized gas do have a temperature substantially higher than
when they are in the solid, aqueous or gaseous state, therefore plasmas are often referred
as the fourth state of matter.
During the last century, active research has been conducted on the production of the
so-called gas discharges. These artificial plasmas (in contrast to the natural plasmas found
in stars or lightning) are in most cases created by applying an electromagnetic field to a
neutral gas to provoke the ionization of its particles, hence their name of electrical gas
discharges. In general, a distinction is made between the discharges where all particles
(electrons, ions and neutrals) have locally identical temperatures, which is defined as
local thermal equilibrium (LTE), and the plasmas where the temperatures of the light
electrons and of the heavy particles (ions and neutrals) exhibit large differences. In
this latter case, the plasmas are said to be in non-local thermal equilibrium (non-LTE).
LTE plasmas are in general used in applications which require heat, such as cutting or
welding, while non-LTE discharges are employed when high temperatures might interfere
with the process. Domestic and industrial applications of gas discharges are numerous and
diverse [2]. We can cite the well-known examples of plasma processing technologies for
the production of microchips [3, 4], and of lighting facilities [5, 6]. More recently, plasmas
have also been employed to produce solar cells or plasma display panels (PDPs) for flat
television screens [7]. Resistant coatings on 3-D structures such as hip prothesis implants,
medical tools sterilization [8] and cleaning fluids [9] are additional examples of the various
applications of gas discharges.

1.2
1.2.1

Low pressure plasma sources
Deposition and etching mechanisms

Low pressure (typically between 0.1 mTorr to 10 Torr) discharges have been developed to
enable surface modification processes such as the etching or the deposition of thin films
in semiconductor production [10,11]. In general, a flow of reactive gas is decomposed into
radicals and ions by energetic electrons that have been heated by an external electromagnetic field. Deposition process occurs due to the adsorption of radicals on a wafer surface
where they react to deposit a thin film layer [12]. The mechanical or optical properties of
the film can be modified by additional energetic ion bombardment that occurs naturally
on all surfaces exposed to the plasma. In an etching process, radicals are also adsorbed
and react with the wafer surface. However, in this case they produce volatile compounds
which desorb from the surface and are easily pumped away by the vacuum system of
the plasma chamber. Hence, in this process layers of the original surface are removed,
or etched. This reactive chemical etching process is in general largely enhanced by an
energetic ion bombardment directed perpendicularly to the wafer surface [13]. When the

1.2 Low pressure plasma sources

Deposition
of material A

11

Mask
(a) A nisotropic etching
Material A

Wafer
or material B

(b) Isotropic etching

Figure 1.1: Deposition and (a) anisotropic and (b) isotropic etching processes

energy of the ions becomes greater than about 1000 eV, the energy needed to free particles
from the surface is exceeded, and material can be removed by transfer of kinetic energy
from the plasma ions to the substrate molecules. This process is called sputtering and
cannot be employed for refined localized etching.
The manufacture of integrated circuits (ICs) consists of a combination of etching and
deposition steps that are alternately repeated until the desired pattern is obtained for
the semiconductor. Figure 1.1 shows a simplified deposition/etching process. Firstly,
a layer of material A is deposited on the wafer (or a layer of material B). The newly
deposited layer is then covered with a mask containing holes or slits in a predetermined
pattern. After an etching process, the parts of material A under the concealed areas
of the mask remain while the exposed areas have been removed due to the exposure to
the plasma. Isotropic etching (figure 1.1(b)) occurs when the flux of ions towards the
surface is not directional. This leads to undercutting of the mask and rounded edges.
For IC technology, where delineating ever-finer structures (sub-half micron patterns) is
critical, anisotropic processes (figure 1.1(a)) are essential and require a highly directional
ion flux. The number of collisions between particles should be reduced to a minimum to
maintain the momentum and energy of the particles and to avoid possible re-deposition,
therefore the working pressures must be low. In the ideal anisotropic etching process, the
walls of the trenches in the material are perfectly straight, which allows miniaturization
of electronic contacts.
For engineers involved in manufacture of IC’s, the challenge is thus to design sources
capable of producing large ion and radical fluxes, to ensure rapid processing, and low
bombarding energy to prevent unwanted sputtering. Also the ion flux should be directed
in the direction perpendicular to the surface to avoid isotropic etching. Finally, the plasma
needs to be uniform over large areas to accommodate the reproducibility of patterns over
the entire wafer surface (diameter > to 200-300 mm).
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RF

RF

Flat antenna
quartz

metal
metal

(a) Capacitively-coupled Plasma

(b) Inductively-coupled Plasma

Figure 1.2: Low pressures RF sources

1.2.2

Capacitively-coupled RF sources

Conventional etching chambers are capacitively-coupled RF discharges consisting of two
parallel electrodes separated by a small gap into which the plasma gas is introduced (see
figure 1.2(a)). In general, one electrode is kept at ground potential while the other is
connected to a high frequency (usually 13.56 MHz) power generator. Because of the high
frequency of the excitation field, the electrons are preferably heated before the heavy
particles. The transfer of energy from the light electrons to the heavy particles is rather
inefficient [11]. Hence the electron temperature Te , greatly exceeds the ion and neutral gas
temperatures Ti and Tg 1 . Typical values for the electron temperatures are Te = 2 - 7 eV
whereas Ti and Tg stay below 0.05 eV (around 600 K) for a gas pressure p < 50 mTorr
and densities below 1010 cm−3 . For that reason, these discharges are usually denoted
by cold plasmas in reference to the low temperature of the heavy particles. Charged
particles are lost at the walls by recombination or by diffusion. Due to their lighter
masses, the electron loss at the electrodes and walls is initially higher than the ion loss.
The subsequent positive charge in front of the electrodes produces a strong electric field
in this region. In these so-called space charge regions, the sheaths, electrons are repelled
and ions accelerated towards the electrodes. This process produces the ion bombardment
refered to earlier. The density of ionized particles depends on the injected power into the
discharge. As the major part of this power appears across the sheaths, it is not possible
to obtain large ion densities without also increasing the energy of the ions up to values
capable of creating damage to the surface.

1.2.3

High density inductively -coupled sources

When capacitively coupled discharges are used, it is impossible to independently control
particle density and particle energy. To overcome this problem, High Density Plasma
(HDP) sources have been developed in which the RF power is indirectly coupled to the
plasma across a dielectric layer. The gas pressures employed are very low (typically below
1

In this thesis, the roman typeface symbol T is used to represent the temperature in eV while the
italic symbol T represents its equivalent in kelvins. The two values are linked by the equivalence eT =
kB T , where kB =1.381×10−23 J· K−1 is the Boltzmann’s constant, e = 1.602×10−19 C is the elementary
charge, and 1 eV = 1.602×10−19 J

1.3 Biomedical applications of gas discharges
50 mTorr) which enhances etching anisotropy, while the electron densities are relatively
high (> 1011 cm−3 ). Particle temperatures are similar to the ones obtained for CCP
sources. HDP sources include Electron Cyclotron Resonance (ECR) [14], helicon [15],
helical resonator [16] and Inductively Coupled Plasma (ICP) sources [17–19]. The plasma
studied in this thesis is an ICP source.
Low pressure ICP’s are non-thermal sources. They usually consist of a chamber with a
metallic electrode on one side, where the substrate is placed, and a dielectric window on the
opposite side (see figure 1.2(b)). The RF power supplied to an external coil is transferred
to the plasma through the dielectric window in the form of an inductive electric field.
With this indirect coupling, the sheaths widths and the bombarding energies of the ions
can be kept small even for the high RF power input needed for high density operation.
When desired, the energy of the ions can be independently controlled by adding an extra
bias voltage to the metallic electrode in order to increase the potential difference between
the plasma and the surface of the electrode, and this, theoretically, does not influence the
original parameters (temperature, density, potential).

1.3
1.3.1

Biomedical applications of gas discharges
Surface modification of biomaterials

Because plasmas have been developed mostly for the production of integrated circuits
or for lighting purposes, they are often wrongly confined in these categories. However,
using the same properties which are so important in the semiconductor industry, plasmas
can also be very active in the production or the modification of various functionalized
surfaces for medical purposes. In particular, plasmas are extremely promising for the
engineering of biomaterials surfaces [20,21]. In short, biomaterials (such as body implants)
can be defined as materials which are biocompatible with living tissue. Although the
design of a body implant is very complicated, the most critical part is the surface of the
implant. Stochastic adsorption of proteins on synthetic surfaces (bio-fouling phenomenon)
is largely responsible for the biological response to the material and in particular cell
growth or attachment [22]. This can lead to some problematic situations such as fibrous
encapsulation of the medical prosthetic devices or coagulation due to the aggregation of
blood fibrinogen proteins [23]. By coating the implant with an appropriate polymer layer,
bio-engineers try to control the protein-surface interaction. Plasmas offer the possibilities
of coating and functionalizing a surface at depths ranging from several angstroms to 10
µm without changing the bulk properties of the material. In particular they can:
• promote interfacial adhesion by grafting chemically active groups such as amine,
carbonyl, hydroxyl or carboxyl groups [24].
• control surface energies by creating hydrophilic or hydrophobic surfaces. For example, oxygen plasmas can be used to create an hydroxyl functionality to increase the
wettability of the surface of an intraocular lens (IOL) [25].
• improve biocompatibility by immobilizing peptides on a synthetic polymeric surface
to promote its coverage by a monolayer of endothelial cells to form a natural blood
compatible surface [26].
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• enhance the performance of a material by increasing its crosslinking density to
a depth of a hundred nanometers and consequently increasing its hardness and
chemical resistance [27].
This large range of properties makes plasma a rather ideal tool to tailor surfaces to
respond to a specific biological environment or application. Using these plasma treatment
techniques, scientists try to shorten healing time and reduce rejection of grafts. Lately
DNA chips and bio-sensors have also benefited from this state-of-the-art technology.

1.3.2

Plasma treatment of living tissue

Modifying the surface of biomaterials to facilitate their integration inside the body remains an indirect ex-vivo process. However, a similar controlled interaction between a
plasma discharge and living tissue could be imagined in the view of more direct medical applications. To be able to use a plasma directly on living tissue, however strict
constraints must be respected. The most obvious would be that the treatment must be
performed at atmospheric pressure to prevent the destruction of living cells and to accommodate patients. Of course, for the protection of the latter, the amount of current
involved in the discharge must be restricted to avoid any hazardous electrical shock.
Some pioneering plasma sources such as the Argon Plasma Coagulator (APC) [28–31]
have been developed to directly cauterize wounds or vessels and are already actively
used in surgery. Argon is sent down a tube consisting of a high frequency powered wire
(350 kHz) surrounded by a grounded envelope. The gas is ionized to produce a plasma
jet directed towards the surface to be treated. Coagulation is assumed to be achieved
thermally, due to energy transfer from hot plasma species to the surface. The treatment
stops when the desiccation of the surface is complete, and its resistivity is uniformly high.
The clear disadvantage of the APC is its thermal nature. Heavy particles have high
temperatures which destroy irremediably the cellular tissues.
Non-thermal atmospheric plasma sources also have been developed for medical remediation. These include the plasma pencil [32], the atmospheric pressure plasma jet
(APPJ) [33,34], and the one atmosphere uniform glow discharge plasma (OAUGDP) [35].
The two latter are efficient decontamination sources, capable of killing micro-organisms
after only a short exposure. Unfortunately, none of these plasmas could be considered
as bio-compatible as the energies of the particles are often too high to expect any living
tissue to survive the plasma treatment.
Recently, a new atmospheric non-thermal source, the plasma needle has been developed [36]. It is a stable glow of an intermediate size (0.1 to 1 mm), generated using 13.56
MHz excitation at the tip of a sharpened pin (see figure 1.3). The plasma is ignited in
a helium atmosphere, but also operates in argon, N2 , H2 and helium-air mixtures. Its
non-aggressive nature has been demonstrated at low powers (∼ 2 W) where the plasma
is reduced to a “pin-point” non-thermal plasma. Its limited size opens possibilities for
refined surface treatments at room temperature. For example, the localized treatment of
teeth cavities or skin disorders could be envisaged by destroying bacteria or skin cells without affecting the neighboring surfaces and minimizing the treatment penetration depth.
Another major achievement would be the selective removal of cancer cells by inducing
their apoptosis (programmed cell death).
Though the direct interaction of the plasma on living tissue (including cells) can
be investigated with optical diagnostics such as confocal microscopes and environmental
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Figure 1.3: The plasma needle.
scanning electron microscopes, the number of diagnostics of the plasma phase is limited
to optical spectroscopic diagnostics. The inductively coupled plasma source presented
previously is also a non-thermal plasma which offers a larger surface of treatment than
the plasma needle and the possibility for additional diagnostics such as mass spectrometry
(see chapters 2 and 3 of this thesis). Despite the fact that is operates at low pressure,
a parallel study on the capabilities of a non-thermal plasma to selectively etch organic
matter in a strongly mineralized matrix should bring non negligible information for the
further design of the plasma needle and its applications in dentistry. In this thesis, a study
of the interaction of various plasmas with bovine bone tissue in an ICP has been done at
a pressure of 50 mTorr. We would like to point out that at this point of the research, we
do not try to find a direct medical application for this treatment of bone tissue (we are
anyway limited by the low pressure). The point of this study is to gather the maximum
amount of information about the interaction of plasma-organic tissue to build a platform
for longer-term studies with the plasma needle.

1.4

Scope of this thesis

This thesis has two focuses. One is the characterization of two low pressure Inductively
Coupled Plasma sources and the other hand is the application to the surface treatment
of bone tissue of one of these sources.
The two sources used in this thesis are described in chapter 2 in terms of geometrical
dimensions and electrical characteristics.
Chapter 3 presents the different plasma diagnostics used in this study to characterize
the discharges: Langmuir probe, Doppler Shifted Laser Induced Fluorescence (DSLIF),
mass spectrometry and plasma impedance measurements. Also in chapter 3, the establishment of the space charge regions, the sheaths, is explained in more detail.
Chapter 4 contains an introduction describing the characteristic properties of low pressure ICP discharges. A short overview is given of the different heating processes of the
electrons inside the discharge and an analysis of the discharge in terms of a transformer
coupled circuit is introduced. The existence of two working modes (E and H) directly
related to the CCP and ICP sources is discussed. In chapter 5, to accompany the experi-
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mental data, results from numerical simulations are also included. Therefore, in chapter 4,
the global model of Lieberman [11] is introduced and a short description of the fluid model
of Kushner [37–40] is given. These two different models have been used in this thesis.
Chapter 5 is a comparison of the two ICP sources presented in chapter 2. The plasma
parameters are measured with a Langmuir probe and compared with the results of the
global and fluid models of chapter 4. The existence of a pre-acceleration region for the
ions (see chapter 3) before they enter the sheath, is studied via the measurement of the
Ion Velocity Distribution Functions (IVDFs) of argon metastable ions with the DSLIF
technique. The final energy that the ions acquire in the sheath is further studied with
the energy resolved mass spectrometer and the analysis of the Ion Energy Distribution
Functions (IEDF’s) at the surface of the electrode. The influence of collisions as well as
the coupling of the discharge (capacitive or inductive) on the formation of the IEDF’s is
discussed. Finally, the RF power distributions in the two chambers are compared and
conclusions drawn on the efficiency of the two sources.
Chapter 6 presents the preliminary results of a joint study [41] on the effects of a
low pressure, non-thermal source on bone tissue. For that purpose, bone samples were
subjected to various plasma treatments. The surface changes were investigated with various diagnostics such as Rutherford backscattering (RBS), elastic recoil detection analysis
(ERDA) and infrared spectroscopic ellipsometry. In parallel, the plasma phase was studied with mass spectrometry and a Langmuir probe. The possible links between the plasma
conditions and the effects observed on the surface were investigated and are discussed.
Finally, in chapter 7, concluding remarks and recommendations are given.

Chapter 2

Experimental Set-up

Two inductively coupled plasma sources have been used in this
Ph.D work. Although the concept of the plasma creation is
identical in both cases, differences exist in the construction of
the plasma chambers. The prominent discrepancies between the
design of the two set-ups are presented in this chapter while
their impact on the plasma is assessed in chapter 5.
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2.1

Introduction

Inductively Coupled Plasma (ICP) reactors are commonly used in industry for large sample area processing. RF power is applied to an antenna which produces an electromagnetic
field. The antenna is separated from the chamber via a dielectric layer and the field lines
propagate into the set-up. A RF azimuthal electric field is produced inductively inside
the discharge and heats up the light electrons. These electrons then subsequently transfer
their energy to the heavy particles. The positively charged ions use part of this energy in
getting accelerated towards the wall surfaces where the substrates are placed. The energy
they possess when they strike the substrates is a determinant factor for a process. By
adding an external bias, it is possible to achieve an independent control of the plasma
density (controlled by the amount of input RF power) and of the energy of the bombarding ions (with the additional bias). The research work presented in this Ph.D thesis
has been conducted on two ICPs exhibiting differences in their electrical and mechanical
designs. The two set-ups will be referred to as set-up 1 and set-up 2 in the rest of this
work.
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Figure 2.1: A sketch of the previous ICP set-up as used in [42]
Set-up 1 is based on an ICP which has already been described elsewhere [42]. An
outline of that set-up is given in figure 2.1. This plasma chamber was used to investigate
ion transport properties in the bulk plasma up to the sheath with Doppler Shifted Laser
Induced Fluorescence (see chapter 3). A laser was directed through the plasma along
the axis of symmetry of the reactor and the fluorescence radiation was detected at an
angle of 90 degrees with respect to the laser direction. A hole in the upper electrode,
closed by a Brewster window prevented the laser beam from shining back into the reactor
when reflecting on the electrode. This diagnostic technique enabled Sadeghi et al. to
determine the velocities of the ions towards the substrate electrode [43]. To extend the
understanding of the ion transport up to the sheath, we decided to incorporate an energy
resolved mass spectrometer inside the top electrode. This implied the complete removal
of the top electrode from the available set-up. A mass spectrometer was lowered into the
chamber and an extra cooled aluminium plate was fixed on its so-called “head” to act as
an electrode. This led to the construction, sketched in figure 2.2, and hereafter denoted by
setup 1. However, this construction was very different from industrial processing chambers

2.2 Set-up 1 versus set-up 2
and results were found to be non-reproducible due to the empirical construction of the setup. These problems will be addressed in the next section. It was then decided to construct
a complete new chamber, hereafter denoted by set-up 2 where the mass spectrometer is
fully integrated into the design (see figure 3.5). The reproducibility of the measurements
would be one of the first concerns. The two chambers are described in the next section.
It is good to highlight the fact that, although the geometry of the chamber has been
modified from set-up 1 to set-up 2, most of the surrounding equipment (vacuum and gas
system, electronic controls) was transferred from one set-up to the other and will thus be
described only once.

2.2

Set-up 1 versus set-up 2

Schematic representations of set-up 1 and set-up 2 are given in figure 2.2 and figure
3.5. The major geometrical differences between the two chambers are listed in Table 2.1.
Firstly, we will describe set-up 1 before moving on to set-up 2 while highlighting changes
and improvements from one set-up to the other.

2.2.1

Set-up 1

• Chamber dimensions and geometry
Set-up 1 consists of a vertical, cylindrical chamber of internal diameter 262 mm and
height 206 mm. A 12 mm thick quartz plate of radius 100 mm seals the bottom
of the chamber. On top of the set-up an energy mass resolved mass spectrometer
(Balzers PPM 421) [44] has been lowered into the chamber. This instrument is
described in detail in chapter 3. To simulate an electrode where substrates might
be placed, we wanted to add an electrode on the head of the mass spectrometer.
For that purpose we built a 100 mm diameter electrode made of aluminum, fitting
the dimensions of the mass spectrometer (see chapter 3). To prevent any unwanted
heating of the electrode due to ion bombardment, we implemented some external
water cooling at the back of the electrode by pressing some copper tubes inside a
groove. These copper tubes were connected to nylon tubes which supply cooled water. Four ISO-100 ports, equally distributed at 90 degrees from each other around
the circumference of the chamber, provide optical or diagnostic access (for the Langmuir probe for example). One of these ISO-ports is used to connect the chamber
to the pumping assembly (see figure 2.2). Other minor apertures are available and
provide, for example, an access for the bias connection mentioned above or points
for gauge pressure connections. The gas inlets are distributed along the circular
edge of the quartz plate holder. They consist of small stainless steel pipes bent
towards the center of the discharge. This peculiar shape is copied from the previous
experimental set-up [42] where a glass bucket was used to confine the plasma (see
figure 2.1). To facilitate the plasma production, the gas inlets were bent towards
the inside of this glass bucket (some slits were present in the bucket to allow for the
passage of the stainless steel pipes and ease the optical detection). At the beginning
of this research work, some experiments were done at first with a glass bucket, but
the plasma was found to have such a poor definition of ground that it was decided
to remove the bucket.
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Figure 2.2: The set-up 1 as used in this study. The chamber is identical to the one
presented in figure 2.1. The glass bucket has been removed and the top electrode replaced
by a mass spectrometer.
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Figure 2.3: Set-up 2. Note that in contrast to set-up 1, the axis of symmetry of set-up 2
lies in the horizontal plane.

Dimensions [mm]
total chamber diameter
total chamber height
quartz plate diameter
quartz plate thickness
electrode diameter
distance inter-electrodes

Set-up 1
262
206
200
12
100
63

Set-up 2
500
352
340
25
330
40

Table 2.1: Comparison of some geometrical dimensions of set-up 1 and set-up 2

2.2 Set-up 1 versus set-up 2
• Electrical characteristics
– Antenna set-up 1
In set-up 1 the antenna is a cylindrical coil made of 3.5 turns of 6 × 4 mm
copper tubing. The diameter of the antenna is 10 cm and the total height of
the antenna is estimated to be ∼6 cm with a 1.5 cm spacing between each turn.
The antenna is silver plated to reduce heat losses to a minimum and cooled
internally by water. At the end of the windings, brass Swagelok connections
are employed to connect the water cooling. As these water connections make
good conductors they are also used to power the antenna: two silver plated
metallic strips are soldered onto each of the two corresponding brass water
connections in the matching box on one side and connected to the high voltage
RF and grounded leads on the other side.
– Matching circuit
In the antenna were directly driven (connected) to the 13.56 MHz RF source,
the power transfer would be maximum only in the case where the total impedance
of the antenna-plasma would be equal to the internal impedance of the source
(here 50 Ω) [11]. In reality this is almost never the case and a so-called matching network is introduced between the load (antenna-plasma) and the source.
This extra element in the circuit enables the user to match the circuit to the 50
Ω required. For an ICP, the usual configuration is a L-type matching network
consisting of two tunable capacitors: in parallel (CMatch ) and in series (CTune )
with the load. CMatch matches the impedance of the resonant circuit to 50 Ω,
while CTune forms a resonant circuit at 13.56 MHz with the antenna.
In both set-ups, the same RF generator (RF205 from RF Power Products Inc.)
of fixed frequency 13.56 MHz is used to power the antenna. The cooling of
the antenna, the matching unit and the power generator are controlled by a
Programmable Logical Controller (PLC). The power range of the generator
is from 0 to 2200 W. However, in most of the experiments, the power never
exceeded 1000 W.
The matching is a commercial system (AM-20 Automatic Matching Network
from RF Power Products Inc.). The inductance of the antenna being high
enough by itself, the original inductance [45] present in the box was removed
[46]. In set-up 1, the original vacuum tunable capacitors CMatch = 7-1000 pF
and CTune = 3-500 pF were used in combination with two extra fixed ceramic
capacitors of total value 1000 pF.
– Faraday shield
In set-up 1, the influence of the capacitive coupling was studied by introducing
a Faraday shield between the antenna and the quartz plate. Depending on the
design of the shield, the capacitive coupling present from the stray capacitance
of the high powered antenna can be reduced to a minimum, so that more or less
only the inductive coupling is present (see chapters 4 and 5). The shield was
designed as an inverted bucket to be placed over the antenna (see figure 2.4).
It was electrically connected to the grounded cover of the matching box. A
thin glass plate was placed on top of the antenna to prevent any contact with
the grounded shield.
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Figure 2.4: Faraday shield in set-up 1: the shield consisting of a metallic slotted bucket
sits on top of the matching box, separated from the antenna by a thin glass plate. Electrical
contact with the matching box ensures the grounding of the shield.
• Accessibility to the chamber and its diagnostics, electrical problems: discussion of
design flaws in set-up 1.
– Accessibility to the set-up
The chamber itself is placed on a 2 by 3 meters large and 1.20 meter high, 10
cm thick granite table. In general, this construction makes it very difficult to
access the chamber and the diagnostics. In particular, the mass spectrometer
has to be lifted above the experiment (and left hanging in the air) and lowered
back into the set-up with a mechanical crane, making any checks on the mass
spectrometer a hazardous job.
– Matching box positioning
Lifting the mass spectrometer from the top of the set-up was not the only tedious job: pressing the matching box against the bottom of the set-up was also
quite difficult. The antenna is connected inside the matching box (see next
subsection) and the latter was pressed against the chamber by using three copper plates attached to the three legs of the set-up. Each time, this required the
involvement of two people and consumed a lot of time. Moreover this construction only allowed some random positioning of the antenna in the horizontal as
well as in the vertical position. Results were sometimes not reproducible after displacing the matching box by only a few millimeters. Eventually three
pins were fixed on the matching box to guide the position of the antenna with
respect to the set-up. However, the exact vertical position was never really
reliable and could lead to non-reproducible results.
– Electrical grounding
As will be discussed in various parts of this thesis, grounding of the equipment
is a very important aspect which is sometimes neglected. To ensure that measurements are reliable and reproducible a common definition of ground for all
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the apparatus in use is necessary. In set-up 1, the chamber and various pieces
of apparatus were connected to each other by conducting flexible leads. However it is believed that the contact was not always perfect. For example, the
contact between the matching box and the set-up was obtained by inserting a
flexible conducting element between the box and the set-up. This appeared to
be non reproducible.

2.2.2

Set-up 2

The difficulties encountered with set-up 1 made the reproducibility of the experiments very
uncertain. It was decided to construct a new set-up which would address the problems
encountered previously and provide a safer and easier working environment. Moreover,
because the trend in micro-electronics technology is towards wafers of an average size
of 300 mm, we decided to modify the geometry of set-up 1 to be closer to industrial
requirements. The decision to build set-up 2 was taken at the end of 1999 and the final
set-up was in use in autumn 2001.
• Chamber geometry
– A major modification with respect to set-up 1 is the size of the chamber of
set-up 2. The reactor now has an internal diameter of 500 mm and a height
of 352 mm. The electrode is a massive plate of 330 mm diameter and the
quartz plate is 300 mm wide and 25 mm thick. Both protrude into the reactor.
The distance between them was kept constant at 40 mm for the measurements
presented here but it is possible to insert an extra spacing ring bringing this
separation to 100 mm (in that case the height of the chamber is 412 mm).
From the beginning, the electrode has been designed to house the mass spectrometer wearing its original extraction hood [44]. The hole in this hood is 100
microns. The electrode has a hole in its center with a diameter of 1 cm which
corresponds exactly to the shape of the extraction hood. The whole of the
mass spectrometer is pressed against the back of the electrode so, again, the
composite electrode takes the shape of a flat uniform surface. The electrode
is water cooled and electrically insulated from the rest of the set-up so that it
can be independently biased if necessary. If the mass spectrometer is removed
from the set-up, a Brewster window can be installed in the remaining hole in
the electrode and a situation for Doppler Shifted Laser Induced Fluorescence
equivalent to the experiments described in [42] arises.
The gas feeding system is similar to that used in set-up 1 arrangement. Here
again, it is possible to insert a glass bucket to confine the plasma spatially
in either the squat geometry of 40 mm or the tall geometry of 100 mm. A
glass plate can also be installed in front of the electrode to ensure a complete
glass-quartz wall environment. However for the experiments presented in this
work, no use was made of either the glass bucket or the glass plate. Because
in a glass-wall environment the small tubular stainless steel gas feeds can be
enough to modify the ground level definition, they have been covered with
some insulating ceramic shafts.
The vacuum chamber has four ISO-250 ports. In a similar arrangement to setup 1, one of the ports (the bottom one) is used to fix the set-up to the table

23

24

Chapter 2: Experimental Set-up

antenna
geometry
turn diameter [mm]
number of turns
inductance ωL0 [Ω]
resistance R0 [Ω]
distance to quartz plate [mm]

set-up 1
cylindrical
r = 100
3.5
u
u
2-3

set-up 2
flat spiral
r = 50 − 220
3
195
0.28
none

Table 2.2: Geometrical and electrical differences between the antennas used in set-up 1
and set-up 2. The inductance and reactance of the antenna in set-up 1 are unknown (u)
and to connect the pumping system. The top one has been used to install the
Langmuir probe (see chapter 3). The two other ports can either be closed with
blind flanges or with windows to allow optical access. These windows are not
centered with the set-ups horizontal axis and offer optical access to the bottom
part of the set-up. Smaller openings allow the placement of various pressure
gauges or other devices.
• Electrical characteristics of set-up 2
– Antenna set-up 2
A large difference between set-up 1 and set-up 2 is the design of the RF coil.
In set-up 2, the antenna is a flat spiral coil, outer and maximum diameter of
which is about 22 cm. Because the laser light needs to be directed along the
axis of the set-up (see chapter 3), care has been taken to start the first winding
off-axis at an approximative radius of 5 cm. From that point a spiral is formed
to reach the maximum diameter of 22 cm in three windings. Table 2.2 lists the
characteristics of the antennas in both set-ups. In set-up 1, the antenna could
directly and easily be mounted in the matching box after a hole on top of the
matching box had been drilled. The antenna was then half in and half out of
the box. In the case of set-up 2, the distance between the plane of the antenna
and the connections in the matching box is approximatively 25 cm and the
antenna stands far above the matching box. The connections were made as
stiff as possible and are similar to the ones of set-up 1. Figure 2.5 represents
the two antennas and their position with respect to the matching box. When
the matching box was removed from the set-up 2 assembly for servicing, no
deviations were found in the plasma parameters after its reintroduction into
the chamber. The reproducibility has thus been heavily improved.
– Matching circuit
In set-up 2, the inductance of the antenna has been modified and the CMatch
value used in set-up 1 was too small to be able to match the new circuit. At
first, an extra 500 pF ceramic capacitor was added in parallel to the matching capacitors. However, no improvement was noticed. Careful analysis [47]
showed that the association of the four capacitors in parallel was creating a
stray inductance, which effectively reduced their total capacitance. To verify
this assumption, the four capacitors were replaced by one single tunable ca-
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Figure 2.5: Position of the two type of antennas with respect to the matching box in a)
set-up 1 and b) set-up 2. The spiral antenna is at an approximate distance of 25 cm from
the matching box.
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pacitor CMatch whose value ranged from 20 to 2000 pF. After this modification,
problems were no longer encountered while matching the system.
– Faraday shield
Although it is possible to place a Faraday shield in set-up 2, we did our experiments without it. In the future, a shield of design comparable to Mahoney’s [48]
could be integrated and placed between the antenna and the quartz plate.
• Accessibility to the chamber and its diagnostics, electrical grounding: Improvements
of set-up 2
– Diagnostics accessibility in set-up 2
In the design specifications of the new chamber, the accessibility to the diagnostics and the reproducibility of the results were two of the most essential
issues. To fulfill these requirements, the chamber has been mounted on a 1
m×1 m×1 m frame which is discussed in detail below and provides free access
to the set-up. The chamber is designed along similar lines that of set-up 1, but
has been rotated by 90 degrees, so the electrodes are perpendicular to the floor
of the room. On the frame supporting the reactor, two rails have been placed
on each side of the chamber along the horizontal axis of the set-up. Special
carriages have been designed to fit on these rails, and they support the mass
spectrometer on one side and the whole “quartz assembly” on the other side,
so that either of these can be rolled in or out effortlessly. The quartz assembly comprises the quartz plate, its stainless steel holder which protudes into
the chamber, a slotted cylinder to reduce Eddy currents in the cavity created
by the holder, the matching box (with the antenna) and various spacing and
insulating rings. The matching box is held in place by four screws and allows
for accurate positioning.
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Figure 2.6: The moving frame of set-up 2. The guides for the carriages supporting the
mass spectrometer and the quartz assembly are also represented
– The moving frame of set-up 2
As mentioned in the previous paragraph, the chamber is mounted on a frame
which also supports the mass spectrometer and the quartz assembly. Performing Doppler shifted Laser Induced Fluorescence measurements in set-up 1
showed that the spatial resolution was rather poor as the optics for detection
had to be displaced with respect to the set-up, leading to errors in the signal
detection. To overcome this problem, it was decided that in the new set-up
configuration it would be the set-up as a whole which would move with respect
to a fixed optical detection rather than moving the optics. To allow for the
movement of the set-up, the frame was made adjustable in height and moveable along the direction of the chamber axis of symmetry. Figure 2.6 depicts
the final design.
The moving frame and the plate supporting the chamber are further referred
to as the “moving table”. The table can move in the vertical and in the setup’s axis direction using three vertical legs and one diagonal leg which can be
adjusted in length by electromotors. Four triangular frames prevent the table
from moving sideways and rotating. The placement of the legs is controlled by
a Programmable Logic Controller (PLC) and follows the input values given by
the user on a PC. The positioning is effected with a precision of 0.1 mm. This
proved to be a rather important improvement for the DSLIF measurements.
– Electrical grounding
In set-up 1 the grounding between the matching box and the chamber was
found to be rather poor and so “copper fingers” had to be installed to ensure a better contact between the two parts. In set-up 2, the chamber and
the equipment have been connected to a single ground with conducting flexible connections. In contrast to the results obtained in set-up 1, for set-up 2
no remarkable deviations were recorded in the parameters measured with the
different diagnostics.

2.2 Set-up 1 versus set-up 2
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Figure 2.7: Vacuum system in set-up 1 configuration. In set-up 2, the system is identical,
only the geometry of the chamber is different (cf figure 3.5). This pumping arrangement
as well as the gas admission inside the chamber are controlled via a Programmable Logical
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2.2.3

Vacuum system

The vacuum system used for set-up 2 is similar to the one used for set-up 1. It consists
mainly of the combination of three pumps: a 30 m3 .h−1 primary pump (or rotation pump),
a 270 m3 .h−1 roots blower and a Pfeiffer 1260 m3 .h−1 turbo pump. The base pressure
achieved with this pumping system is ∼ 7.5 × 10−4 mTorr. A schematic representation of
the vacuum system is given in figure 2.7. When some gas is admitted into the chamber,
the pressure is controlled with a throttle valve inserted between the cavity and the turbo
pump. The valve is connected to a pressure meter (Edwards Barocell capacitance gauge)
and adjusts its opening (and thus the pumping speed) with respect to the preselected
set-point pressure of the pressure meter. This set-point and the operation of the pumps
are determined by the user via the same PLC controlling the RF circuitry. As well as the
vacuum generation control, the PLC also offers the possibility of adjusting the quantity
of gas flowing into the chamber. The user has access to the set point of two mass flow
controllers of range 1-100 sccm and one of range 1-3 sccm and can, if necessary, produce
different gas mixtures consisting of three gases.

2.2.4

Conclusion

The construction of set-up 2 has increased the safety in the laboratory and the reproducibility of the results. Compared to set-up 1, access to the diagnostics is now almost
trivial. The newly designed moveable frame offers great opportunities for refined spatial
Doppler Shifted Laser Induced Fluorescence measurements.
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Chapter 3
Plasma diagnostics
For semiconductor processing technologies, it is important to
determine the parameters of a discharge plasma (densities,
temperatures, potentials), the nature of the particles bombarding a surface and their energies. The directionality of ion bombardment can be improved by working at low pressures, which
reduces the number of collisions. In this case, the mean free
paths of the particles are usually larger than the sheaths widths
and the sheaths are said to be collisionless. The spread in the
velocities at the walls is directly determined by the Ion Velocity Distribution Function (IVDF) at the sheath edge. The
IVDF can be measured locally in the region preceding the sheath,
the presheath, by Doppler Shifted Laser Induced Fluorescence
(DSLIF). After the presheath, the ions are further accelerated to their final bombarding energies which can be measured
with an energy resolved mass spectrometer. The potential profiles accelerating the ions can be determined with the DSLIF
and with conventional Langmuir probes. The latter also offer the determination of the rest of the plasma parameters.
By monitoring the external parameters of the discharge, such
as the power absorbed and the current and voltage of the antenna, it is possible to access internal parameters of the discharge such as its impedance. Combining these methods offers a quite complete experimental characterization of the discharge. This chapter reviews the different plasma diagnostics
(Langmuir probes, Mass spectrometry, DSLIF and I-V measurements) which were used in this Ph.D work
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3.1

Langmuir Probe

Langmuir probes (or electrostatic probes) are probably one of the most used techniques
for plasma characterization. In this section, we will start by defining some basic plasma
characteristic lengths needed to introduce the concept of sheaths in a low temperature
plasma. Secondly, we will explain the principles of a Langmuir probe measurement and
give a small overview of the various related theories. Finally, we will give a describe the
probe used in this work and its integration into the set-up .

3.1.1

Sheath formation in a low temperature plasma

In low pressure RF plasmas, where the electron temperature does not equal the ion
temperature (typically Te = 2-5 eV and Ti < 0.05 eV), positive space charge regions,
sheaths, develop in front of the walls of the reactor. The thickness of these sheaths
depend on the Debye-length. Through these sheaths, the positive ions are accelerated
further towards the surface. In the sheaths, as in the bulk plasma, they might undergo
elastic or inelastic collisions which modify their energy. A characteristic length related to
these collisions is the mean free path. Both the Debye length and the mean free path are
important in the characterization of the space charge regions. We will see later that the
nature of the sheaths is very important when interpreting the results of Langmuir probes.
Debye length
For the plasma conditions used in this work, the ion and electron density are equal
(ne = ni ) and the plasma is considered electrically quasi-neutral. However, strong electrostatic interactions still exist between charged species. Each charged particle represents
a perturbation for the other surrounding particles and these latter tend to screen the
Coulomb potential of the charged particle to maintain quasi-neutrality. The characteristic distance on which this screening occurs is the Debye length.
r
λD =

²0 kB Te
=
ne e2

r

²0 Te
= 743
ne e

r

Te
,
ne

(3.1)

where the units of λD , ne and Te are cm, cm−3 and eV, respectively.
Mean free path
The average distance that a particle moves without encountering collisions is called the
mean free path. There are several types of collisions which are all characterized by a characteristic mean free path. For a particle with velocity v1 , moving through a background
of particles of density n2 , the mean free path of the former particle with respect to the
latter particles is given by:
hv1 i
,
(3.2)
λ12 =
n2 hσ12 v12 i
where v12 is the relative velocity of particle 1 with respect to particle 2 and σ12 is the cross
section of the collisional process. The product hσ12 v12 i is also called the collision rate k12
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and is related to the collision frequency ν12 and the collision time τ12 (time between two
subsequent collisions) by:
ν12 =

1
= n2 hσ12 v12 i = n2 k12 .
τ12

(3.3)

The collision rate k12 corresponds to the integration over the velocity space of the colliding
particles:
Z
→
k = hσvi = σ(v)vf (−
v )dv.
(3.4)
Among the various collisional processes happening inside a plasma between the electrons
(e), the ions (i) and the neutrals (n), we can distinguish the elastic collisions, in which
the total kinetic energy of the particles is conserved but their momentum is modified:
• a) e-e collisions: they contribute to the relaxation of the energy of the electrons, to
the maxwellization of the electron population and to the electron heat conduction.
• b) e-i, e-n collisions: in these collisions, momentum transfers occur between different
particle species. Because the electrons are much lighter than the heavy particles,
only after Mi,n /2me collisions there is a full energy transfer from the electron to the
heavy particle and only then the momentum of this latter is really modified.
• c) i-i collisions: these are responsible for the maxwellization of the ion velocity
distribution, ion heat conduction and viscosity.
• d) i-n collisions: they result in momentum and energy transfer from ions to neutrals
Elastic collisions between charged particles are called Coulomb collisions whereas the ones
between charged particles and neutrals are of the induced dipole type. Other processes,
involving the modification of the internal energy of the particles are called inelastic processes. For example excitation, ionization or recombination are important in atomic gases
whereas dissociation, dissociative attachment, and recombination take place in molecular
gases.
In low pressure inductively coupled plasmas, the collisional processes which are the
most likely to happen are elastic electron-neutral collisions, ion-neutral collisions and
neutral-neutral collisions [49].
• The ion-neutral mean free path is calculated from the simplified formula:
λin =

1
,
Ng σin

(3.5)

where σin = 10−14 cm2 is the ion-atom scattering cross section for low energy argon
ions [11] and Ng , the density of neutral particles in the plasma. The latter is found
from the ideal gas law:
P
,
(3.6)
Ng =
k B Tg
where P is the pressure of the background gas in Pa, Tg is the temperature of the
neutral gas in K and Ng is the neutral gas density in m−3 .
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• The ion-ion mean free path is taken from the expressions of Braginskii:
2.8 × 1017 Ti 2
λii =
,
ne ln Λ

(3.7)

with ne is in m−3 and Ti in eV. The quantity ln Λ is the well known Coulomb
logarithm given by:
"
#
3
2
T
e
ln Λ = ln 1.49 × 1013 1
(3.8)
ne 2
• The electron-neutral mean free path is taken as:
λen =

1
Ng σen

(3.9)

with σen = 16 × 10−16 cm−2 the momentum transfer for electron-neutral collisions
from Kruger [50]
Electrostatic sheath
When a insulated surface is placed in a plasma, electrons and ions will reach the surface.
The fluxes of these are given by:
1
φe0 = ne ve
4
1
φi0 = ni vi
4

r

with
with

8kB Te
πme
r
8kB Ti
vi =
πMi

ve =

(3.10)
(3.11)

where me and Mi are the masses of the electrons and of the ions respectively. The
quantities ve and vi represent the thermal velocities of the electrons and of the ions. In
inductively coupled plasmas, the electron temperature Te is always higher than the ion
temperature Ti . Moreover, electrons are much lighter than ions. Consequently, φi0 ¿ φe0
and isolated walls immediately develop a negative charge: they acquire a lower potential
or floating potential Vf than the potential of the quasineutral plasma potential Vp . Electrons impinging on the negatively charged wall are repelled and ions are attracted. The
electron flux diminishes until a balance with the ion flux is established. A net positive
charge (or space charge) develops in front of the wall. In that particular case, this area
between the wall and the plasma is called ion sheath. This sheath screens the plasma
from any perturbation created by the insulated wall. Similarly, when an electrically biased
element such as a Langmuir probe is introduced into the plasma, a positively charged (or
ion) sheath develops around a negatively biased probe whereas a negatively charged (or
electron) sheath develops around a positively biased probe. The thickness of these sheaths
depends on the Debye length. A commonly used relation between the Debye length and
the sheath width ls is given by the Child-Langmuir law [11] for a plane surface:
µ
ls = λD

eVs
k B Te

¶3/4
,

where Vs represents the difference of potential across the sheath.

(3.12)
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Bohm criterion
A simple 1-D model [11] can be used to describe the behavior of ions and electrons in the
sheath along a z-axis where z = 0 is the plasma-sheath interface. This model relies on
the following assumptions:
1. The sheath is collisionless: no recombination or ionization will occur in the sheath.
This means that the ion current density is constant and the energy conserved perpendicular to the electrodes.
2. At the plasma-sheath interface, (interface between the essentially neutral and nonneutral regions), z = 0 and ne (0) = ne0 = ni (0) = ni0 = ns
3. The electrons are Maxwellian with a temperature Te : the electron density ne as a
function of space is given by the Boltzmann relation
ne (z) = n0e exp

−e(V (0) − V (z))
kB Te

(3.13)

where V(0) and V(z) are the potentials at the plasma-sheath interface and in the
sheath respectively.
4. The potential in the sheath decreases monotonically from the plasma to the wall.
5. The ions are considered cold (Ti = 0 K)
We define the zero of the potential V at z = 0, V(0) = 0 and the ions are taken to
have a velocity us at that position and a velocity u(z) at any z position. From the first
assumption, we can write the conservation of energy:
1
1
Mi u2 (z) = Mi u2s − e V (z),
2
2

(3.14)

ni (z) u(z) = ni0 us ,

(3.15)

and the ion flux continuity:

where ni0 is the ion density at the sheath edge. From equations 3.14 and 3.15, the ion
density at the position z can be expressed:
µ
ni = ni0

2eV (z)
1−
Mi u2s

¶− 12

(3.16)

The charged particles obey Poisson’s equation:
e
d2 V (z)
= (ne − ni )
2
dx
²0

(3.17)

From equations 3.13, 3.16 and 3.17, the basic nonlinear equation governing the sheath
potential and ion and electron densities can be written:
"
µ
¶ µ
¶−1/2 #
d2 V (z)
ens
eV (z)
2eV (z)
=
exp
− 1−
(3.18)
dx2
²0
kB Te
Mi u2s
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Equation 3.18 has stable solutions only for velocities us larger than the so-called Bohm
velocity uB , defined by the following inequality, known as the Bohm criterion:
µ
¶
k B Te
us ≥ uB =
,
(3.19)
Mi
Presheath
When ions enter the edge of the sheath, their velocity must fulfill the Bohm criterion.
Before the sheath, there must be a region where ions are accelerated before they enter
the sheath. This region is called the presheath. In that region, the quasineutrality is still
maintained (ne = ni ), but there is a variation of potential responsible for the acceleration
of the ions towards the sheath. A extensive description of the presheath properties can
be found in the review article of Riemann [51].
Sheaths in RF plasmas
In low pressure cold RF plasmas, the coupling of the RF power into the discharge influences largely the nature of the sheath:
• Capacitive coupling: In a capacitively coupled discharge, there are direct field lines
between the RF powered electrodes and the plasma. Consequently the plasma
potential of the bulk discharge and the positive ion sheaths are also RF spatially
and temporally RF-modulated. If the sheath is collisionless (see below), ions do not
suffer from energy losses, and their energy at the surface will be determined by the
potential of the sheath edge with respect to the electrode potential. Maximal or
large values of the sheath potential are experienced for a longer period than the small
values. Consequently the ion energy distribution at the surface will be characterized
by prominent low energy and high energy peaks, corresponding respectively to the
maximum and the minimum sheath voltage. This characteristic distribution is also
referred as a saddle structure distribution. Possible collisional aspects and their
effects on the IEDFs are discussed in chapter 5.
• Inductive Coupling: In an ICP where we assume that no superimposed capacitive
coupling exists, the power is transferred to the plasma via the dielectric window.
There are no direct lines of electric field between the exciting coil and the plasma.
The electric field lines are closed within the discharge. Consequently, there is no
RF voltage variation across the sheaths and these latter can be approximated as
conventional DC sheaths with a constant potential difference. Also the plasma
potential does not have any RF contribution. Consequently, an ion entering a
collisionless sheath in a pure inductive plasma, will be accelerated over the constant
potential difference between the sheath edge and the electrode surface. The IEDF
will consist of a mono-energetic peak. However, as was already pointed out in
the previous chapters, an inductive discharge is never characterized by a purely
inductive power transfer. The high voltage differences originating from the exciting
coil produce some unwanted capacitive coupling. The sheaths are no longer DC
and the IEDFs are characterized by a saddle structure, characteristic of a capacitive
discharge.
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Probe principle

Since Langmuir’s work in 1926 [52], electrostatic (or Langmuir) probes have been extensively used to measure the electrical parameters of plasmas: electron density ne , ion
density ni , plasma potential Vp , floating potential Vf , electronic temperature Te , and the
Electron Energy Distribution Function (EEDF).
Reduced to its simplest form, a Langmuir probe consists of a thin wire inserted in the
bulk plasma. A voltage is applied to the probe tip with an external power supply and the
corresponding current drawn from the plasma is measured. One drawback of electrostatic
probes is that besides their physical presence in the plasma, they also bring an electrical
disturbance in the discharge when they draw current. In general, cylindrical probes are
easier to build than other configurations (spherical or planar), and due to their small
collecting areas, they are expected to be of less disturbance to the plasma. Consequently
they are in general preferred to other geometries. For this work, we used a cylindrical
geometry.
I-V characteristic
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Figure 3.1: Typical Langmuir probe I-V characteristic depicting the three regions of collection: the ion saturation [A], the retarding region [B] and the electron saturation [C].
The current collected by the probe is representative of the charged particles attracted
by the biased tip. The biasing voltage is in general referenced with the plasma potential
Vp . At this potential, there is no sheath of any kind around the probe and the movement
of the ions and of the electrons is due to their thermal velocities only. A typical I-V curve
is given in figure 3.1 where three characteristic regions A, B and C are represented:
• The ion saturation region [A]:
The biasing potential is strongly negatively biased with respect to the plasma potential Vp . Even highly energetic electrons are repelled and only ions are collected
by the probe. A ion sheath develops in front of the tip.
• The electron retardation region [B]:
At the voltage V = Vf , the fluxes of electrons and ions are equal and the probe is at
the floating potential (Itot = 0). When the applied voltage varies from the floating
potential Vf to the plasma potential Vp it becomes gradually insufficient to repel at
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first energetic electrons and then electrons with decreasing energies. The current
recorded in this region is a mixed contribution of ion and electron currents.
• The electron saturation region [C]:
Above the plasma potential, the low energy ions are repelled and only electrons are
collected. An electron sheath is this time surrounds the probe tip.
Langmuir probe theories
λ mfp < l s
c b a

a b c

Collisional
thin sheath

Collisional
thick sheath

rp >> l s

rp << l s
Collisionless
thin sheath
a b

Collisionless
thick sheath

c

c

b a

λ mfp > l s

Figure 3.2: Summary of the different collection regimes for a Langmuir probe, a, b and c
represent the radius of the probe rp , the sheath width ls and the mean free path λmf p .
The use of a Langmuir probe might appear as a simple diagnostic technique. However, in reality, electrostatic probes are not that straightforward and require sometimes
complicated theories in order to extract valuable data.
The nature of the sheaths in front of the tip of the probe determines the theory to be
applied. There are four characteristic collection regimes summarized in figure 3.2 which
are related to the values of the mean free path of the particles, the Debye length, and
the radius of the probe. When the sheath width (or in a rough approximation the Debye
length) is larger than the radius of the probe (ls > rp ), the sheath is said to be thick. In
the opposite case the sheath is said to be thin. When the mean free path of the particles
is smaller than the sheath width (ls > λmf p ), then particles can undergo collisions in the
sheath and the sheath is then referred as collisional. On the other hand, a large mean free
path reduces the probability of having collisions inside the sheath and the sheath is then
collisionless. Depending on the collection regime, different theories must be employed to
calculate the plasma parameters from the I-V curve.
• If the sheaths are collisionless, the particles conserve their total energy and momentum and their movement is referred as Orbital Motion Limited (OML). Not all
the particles are collected. The basics of the OML theory was first established by
Mott-Smith and Langmuir [53]. Laframboise [54] refined the theory by including
the expansion of the sheath with the probe bias and thus improved the analysis of
the ion saturation region.
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• If collisions do occur in the sheath, the particles loose their tangential velocity
and the movement becomes radial. To represent this movement, Allen, Boyd and
Reynolds developed in 1957 the so-called ABR (radial) theory which was completed
by Chen in 1965.
In our experiments, the highest pressure used is 50 mTorr. We have calculated the Debye
length, the various mean free paths defined in section 3.1.1 by the equations 3.5, 3.7 and
3.9 as well as the expected ion sheath thicknesses for the two set-ups used in this work
(see chapter 2 and chapter 5) for a supplied power to the discharge of 400 W. For these
calculations, a ion temperature of 0.1 eV is assumed. With the prove software, the ion
densities are calculated for a bias potential of Vb = -50 V. As the plasma potential has
an average value of 15 V, the potential Vs in equation 3.12 is taken to be equal to 65 V.
The results obtained for the two set-ups are given in table 3.1.2.

Electron temperature Te [eV]
plasma density ne [1017 m−3 ]
Debye length λD [µm]
Sheath width ls [µm]
λin [µm]
λii [µm]
λen [µm]

Set-up 1
2.61
4.05
18.9
211
1250
600
7785

Set-up 2
2.75
3.58
20.6
221
1250
675
7785

Table 3.1: Characteristic plasma lengths in argon plasmas for a gas pressure of 50 mTorr
and a supplied RF power of 400 W. The gas temperature is taken to be equal to 600 K
and the ion temperature equal to 0.1 eV.
In table 3.1 it is shown that for typical operation conditions of 50 mTorr and a supplied
power of 400 W, the sheath width is larger than the probe radius of 190 mum. The mean
free paths are always larger than the sheath width. Consequently in the rest of this
work, the assumption of a thick collisionless sheath regime of collection is assumed for
the Langmuir probe measurements.
Plasma parameters calculation algorithm
For a collisionless thick sheath, the OML theory of Laframboise can be employed. The
data handling system of our Langmuir probe (Smart Probe of Scientific Systems Ltd.)
does offer this type of analysis.
In a first step, the plasma potential is calculated as the crossing point of the second
derivative of I(V) with zero. It is supposed to be the most accurate technique to determine
the exact inflexion point where the electron saturation starts. It is to be pointed out that
the beginning of the saturation is however sometimes extremely difficult to distinguish
from the retardation region. The floating potential is found at the point where Itot = 0.
The electron temperature is calculated by taking the current measured at the plasma
potential and dividing it by the integral of the I-V curve from Vf to Vp i.e.
I(Vp )
1
=
R Vp
kB Te
I(V )dV
Vf

(3.20)
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Once the electron temperature is determined, the electron density is calculated according to:
µ
¶1/2
I(Vp ) 2πme
ne =
,
(3.21)
Ap
e 2 k B Te
where Ap is the collecting area of the probe.
To measure the ionic saturation, the negative bias applied to the probe with respect
to the plasma potential is large and the sheath width in front of the probe varies. To
account for this effect, the Smart probe uses Laframboise theory to calculate the ion
density. Firstly the electron temperature and density are used to calculate the Debye
length (see equation 3.1). A normalized potential χ is introduced:
χ=

e(V − Vp )
kB Te

(3.22)

The sheath width is then found to be roughly described by:
ds = λD |χ|1/2

(3.23)

The ion current can then be expressed as:
Ii ≈ αi χγi Iith ,

(3.24)

where αi and γi are sheath expansion factors depending on the ratio between the radius
of the probe rp and the Debye length [55] and Iith is the ion thermal current defined as:
r
kB Te
Iith = eni
Ap
(3.25)
2πMi
The factors αi and γi are obtained by calculating the ion thermal current at a default
voltage of -50 V. At that voltage, there is no ambiguity concerning the possible collection
of highly energetic electrons:
Iith =

I(Ionvoltage = −50V )
.
αi χγi

ni is further estimated from:
Iith
ni =
Ap

r

2πMi
e2 kB Te

(3.26)

(3.27)

Software details:
• Bohm flux: the probe software offers a correction to equation 3.27. Laframboise
theory assumes a total absence of collisions. Hopkins [56] suggests that in the ion
sheath, this is not always true. Consequently, the ion density is always overestimated
compared to the electronic density by a factor of 1.6. Hopkins corrects the difference
by using the Bohm flux instead of the thermal ion flux to calculate the ion density.
In that way the ion thermal current of equation 3.25 is replaced by:
r
Ii,B = 0.61eni

k B Te
Ap
Mi

(3.28)

This corresponds to the division of the ion density of equation 3.27 by the factor
1.6 [54, 57].
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• End correction: The probe consists of a finite cylinder. Therefore current is also
collected by the flat surface at the tip of the probe. Using Laframboise calculations,
the sheath thickness can be determined and a correction included for the current
collected by the probe end
In the measurements which were performed in this thesis, both corrections cited above
were employed.

3.1.3

Electron Energy Distribution Function

Electron Energy Distribution Functions (EEDFs), f(ε), provide information on the energy
available for excitation or ionization of the discharge gas. For potentials lower than the
plasma potential, the probe acts as an energy analyzer for the electrons at energies ε =
e(Vp - V). The Smart Probe software offers the possibility of obtaining the EEDF’s from
the measured I-V curves.
In general, ones prefers to work with the Electron Energy Probability Functions
(EEPFs), g(ε), as their representation in a semi-logarithmic plot as function of the energy ε is a straight line for a Maxwellian distribution. The EEDFs and the EEPFs are
deduced from one another according to: f(ε) = ε1/2 g(ε). The function g(ε) is expressed
in cm−3 .eV−3/2 .
Inductively coupled plasmas are not fully Maxwellian and their EEDF is best described
by a so-called Druyvesteyn distribution. The function g(ε) can then be written as:
2
g(ε) = ne √
π

µ

1
k B Te

¶3/2

µ
exp

−ε
k B Te

¶
.

(3.29)

Assuming that the second derivative of the ion current Ii00 is negligible compared to the one
of the electron current Ie00 , in the electron retardation region, then the second derivative
of the I-V curve is simply equal to Ie00 . With that assumption, one can deduce g(ε) from
Ie00 , according to:
2I 00
(3.30)
g(ε) = e (2me )1/2
eAp
It is to be noted that it is not possible to obtain the distribution of the very energetic
electrons with this formula as the ion current progressively becomes prominent when the
probe bias is very negative with respect to the plasma potential Vp
As was mentioned previously, the smart probe software determines Vp from the cut-off
point on the voltage axis by the second derivative of the I-V curve, i.e. d2 Ie /dV 2 = 0. Ie00
is dynamically calculated from the probe current and averaged over 1000 points at each
bias voltage. The maximum number of points for the g(ε) curve is fixed to 50.
The electron density ne and mean energy of the electrons < ε > can be deduced from
the integration of the measured EEPFs according to:
Z ∞
ne =
g(ε)dε,
(3.31)
0

and respectively,
R∞
< ε >=

0

g(ε)εdε
.
ne

(3.32)
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Figure 3.3: Langmuir probes used in a) set-up 1 and b) set-up 2. The body of the probe
in set-up 2 is larger than in set-up 1. Also, in the second system, the reference probe is a
thin wire instead of a metallic cylinder as in the first system.
From the mean electron energy < ε >, an effective electron temperature Tef f is calculated as:
2
kB Tef f = < ε >
(3.33)
3

3.1.4

Probe description

During this research work, two commercial cylindrical probes from Scientific Systems Ltd.
were used. A schematic representation of the two probes is given in figure 3.3. Because
the dimensions of the second reactor are substantially larger, the first probe system did
not allow us to reach the center of the discharge. To overcome this problem, we used
a similar probe whose body was 12 cm longer. For evident reasons, only when essential
aspects are different in the two systems, the probes will be assessed separately. In the
following paragraphs the description is made for one system.
Tunable probe
The tip of the probe is made of tungsten which has a high work function. Therefore,
secondary emission during ion or electron bombardment can be neglected. The length is
originally set to 10 mm and a 0.19 mm radius. To prevent the probe from drawing too
large a current in very dense plasmas, we shortened the tip to 5 mm.
The probe tip is held in place by a ceramic holder made of MACOR (Machinable
Glass Ceramic). This holder is 2.5 mm at the tip side and 7 mm at the side of the probe’s
body. To prevent any deposited contaminating layer allowing electrical contact between
the holder and the tip, thus increasing the collection area of the probe, there is recess
cavity in the MACOR holder (see figure 3.3).
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A compensation and a reference electrode whose purposes are explained in the next
sections are also represented in figure 3.3. The compensation electrode is an aluminium
cylinder with a surface of 3.5 cm2 . It is insulated from the the probe by a ceramic tube
and it is placed at ∼ 1 cm from the probe tip.
The only difference between our two probes, besides the actual body length was the
design of the reference probe. In the first system, it was a stainless steel cylinder and in
the second one, a wire ring. Both reference electrodes are connected to a preamplifier by
a wire insulated by a ceramic tube of diameter.
The body of the probe itself has a diameter of 8 mm. It consists of a ceramic shaft
whose length is determined by the position of a sliding vacuum O-ring. To compensate
for RF fluctuations, a pair of inductors (see figure 3.3) is present inside the body of the
probe. At very high densities, heating can be important and damage the inductors. To
prevent this, a circulation of a low flow of dry air has been installed inside the body of
the probe.
Compensation electrode
In RF environments, fluctuations of the plasma potential with respect to ground occur.
This can lead to distortion of the probe characteristic and, when this is large, to errors in
the determination of the electron density and temperature.
Two systematic approaches are usually advanced to counter the problem: an active
and a passive compensation. The active compensation consists in biasing the probe with
a RF voltage tunable in phase and amplitude to minimize the RF potential across the
probe sheath [58].
In the case of a passive compensation, a tuned RF filter is introduced in the probe
circuit to increase the input impedance of the measuring circuit. This technique was
first introduced by Cagné and Cantin (1972) [59]. In other words, one tries to minimize
the probe-sheath impedance Zps with respect to the probe-ground impedance Zpg . A
schematic representation of the probe electrical circuit is given in figure 3.4. From the
circuit at the bottom of figure 3.4, it is easy to see that the configuration of the circuit
is similar to the one of a voltage divider. Hence, with Zpg > Zps , RF fluctuations will
mainly develop at the electrodes of Zpg and the probe will be forced to float at the plasma
potential [56].
The probe-ground impedance Zpg consists of a series of two self-resonating inductor
sets of impedances Z1 and Z2 and a parallel parasitic capacitance Cs between the surface of
the probe and the grounded wall. Hopkins [56] showed that a value as small as 0.1 pF for
Cs is sufficient to shunt Zps . To reduce this parasitic capacitance, the blocking capacitors
are placed as close as possible to the probe tip and in the plasma region. The probesheath impedance Zps consists initially of a capacitance Cp . To minimize Zps , an extra
shunt capacitance C2 is introduced in the form of an aluminium sleeve which is coupled
capacitively to the probe tip: the compensation electrode. The value of C2 is given by
Deegan [60]:
2π²0 l
´,
(3.34)
C2 = ³
p
ln λDr+r
p
where l and rp are the length and the radius of the probe. The total value of Zps is
estimated to a few hundred Ω whereas the value of Zpg is > 100 kΩ at 13.56 MHz and
> 10 kΩ at the 2nd and 3rd harmonics [56, 61].
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Figure 3.4: Langmuir probe electrical circuit. Top) probe and plasma, bottom) equivalent
electrical circuit.
Reference probe
Instabilities in the RF power supplied to the discharge lead to plasma fluctuations, resulting in a low frequency noise and a drift of the plasma potential (Godyak 91). Godyak
showed that a 1 % instability in the RF driving voltage in a Capacitively Coupled Source
(CCP) can be source of a probe voltage noise and drift of the order of Te . To overcome
that problem, a reference probe (see figure 3.3), consisting of a metallic cylinder and a
thin wire in set-up 1 and set-up 2, respectively, measures the floating potential of the
discharge. Corrections of the plasma potential are subsequently implemented.

Movement and position in the reactor
The probes are equipped with an Auto Linear Drive unit (ALD) which allows the probe
to move on a range of 25 cm with steps of 0.1 mm. This drive consists of a bellows, a
high speed motor and precision ball screw arrangement. In set-up 1, the probe was at a
fixed distance of 2.8 cm from the quartz plate and was displaced radially (figure 3.5(a)).
In the second experiment, spatial profiles were recorded along the axial direction of
the reactor. For that purpose a probe holder was designed allowing us to move the probe
along the axial direction between the quartz plate and the electrode (figure 3.5(b)). The
positioning of the probe relies on a circular motion with respect to a pivot point. We
assumed that due to the small angles, the collection of particles with the inclined probe
did not depart from a collection with a probe parallel to the electrodes.
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Figure 3.5: Langmuir probe in set-up 1 (a) and in set-up 2 (b).
Data acquisition system
The Langmuir probe assembly (Langmuir probe and reference probe) is equipped with
a data acquisition unit connected to a personal computer. Before the collection of data,
the probe is placed inside the center of the discharge and the probe tip is cleaned from
possible contamination with a large, negative voltage pulse. The sweep voltage for data
collection is started at –50 V and stopped at a voltage slightly higher than the plasma
potential (typically 20-30 V) to keep the maximum current drawn out of the plasma below
the 250 mA higher limit of the constructor.

3.2

Mass Spectrometry

Mass spectrometers are powerful tools to study plasmas and are present in many laboratories. The interest in mass spectrometers started in 1953 when Paul and Steinwedel [62]
developed the quadrupole filter (see below) to sample neutral particles, ionize them, and
separate them according to their mass. Besides the conventional neutral analysis, current mass spectrometers are capable of extracting positive and negative ions from the
plasma and are able to determine their energies with the help of energy filters. Besides
the plasma composition characterization, mass spectrometers are also used for partial
pressure measurements and as leak testers. In the next subsections we shortly describe
the principle of our apparatus, a Plasma Process Monitor 421 (or PPM 421) from Balzers
and its integration inside our two set-ups.

3.2.1

The Plasma Process Monitor 421 (PPM 421)

The mass spectrometer used in this work is a commercial apparatus from Balzers (Inficon): the Plasma Process Monitor 421. It is delivered with its command unit connected
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to a personal PC and its own differential pumping system. Because the particles to be
analyzed from the plasma need to remain unchanged inside the mass spectrometer, it is
necessary that they do not undergo collisions with other particles after the extraction
orifice. This is achieved by keeping the pressure in the mass spectrometer sufficiently low
so that the mean free path of the particles is larger than the dimensions of the instrument. The mass spectrometer is differentially pumped by a turbo pump connected to a
roughing pump. The extraction orifice is 100 µm so that for a typical low pressure plasma
and an effective pumping speed of 20 l/s, a pressure reduction of a factor of 10000 can be
achieved. In set-up 2, the hole of 100 µm revealed to be small enough to obtain sufficiently
low pressures in the mass spectrometer. In set-up 1, we used a slightly smaller hole (20
µm) for design reasons (this is assessed in the section 3.2.2). The mass spectrometer itself
is composed of 5 main parts which are shortly described below:
12345-

an ion extraction system
an ion source
an energy analyzer
a mass analyzer
a detector

Ion extraction
When extracting particles from the plasma, a distinction must be made between the
neutrals and the charged particles. Neutrals enter the mass spectrometer without any
significant problems whereas positive or negative ions require specific arrangements. Positive ions leaving the plasma are accelerated in the sheaths towards the wall surfaces, so
they can enter the extraction orifice of the mass spectrometer only if this is at a potential
lower than the plasma bulk. Though electrons are efficiently trapped inside the discharge,
the most energetic electrons can reach the wall and need to be prevented from entering
the mass spectrometer. A highly negative voltage just after the entrance hole of the
mass spectrometer stops the electrons from going any further and accelerates the positive
ions inside the apparatus. A set of electrostatic lenses focuses the ion beam towards the
entrance of the energy analyzer.
The collection of negative ions usually requires modulation of the discharge to force
the sheaths to collapse in front of the walls and enable the ions to enter the extraction
orifice of the mass spectrometer. In this Ph.D work only positive ions were investigated.
Ion source
Because the mass analyzer relies on electric fields to separate charged particles (see below),
it is necessary to incorporate a source to ionize neutral particles. In our mass spectrometer,
a filament of Iridium-ThO2 is negatively biased to produce electrons. These energetic
electrons ionize the atoms and molecules inside the neutral beam in the mass spectrometer.
For most neutrals, the maximum of ionization occurs around an electron impact energy of
70 eV. The number of ions produced depends on the current flowing through the filament.
For our experiments, we fixed the impact energy at 70 eV and the current through the
filament at 1 mA. The maximum dispersion of energy for the electrons is around 0.5 eV.
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Figure 3.6: Schematic representation of the Plasma Process Monitor 421. The incoming
particles from the plasma enter the mass spectrometer via a small extraction hole. Neutrals
are ionized in the ion source. Charged particles are then directed towards an energy filter,
and a mass filter before being detected. The elements noted 1, 2, 3 and 4 are electrostatic
lenses focusing the ion beam through the apparatus.
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Figure 3.7: Geometrical arrangement(a) and Electrical potential diagram (b) of the Cylindrical Mirror Analyser.
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Energy analyser
At the entrance of the energy analyzer, all particles are now ions (either ions from the
plasma or neutrals ionized in the ion source). The energy analyzer is a Cylindrical Mirror
Analyzer (CMA) consisting of two concentric cylinders between which a voltage difference
of Vp is applied (see figure 3.7(a)). The outer cylinder of inner diameter b is conventionally
called “mirror” and the inner cylinder of diameter a “center”. A bundle of ions previously
focussed in a point near the axis of the CMA enters at an angle α through an opening
of the inner cylinder into into the chamber present between the inner and outer cylinder.
The ions are reflected by the positive voltage applied at the mirror, and then back towards
the axis of the CMA through a second opening in the center cylinder and is then refocused
on the axis. The ion-beam can be transmitted through the two apertures only if the path
of the beam is symmetric. This is ensured by the relation:
K=

Ec
¡ ¢,
e Vp ln ab

(3.35)

where K is a value that depends on the entry direction and the transmission energy Ec .
K has a value of 1.31 ± 1% corresponding to an angle α between 40 and 45 degrees. With
b/a = 15/7, transforms into eVp /Ec = 0.5818. The CMA of the PPM 421 works with a
constant transmission energy, so that the voltage difference Vp = Vcenter - Vmirror must
remain constant. Vcenter is used to decelerate the ions to the transmission energy Ec so
that eVcenter = Ec is required. We finally obtain:
Vcenter = 2.39 × Vmirror .

(3.36)

If the whole device is biased by a positive scan voltage Ve relative to ground for positive
ions (resp. negative for negative ions), then an ion originating at a potential Ve will be
decelerated to the kinetic energy eVcenter and allowed to get through the analyzer (see
figure 3.7(b)). The scan voltage (provided a careful calibration of the energy scale has
been made previously) is equal to the total energy of the ion. Ion Energy Distributions
Functions (IEDFs) are now recorded by scanning Ec . If the extraction hood of the mass
spectrometer is electrically powered by an external source, then the potential at the
entrance is different from the ground potential. Therefore, when a negative bias of for
example -20 V is applied to the extraction hood in our inductively coupled plasma, it is
necessary to add 20 eV to the energy measured.
Mass analyser
The mass filter is a conventional quadrupole. The design is illustrated in figure 3.8. In
the ideal case, it consists out of four hyperbolic rod electrodes whose tips are separated
by a distance 2r0 (see figure 3.8(a)). In practice the hyperbolic rods are approximated
with cylindrical rods of 8 mm radius (3.8(c)). The 200 mm long rods are powered by a
high-frequency quadrupole field given by [63]:
x2 − y 2
,
(3.37)
r0 2
where U and V are the DC voltage and amplitude of the RF voltage, ω the angular
frequency of the RF modulation and r0 the radius of the rods.
Φ = (U + V cos(ωt))
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Figure 3.8: Principle of the quadrupole mass filter: a) hyperbolic (in reality cylindrical)
rods, b) field-generating potentials, c) trajectory of ions inside the quadrupole rod system:
only the ions who have a stable oscillatory trajectory exit the system and are detected
Ions of mass m entering the mass analyser in the z-direction (along the rods) are
then subjected to the separating field, which makes them oscillate in the x-y plane. The
equations of motion of the ions in the three cartesian directions are given by the so-called
Mathieu equations:
d2 x
+ (a + 2bcos(2ξ))x = 0,
dξ 2
d2 y
− (a + 2bcos(2ξ))y = 0,
dξ 2
d2 z
= 0,
dξ 2
with ξ = 12 ωt, a =

4eU
mω 2 r0 2

and b =

(3.38)
(3.39)
(3.40)

2eV
.
mω 2 r0 2

These equations have both stable and unstable solutions. For the stable solutions,
the amplitude of the oscillations of the ions in the x and y directions remains constant
during the entire trajectory from the entrance to the exit of the mass spectrometer. For
the unstable solutions, the amplitude grows continuously and the ions collide with the
rods, where they are neutralized and subsequently lost. For fixed values of r0 , ω, U and
V, only ions of a definite mass (or more exactly of a definite mass interval) manage to
cross the quadrupole field. The movement of the ions is fully determined by their mass
and the values of the parameters a and b and does not depend on the initial energy with
which the ions reach the filter. However, to allow good mass resolution, ions must remain
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long enough in the quadrupole mass filter to experience a sufficient number of RF cycles.
Consequently the entrance energy should be in the order of a few eV [64, 65].
From the Mathieu equations, a graphical representation of the stable and unstable
solutions, the Mathieu stability diagram [66, 67] (see figure 3.9) can be obtained. The
two coordinates are the a and b values (or U and V values). The inside of the triangular
shape represents the stable regime. Straight lines defined by a/b = 2U/V = C te can be
drawn on the diagram. The higher the slope of these lines, the narrower ranges of stable
m/e values and the higher the resolution. In the extreme case of a = 0 (no DC voltage),
the resolution becomes zero and the instrument is a high pass filter. In practice, the
U/V ratio is kept constant and U and V are ramped simultaneously at a fixed frequency.
In that way, a mass scan can be performed while keeping the mass resolution constant.
The maximum mass range is dependent on the maximum RF voltage allowed by the RF
a

x/y
unstable
L1

0.3

0.2

y
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L2

x
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Figure 3.9: Mathieu stability diagram of the quadrupole mass filter: L1 and L2 are operating lines characteristic of a constant a/b = 2U/V ratio. The mass resolution is higher
for the L1 line that for the L2 line
generator powering the quadrupole and is given by [67]:
mmax =

7 Vmax
,
f 2 r0 2

(3.41)

where Vmax is in V, f is in MHz and r0 is in mm. In the experiments reported in this
thesis, the generator QMH 400-5 [68] allowed the detection of ions with masses ranging
from 1 to 512 a.m.u. (atomic mass unit). As the selection occurs according to the ratio
of the ion mass over the total ionic charge, doubly charged ions will be detected at half
their mass. Therefore Ar2+ ions will be detected at the mass 20 a.m.u. while Ar+ will be
detected at the conventional mass of 40 a.m.u.
Detector
The ions exiting the mass filter are deflected 90 degrees before reaching the detector, a
Secondary Electron Multiplier (SEM). This non line-of-sight configuration is adopted to
eliminate the detection of electrons, metastables and fast neutrals. In normal conditions of
use, SEMs are used as current amplifier. The ions strike a conversion cathode where they
release secondary electrons. By using several dynodes behind each other, an avalanche
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is created, resulting in a measurable current at the end of the SEM. The gain in current
can vary from 104 to 108 . However, the surface covering the dynodes deteriorates in
time, which causes the gain to decrease. The background noise level can be adjusted
with a counter preamplifier CP 400 which cuts off all signals below a user defined value.
The linear range of the ion counter is from 0.1 to 2.106 counts per second (cps). Above
that maximum value, pulses start overlapping resulting in invalid statistics. In figure
3.10, Ion Energy Distribution Functions are presented for identical plasmas at the same
experimental conditions. While the bottom curve shows a monoenergetic distribution,
the top one, whose counting rate largely exceeds 2.106 cps reveals structures which are
caused by statistical errors. Taking into account the non-linearity of the SEM is crucial for
any measurement interpretation. Measured alone, the top curve could lead to the wrong
conclusion that for these plasma conditions, IEDs feature saddle structures characteristic
of a capacitively coupled discharge (see chapter 5). In practice, a compromise must be
found between the voltage applied to the SEM which determines the maximum counting
rate (the voltage can be varied up to a maximum of 3500 V) and the value of the counter
preamplifier so that a maximum non-saturated signal with a background reduced to a
minimum is obtained.
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Figure 3.10: IEDFs measured in set-up 1 at 5 mTorr and 1000 W for various SEM
voltages: a)2200 V, b)2300 V c)2400 V, d)2500 V. Above 2.106 counts the ion counter
does not work linearly anymore and the signal present statistical errors.

3.2.2

Integration of PPM 421 in set-up 1 and set-up 2

One goal of this Ph.D work is to determine which particles reach the metallic electrode
and also the energy with which they impinge on the surface. The mass spectrometer is
delivered with what could be called a “body” and an extraction hood for the “head” of
the spectrometer. The body is kept at ground potential, while the hood can be biased. A
very small gap between the hood and the body ensures that there is no electrical contact
between the two elements. When designing the integration of the mass spectrometer to
set-up 1 and set-up 2, the electrical properties had to be respected. This section presents
the two different designs which were used in set-up 1 and set-up 2.
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Integration to set-up 1
Originally, set-up 1 did not have any electrode where the mass spectrometer could be
fixed so, instead, we fixed an electrode on the mass spectrometer by extending the original
extraction hood to a plane surface of 100 mm (see figure 3.11). This electrode was made
of aluminum and was water cooled. A molybdenum plate taken from a home made mass
spectrometer [64]) with a 20 µm hole in its center was fixed on the side exposed to the
plasma and provided the extraction hole. The Molybdenum plate was mounted in such a
way that the electrode surface could be considered a continuous plane surface.
Care was taken to reproduce the insulation between the newly designed electrode and
the rest of the mass spectrometer by keeping the same gap as between the extraction hood
and the body of the mass spectrometer. Originally the potential on the extraction hood
could be controlled by applying a voltage to a high-voltage pin at the back of the mass
spectrometer. This pin is the extension of an insulated thread going through the entire
body of the mass spectrometer until a contact point with the extraction hood. In our
design, the bias is made via a solid copper wire of diameter 2.5 mm connected directly
on the electrode on one side and via an electrical feedthrough in a side flange to a DC
power supply. To prevent any contact with the grounded body of the mass spectrometer,
an isolation was placed around the wire.
Integration to set-up 2
Set-up 2 has been designed in such a way that the mass spectrometer is an integral part of
construction (figure 3.12). The metallic electrode has been constructed to hold the PPM
421 with its original extraction hood (see also chapter 2). Again, the electrode is water
cooled and can be independently biased. Its surface is considered a flat plane.

3.3

Doppler Shifted Laser Induced Fluorescence

In an argon plasma ignited inside an ICP chamber, argon ions created in the plasma
bulk move towards the walls [11, 42]. They are accelerated by electric fields; first in the
pre-sheath, where they should reach the Bohm velocity, and then in the sheath. An
non-intrusive technique to verify this acceleration is the Doppler Shifted Laser Induced
Fluorescence technique. It allows measurement of the local Velocity Distribution Functions (VDFs) of argon ions. Following the work of Van de Grift [42], in this thesis, the
∗
VDFs of metastable Ar+ (2 G9/2 ) were measured in the axial direction of the plasma
chamber in both set-ups. The results obtained are presented in chapter 5. The rest of
this section briefly discusses the theory of Doppler Shifted Laser Induced Fluorescence
(DSLIF) and gives a description of the DSLIF set-ups, used for the measurements on
set-up 1 and set-up 2.

3.3.1

Principle

Laser Induced Fluorescence
In a Laser Induced Fluorescence process, an atom (or an ion) in an initial level of energy
E0 is excited to a higher electronic energy state E1 via absorption of a photon of a laser
beam (see figure 3.13). The decay to a third level of energy E2 is accompanied by the
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Figure 3.11: Integration of the mass spectrometer in the metallic electrode in set-up 1.
The gap between the extraction hood (in dark grey) and the body of the mass spectrometer
has been reproduced in the design of the electrode (b). The electrode can be biased with an
external DC source and is water cooled.
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Figure 3.12: Integration of the mass spectrometer in the metallic electrode in set-up 2.
The extraction hood is included in the electrode. Insulators enable to apply a bias to the
electrode and the extraction hood while keeping the body of the mass spectrometer grounded.
The small gap between the hood and the body of the mass spectrometer (see figure 3.11(a))
prevents contact between the two parts.
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emission of a so-called fluorescence photon. The intensity of the fluorescence signal is in
general a function of the species concentration (number density), and the gas temperature
and density.
E1

Laser photon
hν1

fluorescent photon
hν2

E0
E2

Figure 3.13: General LIF excitation scheme: an atom in level E0 absorbs a photon of a
laser beam at the frequency ν1 and is excited to level E1 . It subsequently de-excites to level
E2 by emitting a fluorescent photon of frequency ν2 .
Doppler-Fizeau shift
DSLIF uses the principle of the Doppler-Fizeau effect: the frequency of an electromagnetic
wave modified when the source of the signal and the observer are moving relative to each
other. From the frequency shift, the relative velocity of the source with respect to the
observer can be measured. This phenomenon is used for example in police radars that
measure the speed of cars, in astronomy to estimate the distance of a star moving away
from the earth, etc.. Similarly, if laser light is directed into a plasma, moving ions will
see the light at a shifted frequency and their velocity can be deduced.
An ion with a velocity ~v = vx , vy , vz can be selectively pumped to a higher level by
a laser photon when its velocity components in the direction of the laser beam fit the
Doppler shifted laser angular absorption frequency ωa [69]:
ωa − ω0 = ~k · ~v ,

(3.42)

with ω0 the angular absorption frequency for stationary particles and ~k the wave vector
(|~k| = ωc ). From equation 3.42, it is easy to deduce that for an ion moving in the same
direction as the laser (~k~v > 0), ωa is increased, whereas in the case that the ion moves
against the light propagation, ωa decreases. If the direction of the laser beam is chosen
to coincide with the z-axis of the chamber (~k = 0, 0, kz ), then:
vz
(3.43)
ωa = ω0 (1 + ).
c
As the angular frequency is related to the frequency ν by ω = 2πν, equation 3.43 can be
rewritten in terms of frequency:
vz
(3.44)
νa = νL = ν0 (1 + ),
c
with ν0 , the absorption frequency of stationary ions, and νa = νL , the laser frequency
which fits to the shifted absorption frequency. In other terms, if the ion is moving away
from the laser, then we need a higher frequency to excite the ion than if this one was
stationary. This is depicted in figure 3.14.
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Figure 3.14: If an ion is moving towards/away from the photon, the laser should be
tuned to a lower/higher frequency to excite the ion, when compared to the excitation of a
motionless ion.
Doppler effect and LIF
DSLIF combines the Doppler effect and the LIF excitation scheme. Mobile ions in a
plasma are irradiated by a laser beam at a frequency capable of inducing a transition
to a higher level of excitation. As the particles are moving with respect to the laser
beam, they see a shifted laser frequency. Consequently the frequency of the laser needs
to be increased or decreased to always catch the fluorescence line. The fluorescence to a
lower level is unchanged and occurs always at the same frequency. By scanning the laser
frequency to produce the fluorescence and measuring the potential shift with respect to
the transition frequency corresponding to a stationary ion, it is possible to determine the
velocity of the ions in the plasma with equation 3.44.

Basic DSLIF set-up
A set-up for the measurement of IVDFs by means of DSLIF, consists of several basic
parts:
• A laser system, which generates light at the required wavelengths.
• Beam optics, to shape the laser beam in the desired form and to deliver it to the
region of interest.
• The plasma, in which the velocity distribution functions are measured.
• The detection optics, that collect the fluorescence signal and guide it to the detection
system.
• The detection system, which uses a monochromator, a photomultiplier tube and a
lock-in amplifier (combined with a chopper in the laser beam) to detect the fluorescence.
The arrangement of these components in a basic set-up is given in figure 3.15. The
chopper and the lock-in amplifier are used to distinguish the fluorescence signal from the
normal plasma emission at this wavelength. A detailed description of all the separate
components will follow in the next sections.
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Figure 3.15: A schematic drawing of a DSLIF set-up, showing the basic components
required for the measurements.

3.3.2

Widths and profiles of spectral lines

A spectral line, observed either in emission or in absorption, is never perfectly monochromatic, but has a line profile with a non-zero width. The Full Width at Half Maximum of
the line (FWHM) is called the line width and is depicted on figure 3.16. Several phenomena (presented later) are responsible for the finite width of the line. Each of them needs to
be evaluated to estimate its importance relatively to the broadening of the DSLIF signal.

I0

∆ν1/2

I0 /2

ν1

ν0

ν2

ν

Figure 3.16: Line profile and its Full Width at Half Maximum ∆ν1/2 .

Natural line width
The system consisting of an excited atom and electron can be described by the classical
model of a damped oscillator [69]. In that way, it can be shown that the spectral line
accompanying the decay from one excited level to another exhibits a Lorentzian profile
called the natural line width. The FWHM of this natural line width, (∆ν1/2 )nlw , can be
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related to the characteristic decay time τ of the given excited level according to:
(∆ν1/2 )nlw =

1
2πτ

(3.45)

In the excitation scheme used for LIF (see figure 3.17), the lifetime of the upper level is
8.5 ns [70]. Using equation 3.45, this results in a FWHM of 19 MHz.
Doppler broadening
In a plasma, ions have a Maxwellian velocity distribution, due their thermal energy.
Therefore, in accordance with the Doppler effect, the recorded fluorescence signal will
therefore be representative of a distribution of velocities around the central shifted velocity.
The line is said to be Doppler broadened and is represented by a Gaussian shape. The
Full Width at Half Maximum (FWHM) of this Gaussian profile is given by:
³ ν ´ r 2kT
0
(∆ν1/2 )D = 2
ln 2,
(3.46)
c
m
with m and T the mass and the temperature of the ions. For example, in argon, with m
= 66.4 10−27 kg, at 300 K, the FWHM is 960 MHz.
Transit time broadening
If the time of interaction between the laser beam exciting the particles and these latter
is small compared to the spontaneous life-time of the excited level, then the linewidth
of a Doppler-free molecular transition is limited by the time of flight through the laser
beam [69]. If the laser beam is Gaussian, the transit time broadening results in a line
profile with a FHWM (∆ν)1/2 tbd
v̄
(∆ν1/2 )tt = 0.76 ,
d

(3.47)

in which v̄ is the thermal velocity of the particles and d is the 1/e width of the laser
beam [42]. For a 300 K argon gas interacting with a 3 mm laser beam, the line profile has
a FWHM of 110 kHz. This profile is two orders of magnitude narrower than the natural
line width and can therefore be neglected.
Pressure broadening
When an atom A approaches another atom or molecule B, its energy levels are shifted
because of the interaction with B. Consequently, elastic collisions are responsible for a
shift of the emitted light and therefore a broadening of the spectral line. Because the
number of collisions is directly related to the pressure of background gas, this broadening
mechanism is called pressure broadening. A line profile in the presence of elastic collisions
is a Lorentzian with a FWHM (∆ν)1/2 pb defined by
(∆ν1/2 )pb =

ng σv̄
1
+
,
2πτ
π

(3.48)

with ng the gas particle density and v̄ the thermal velocity of the particles. As typical
parameters for this study, 300 K argon gas at a pressure of 10 mtorr, and a cross section
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of 10−14 cm2 [71], are taken. The pressure broadening is responsible for a broadening of
the line of ∼150 kHz. Because this is already two orders smaller than the natural line
width, pressure broadening can readily be neglected in these plasmas.
Saturation broadening
Previously, we saw that laser light, tuned to the transition frequency ν0 , is used to induce
the transition to the upper level in the LIF excitation scheme. If the intensity of the
laser beam is very low, only a small number of transitions is induced, and the population
density of the upper level will remain lower than the population density of the lower
energy level. If the laser beam is very intense, the population densities of the upper and
lower level become equal. The transition is then said to be saturated. If the laser is tuned
to a different frequency, νL , but is still close to the transition frequency, transitions can be
induced at nearby frequencies, thereby broadening the transition profile. This broadening
mechanism is called saturation broadening.
The natural absorption profile, a Lorentzian having a spectral width Γa , must be
compared with the intensity profile of the laser, also a Lorentzian having a spectral width
ΓL . The convolution of these two profiles determines a saturation parameter function S,
dependent on the particles velocities and on the laser frequency. For the laser intensity
Isat , or saturation intensity, the saturation parameter function is unity at its maximum.
Γa , the natural absorption width, is also equal to the spontaneous decay coefficient A10 [69]
from the energy level E1 to the energy level E0 . In this work, the laser linewidth is below
500 kHz and smaller than the absorption width of Γa = A10 = 21.2 MHz (see table 3.2).
Consequently the convoluted signal is also a Lorentzian whose FWHM is also equal to
Γa . Under the condition that the saturation parameter function is a Lorentzian, then the
FWHM of the corresponding profile (which is then also a Lorentzian) can be expressed
according to:
r
1 ∗
1
Iω
(∆ν1/2 )sb =
Γa =
Γa 1 +
,
(3.49)
2π
2π
Isat
where I ω is the total intensity of the laser. For these experiments, the intensity of the
laser was ∼ 10 mW. mm−2 . Isat can be written as the following expression [42]:
Isat =

πΓa
1
³
´
2 τ0 + τ1 g B
1 10
g0
g1

(3.50)

where
• Γa is the natural absorption width,
• B10 is the Einstein coefficient for stimulated emission [69] from the energy level E1
to the energy level E0 ,
• τ0 and τ1 are the lifetimes of level E0 and respectively E1 ,
• g0 and g1 are the statistical weights of level E0 and respectively E1 .
The values of these various coefficients are given in table 3.2.
Using these parameters and the experimental laser intensity, the FWHM obtained is
∼ 183 MHz. Calculations [42] showed that a profile consisting of a 1 GHz Gaussian profile
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parameter
A10
B10
τ0
τ1
g1 /g0
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value
21.2 MHz
121.9 1011 m2 J−1 s−1
1 µs
8.5 ns
0.8
0

0

0
Table 3.2: Parameters for the transition 3d 2 G9/2 (Energy level E0 ) → 4p 2 F7/2
(Energy
level E1 ).

(Doppler broadened profile of ∼ 960 MHz) and of a 200 MHz Lorentz profile can be fitted
with a Gaussian to give a width of 1 GHz with an error smaller than 0.5 %. Consequently
saturation broadening can be neglected in this study compared with the large Doppler
broadening.
Conclusions about the broadening mechanisms
From the different values calculated to estimate the importance of the different broadening mechanisms, it can be concluded that the Doppler broadening is by far the most
important. If the experimental DSLIF profile is fitted with just a Gaussian, the FWHM
from this curve fit corresponds within 1% to the FWHM for the Doppler broadening as
defined in equation 3.46 [42].

3.3.3

Application to the detection of Ar ions

In this thesis the VDFs of argon ions in low pressure discharges are investigated. The
absorption wavelength to the first excited ground state argon ion levels lies in the UV.
Unfortunately, the current state of laser technology does not provide a tunable, small
∗
bandwidth UV laser for this transition [42]. Therefore, the metastable Ar+ (2 G9/2 ) ion
level is used instead. The excitation scheme is given in figure 3.17. The metastable 2 G9/2
ions are excited to the 2 F7/2 level by a laser at 611.493 nm. The laser beam is produced
by a CW ring dye laser to described later. The lifetime of the 2 F7/2 level is short (8.5
ns [70]) and the main decay is via the transition to the 2 D5/2 level with the emission of
a fluorescent photon at 460.96 nm. This argon excitation scheme has proven to be very
efficient to monitor the spatial variation of the VDF in different plasmas [42, 43, 72, 73].
Indeed, the density of argon ions in the 2 G9/2 metastable state can be a few times 1010
cm−3 in high density plasmas which allows the production of a strong LIF signal [74, 75].

3.3.4

Ring Dye Laser System

The laser used for the DSLIF experiments is a Coherent 899-29 single mode Continuous
Wave (CW) ring dye laser. A full description of the laser can be found in [76]. Rhodamine
6G dye (usable tuning range of 580 nm to 625 nm) is dissolved in ethylene glycol and
sprayed in a jet transversally to the laser cavity. It is optically pumped by an external
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Figure 3.17: argon LIF excitation scheme.
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Figure 3.18: The dye laser consists of a ring cavity, formed by three mirrors M and the
output mirror. Optical components are placed in the cavity to achieve unidirectional lasing
and to select a single wavelength.
11 Watts argon ion laser at 488 and 514.5 nm. Figure 3.18 represents the construction of
the cavity around the jet.
The ring resonator cavity is formed by the three mirrors M1 , M2 , M3 and the output
mirror M4 . An optical diode ensures unidirectional lasing, which is required to allow
single-mode operation of the laser. The tuning of the wavelength at which the ring CWlaser operates, is determined by the other components in the cavity. A stack of three
birefringent filters is used for coarse wavelength selection. Two etalons, a thin (0.5 mm)
and a thick (10 mm) one, provide a finer wavelength selection. These three elements,
together with the long laser cavity give a theoretical bandwidth of approximately 1 MHz.
In reality, due to mechanical vibrations and air movement in the cavity, which change the
optical path length, the bandwidth is in the order of tens of MHz. Therefore the cavity is
actively controlled to minimize the bandwidth. A confocal resonator reference cavity (not
represented in figure 3.18) is used to measure deviations from the desired wavelength. A
feedback loop then uses a piezo-electric actuator mounted behind one of the cavity mirrors
to compensate the cavity length. The resulting bandwidth is ∼500 kHz.
To change the laser wavelength, a Brewster plate in the cavity is tilted, thereby changing the optical path length of the cavity. Because there are many wavelength selecting
components in the cavity, they all have to change their transmission wavelength simultaneously using feed forward control loops.
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A wavelength meter is integrated in the laser. The wavelength meter has an absolute
accuracy of 200 Mhz, which corresponds to an error of below 0.5 ppm. The laser and the
wavelength meter are controlled by a computer. Segments of 10 GHz, can be scanned and
they can be combined to form a scan of any desired width, within the tuning range of the
dye. The linearity of the scan in a 10 GHz segment is better than 0.5%.
In experiments, the wavelength meter shows considerable errors, in the order of 10 ppm,
in the absolute wavelength. To ensure a correct calibration of the wavelength, the well
known absorption spectrum of iodine in an I2 vapor cell is recorded simultaneously in
each measurement. The errors of the wavelength meter do not occur within one scan, not
even if this latter is constructed from more than one segment. Therefore, no measures
have to be taken to verify the linearity of a scan.

3.3.5

DSLIF on set-up 1

The argon ion laser and the ring dye laser are mounted on a 2x1 m optical table. Two large
vacuum pumps (part of the vacuum system of set-up 1) are standing close to the laser table
and cause vibrations, making stable operation of the laser quite difficult. In the design of
the DSLIF set-up 2 (see next section), these problems are taken into consideration.
The layout of the various optical components on the laser table and the marble set-up
table (see description of set-up 1) is shown in figure 3.19. The beam of the dye laser is
sent through a beam splitter and onto the set-up table by means of a mirror periscope.
One of the two beams split from the main beam is expanded and projected on a screen,
to see the beam profile during dye laser alignment. The other beam is sent through an
iodine vapor cell an the transmitted light is recorded by a photodiode. The main beam is
partially refocused, using a 1000 mm focal length lens, onto the entrance of a sheet beam
expander. After this element, the laser beam has a rectangular cross section of 1x10 mm.
A mechanical chopper, operated at ∼300 Hz, is placed between the lens and the entrance
of the beam expander. The beam is brought underneath the vacuum vessel before being
redirected upward using an adjustable mirror. The beam passes through a hole, in the
bottom of the matching network, and through the quartz plate into the plasma. The
beam is centered in the center of the plasma and perpendicular to the quartz plate and
the electrode.
A 100 mm focal length lens is used to collect the fluorescence radiation perpendicularly
to the laser beam, and image it one-to-one on a 1 mm diameter fiber-optic bundle. To
collect fluorescence at various positions along the laser beam, the fiber-optic bundle can
be moved up and down. The other end of the fiber-optic bundle is placed at the entrance
slit of a 60 cm monochromator. The fluorescence is also detected perpendicular to the
laser sheet. This means that only light in a 1 mm wide region is detected from a 10 mm
wide laser sheet. This has to be done, because the vacuum system oscillates around its
axis, due to vibrations caused by the vacuum pumps. If a ∼1 mm diameter round laser
beam is used, the oscillations can be seen in the LIF signal. When using the laser sheet,
these oscillations disappear from the signal.
The monochromator is aligned to the 460.96 nm fluorescence line. Because the 460.96 nm
peak is flanked by two much stronger peaks, the exit slit of the monochromator has to be
adjusted carefully, so that light from these peaks is blocked. The fluorescence light is then
converted to a current by a Hamamatsu R1617 photomultiplier tube (PMT) operated at
980 V. At this voltage, the gain of the PMT is 8 · 105 . The intensity of the LIF signal is
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Figure 3.19: A schematic layout of the DSLIF set-up , as it was used in set-up 1.

generally not more than 1% of the background emission. Therefore, a lock-in amplifier is
used to detect the laser induced fluorescence.
To measure a DSLIF spectrum, the laser frequency is scanned over a range around
the transition frequency, at a constant rate of typically 10 GHz/1000 s. During the scan,
the LIF signal is acquired at a rate of a few Hz. To acquire a reasonably smooth signal,
a time constant of typically 3 s is used on the lock-in amplifier. Because the LIF signal is
integrated over this timescale, there is a small delay in its detection, with respect to the
simultaneously acquired iodine absorption spectrum. This has to be taken into account,
when the Doppler shift is determined with respect to a reference iodine absorption peak.
A spectrum that is acquired with this set-up is shown in figure 3.20. The top curve is the
signal recorded by the photodiode after the laser beam has crossed the iodine cell. Each
line corresponds to one absorption peak of the iodine molecule and can be identified [77]
to give an absolute frequency value. The bottom curve represents the LIF signal and is
characterized by two peaks. The peak, which is shifted to a higher frequency, is caused
by the direct laser beam. When the laser beam hits the metal electrode, it is reflected
back through the plasma. This beam then induces the same LIF spectrum for a inverted
velocity, thereby causing the second peak, which is shifted to a lower frequency. The
frequency, corresponding to zero velocity, can simply be found by finding the middle
between these two peaks.
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Figure 3.20: DSLIF spectrum measured in the set-up 1, at a distance of 3 mm from the
electrode. The peak, which is shifted to the higher frequencies, is the LIF from the direct
laser beam. The other peak results from the laser beam, reflecting back from the metal
electrode.

3.3.6

DSLIF on set-up 2

The LIF arrangement for set-up 1 suffered from the laser instabilities. Moreover, the
amount of the fluorescence signal was rather small and the detection needed some improvement. For this purpose, modifications were made to the design of the DSLIF set-up
used with set-up 2. Firstly, the stability of the dye laser, was improved by placing the
optical table further away from the vacuum pumps. To reduce vibrations of the table
surface, air cushioned legs were used. This and the greater distance between the laser
table and the set-up, required the use of an optical fiber, to deliver the beam to the setup. Secondly, to increase the amount of fluorescence detected, the fluorescence is imaged
directly onto the entrance slit of the monochromator without the use of an optical fiber.
This reduces transmission losses and optimizes the use of the acceptance angle of the
monochromator.
The new DSLIF set-up can be described in three general parts (excluding the production of the beam itself by the CW ring Dye laser):
• The optics, which handle the laser beam and couple it into the optical fibre.
• The beam delivery optics, which shape the beam and steer it into the plasma.
• The optical and electronic components, used to detect the fluorescence signal.
To reduce losses in the laser beam path, and to prevent dangerous levels of stray
light, all lenses are anti-reflection coated and all mirrors are high reflectance, dielectric
multilayer types.
Laser Table Optics
The layout of the elements on the laser optical table is given in figure 3.21.
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Figure 3.21: Schematic layout of the laser optical table, as it is used for DSLIF measurements on the set-up 2.
Firstly, the laser beam is sent through an optical diode, which consists of two polarizing
beamsplitters and a Faraday rotator. The optical diode prevents reflections, caused by
the optical elements further in the beam’s path, from re- entering the laser cavity. This
is necessary for stable laser operation. The optical diode itself is slightly misaligned, so
the reflection from the entrance beamsplitter does not feed back into the laser.
An optical glass beamsplitter separates two beams from the main beam. One beam
is passed through an iodine vapor cell onto a photodiode. The signal recorded from this
detector is used for the determination of the absolute frequency of the laser. The second
beam is expanded and projected onto a screen. The projection of the beam profile is used
during the alignment of the dye laser.
The main beam then passes through an achromatic lens, which focusses it on the
mechanical chopper. This results in a fast rise and fall of the intensity in the chopped
laser beam. Using a translating lens mount, the beam is aligned on the entrance of the
fiber coupler.
The laser beam, which has a diameter of ∼2 mm at this point, has to be coupled
into a single mode, polarization maintaining fiber, which has a core diameter of 3.5 µm.
For sufficiently accurate alignment, the Newport M-F-91-C1 optical fiber coupler is used.
This device uses a 20x microscope objective, a three-axis fiber translator and a two-axis
tilt stage to achieve submicron resolution. The 8 m long fiber runs through a flexible,
protective pipe to the ETS 1.3 set-up .
Beam Delivery Optics
The end of the optical fiber is mounted in a Newport M-F-91-C1-T fiber coupler. Using a
40x microscope objective and a three-axis translator, this coupler creates a 1 mm diameter
parallel beam. This fiber coupler and the other optical components are mounted on an
Newport X48 optical rail. The optical rail is fixed on the set-up platform, so that the
laser beam position does not change when the set-up table is moved in the horizontal or
vertical direction (see section set-up 2). A schematic drawing of the optical arrangement
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Figure 3.22: A schematic drawing of the DSLIF optics on the set-up 2 set-up , as seen
from the top. The laser beam enters underneath the matching network and is then raised to
the level of the central axis of the set-up , by a prism periscope. The beam is perpendicular
to the quartz plate and to the metal electrode. The mass spectrometer head emplacement
is shown in the metal electrode. The fluorescence is detected perpendicular to the laser
beam.
is shown in figure 3.22.
The 1 mm laser beam is expanded to 3 mm with a telescope consisting of a 10 mm and
a 30 mm convex lens. To get a well defined beam shape, the beam passes through a 3 mm
diaphragm. Two adjustable mirrors align the laser beam through a hole underneath the
matching network. Inside the set-up matching network, a prism periscope raises the beam
to the level of the set-ups central axis. The beam then passes through the quartz plate
and enters the plasma perpendicularly to the quartz plate and the metal electrode. The
length of the prism periscope can be varied, so that the laser beam can also be aligned at
several radial positions.
When the laser beam hits the metal electrode, it is reflected, causing a second peak
in the velocity distribution, as was described in section 3.3.5. If the laser is aligned on
the central axis, the mass spectrometer can be removed, and a Brewster window can be
placed behind the hole. Because the optical fiber maintains polarization, the polarization
of the laser beam can be properly aligned with the Brewster window for full transmission.
This results in a DSLIF spectrum without fluorescence caused by the reflection of the
laser beam.
Fluorescence Detection
The laser induced fluorescence is detected perpendicularly to the laser beam, as it is
pictured in figure 3.22. The detection region is imaged onto the entrance slit of a 60 cm
monochromator by a 400 mm and a 300 mm focal length lens, giving a magnification of the
detection region of 0.75. The slit of the monochromator is aligned parallel to the surface
of the metallic electrode. This results in a fluorescence detection volume as depicted in
figure 3.23, which is a thin slice of the laser beam, parallel to the electrode. The size of the
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Figure 3.23: The effective dimensions of the detection region are determined by the dimensions of the laser beam, the monochromator entrance slit and the opening angle of the
detection optics.

slit is chosen such that fluorescence over the whole width of the laser beam is detected,
and an axial resolution of 0.3 mm is achieved.
The detection lenses and the monochromator are placed on a separate table next to
the set-up . To align the detection system on the laser beam, the vacuum chamber can
be translated to the correct position. The light scattering from the metal electrode is
then aligned on the monochromator entrance slit, to find the correct height and the zero
position for the axial position. The monochromator is set up to detect the fluorescence
signal at 460.96 nm. The exit slit is opened as far as possible without detecting the two
large peaks, which flank the fluorescence peak on both sides. The light at the output
of the monochromator is detected by a Hamamatsu R1617 photomultiplier tube. At the
operating voltage of 980 V the gain is 8.105 .
The transition that produces the fluorescence also occurs spontaneously in the plasma,
causing a background for the LIF signal. The width of the laser beam is about a factor
of 100 smaller than the diameter of the plasma, and since the background emission is
collected over the entire width of the plasma, the background emission is very high.
Measurements show that the LIF signal, at its maximum, is 2% of the background signal.
To detect the small LIF signal, the laser beam is chopped at a frequency of 130 Hz and
the modulated LIF signal is detected by a SRS 830 lock-in amplifier. The detection phase
of the lock-in amplifier is set by maximizing the signal when the monochromator is tuned
to the laser wavelength.
In the DSLIF experiments on the old set-up, a typical integration time of 3 seconds was
used on the lock-in amplifier, to acquire “good looking” spectra. These long integration
times result in a shift of the LIF spectrum compared with the iodine reference spectrum.
To avoid this, the integration time has been reduced to typically 100 ms, which results in
a negligible shift. The rate at which the LIF signal is measured is increased to 10 Hz. The
signal from all the photons is therefore still acquired. The resulting spectrum is noiser, due
to the reduced signal to noise ratio for each datapoint. However, only the total number of
photons is relevant and if the total scan time is not changed, the information contained
in the spectrum is still the same.

3.4 I-V measurements
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Figure 3.24: Measuring system for the determination of the power absorbed in the discharge. A Pearson meter measures the current flowing through the antenna and a high
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3.4

I-V measurements

For a certain amount of power delivered by the RF source, only a fraction is really absorbed
by the plasma, the rest is lost in the dissipating elements of the matching network (in
our case we assume that these losses are concentrated in the antenna). These losses can
be substantial and hence the power supplied by the RF source can differ from the power
absorbed by the discharge. A conventional procedure to estimate the amount of power
lost by dissipation is conducted as follows [78–80]:
1. No gases are admitted into the chamber and then, for various RF input powers, the
current i flowing through the antenna is measured with a Pearson current meter on
the high voltage “leg” of the antenna (see figure 3.24). As there is no plasma, the
power only dissipates into the antenna. The RF input power is defined as the net
power coming out of the RF source. Because the direct reading of the apparatus is
not very precise, we inserted a bidirectional power meter (Bird electronic corporation
4410A), at the output of the source. The net power is then given by the difference
between the values of the forward and reflected readings of the power meter:
Bird
Pnet = P1 = PFBird
wd − PRef .

(3.51)

It is assumed that there is no difference between the power measured at the point
of the power meter and that supplied to the coil. Plotting the values obtained for
the current versus the net input power, a loss curve is obtained which can be fitted
as:
P1,loss = R0 i2 ,
(3.52)
where R0 represents the ohmic resistance of the unloaded antenna.
2. The current i and the input power P1 are measured a second time when the plasma
is ignited. This time the power can dissipate not only in the antenna but also in

66

Chapter 3: Plasma diagnostics
the plasma. For a given current i, using equation 3.52, it is possible to estimate the
amount of power which is lost into the antenna. The power Pabs effectively absorbed
by the only plasma is given by:
Pabs = P2 = P1 (i) − Ploss (i).

(3.53)

In figure 3.24, we also show a high voltage probe (Tektronix P6015A) which measures the
voltage applied to the antenna. From the RMS values of the current I1 and of the voltage
V1 it is possible to determine the phase (power factor cos φ) between them using
P1 = V1 I1 cos φ,

(3.54)

Combining these experimental measurements with a transformer coupled theory (see chapter 4), it is possible to access the internal parameters of the discharge.

Chapter 4
Inductively Coupled Plasmas:
Theoretical aspects and modelling

In this chapter, a basic electromagnetic theory describing Inductively Coupled Plasma (ICP) sources is introduced. The
possible heating mechanisms (collisional or collisionless) within
the discharge are discussed. Also a representation of the plasma
as a transformer coupled circuit is given and the links between
the plasma external and internal parameters are shown. Finally two different plasma model simulations are introduced.
All different theoretical aspects and modelling simulations presented in this chapter are required for the interpretation of the
experimental results of chapter 5.
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4.1

Introduction

In RF low pressure discharges electrical power is principally transferred to electrons which
become the hot species of the discharge. Through collisional processes with ions or neutrals, electrons lose some part of their energy to these heavy particles. However, the
transfer of energy is in general very inefficient and the plasma is far from equilibrium (by
which we mean that species temperature are different) with typical temperature values
of Te = 2 - 5 eV and Ti or Th = 0.026 - 0.1 eV [11]. At low pressures, where collisions
are highly reduced, discharges can be sustained in Inductively Coupled Plasma chambers,
indicating that collisionless processes are also involved in the heating of the discharge.
This chapter is laid as follows: after a short description of the electromagnetic fields
characteristic of an Inductively Coupled Plasma (ICP), possible heating mechanisms are
introduced and discussed. Inductively coupled plasma discharges can be represented as
a transformer coupled plasma where the RF powered antenna is the first turn of the
transformer and the plasma the second turn. In the third section of this chapter, a
transformer formalism is employed to simply model the ICP as an electrical circuit. The
fourth section of this chapter presents the two possible modes of operation of an ICP: the
E-mode and the H-mode. Finally, the volume averaged global model of Lieberman and
Gottscho [81] and the hybrid plasma simulator HPEM of Kushner et al. [37–40] are briefly
described. In chapter 5, the computed results of these two models are compared with
experimental measurements performed in the two plasma sources described in chapter 2.

4.2

Electromagnetic theory of an ICP discharge

When an electrical RF power is applied to the antenna of an ICP, a time dependent
magnetic field H (r, t) is created and an induced RF time dependent electrical field E(r, t)
arises according to Faraday’s law.
∇ × E = −µ0

∂H
,
∂t

(4.1)

where µ0 = 4π× 10−7 H.m−1 is the permeability of free space. The bold quantities represent vectors. For the rest of this section, we express physical time-dependent quantities
A as a function of their complex amplitude Ã:
h
i
A(t) = Re Ãejωrf t ,
(4.2)
where ωrf is the rf field angular frequency.
In cylindrical coordinates, the electric and magnetic fields can be expressed accordingly:
i
h
(4.3)
E(r, θ, z, t) = Re Ẽ(r, θ, z)ejωrf t ,
and

h
i
H(r, θ, z, t) = Re H̃(r, θ, z)ejωrf t .

(4.4)

In case of a planar coil ICP with an axisymmetric geometry, the generated magnetic field
has two components H̃r (r, z) and H̃z (r, z) along the radius of the coil and the axis of
the chamber: H̃ ≡ (H̃r , 0, H̃z ). Wendt [82] showed that in absence of plasma, the field
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Figure 4.1: RF magnetic lines (B = µ0 H) near a planar inductive coil (b) without nearby
plasma and (b) with nearby plasma (after [82]). The azimuthal field is also indicated
lines encircle the coil and extend outwards (figure 4.1(a)). When the plasma is burning
the field lines are confined to the vicinity of the coil and to the axis of symmetry (figure
4.1(b)). Along the z direction, the H̃z (r, z) component is predominant whereas away from
the axis, it is the H̃r (r, z) component which is large. Following Faraday’s law (equation
4.1), the induced electric field is an azimuthal electrical field Ẽ ≡ (0, Ẽθ , 0), of component
Ẽθ (r, z). The second Maxwell’s equation links the electric field E with an associated
current density J:
∂E
+ J.
(4.5)
∇ × H = ²0
∂t
The first term on the right hand side represents the displacement current. This term can
be neglected in our inductively coupled discharge as ωrf is always far smaller than the
plasma frequency, ωpe
s
ωpe =

e2 ne
,
²0 me

(4.6)

Consequently, equation 4.5 can be rewritten as:
∇ × H = J,

(4.7)

also the current density J can be expressed as a function of its complex amplitude J̃:
h
i
jωrf t
J(r, θ, z, t) = Re J̃(r, θ, z)e
,
(4.8)
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J is also azimuthal J̃ ≡ (0, J˜θ , 0) and linked to the electric field by Ohm’s law, J˜θ = σp Ẽθ ,
where σp is a complex plasma conductivity defined below. The equations 4.1 and 4.7 can
be rewritten as:
∇ × Ẽ = −µ0 jwrf H̃,

(4.9)

∇ × H̃ = σp Ẽ

(4.10)

and

As previously mentioned, the magnetic field has only components along the r and z
direction so that H̃θ = 0. Moreover, since we deal with an axisymmetrical plasma, we may
state that the derivatives with respect to θ are all equal to zero (∂/∂θ = 0). Therefore, the
only ∇ × H̃ component which remains is (∇ × H̃)θ and from the substitution of equation
4.10 into 4.9, we obtain:
∇2 · Ẽθ = jωrf µ0 σp Ẽθ

(4.11)

Equations 4.9 and 4.11 are rewritten in terms of the quantities Ẽθ , H̃r and H̃z :
1 ∂
r ∂r

Ã

∂ Ẽθ
r
∂r

!
−

Ẽθ ∂ 2 Ẽθ
+
= jωrf µ0 σp Ẽθ
r2
∂z 2

(4.12)

∂ Ẽθ
= jωrf µ0 H̃r ,
∂z

(4.13)

1 ∂(rẼθ )
= −jωrf µ0 H̃z .
r ∂r

(4.14)

The radial dependence of the azimuthal electrical field can be written as:
µ0 jωrf
Ẽθ (r) = −
r

Z

r

r0 H̃z (r0 )dr0 ,

(4.15)

0

Also using Ampere’s law, the radial dependence of the azimuthal current density J˜θ is
given by:
dH̃r dH̃z
J˜θ (r) = (
−
).
dz
dr

(4.16)

The required components of the magnetic induction can be measured with a simple wire
probe [83]. Measurements [19] have shown that the magnetic field has a radial maximum
at a radius rm from the axis. Consequently, the power absorbed by the discharge, defined
as
´
1 ³˜
∗
(4.17)
Pabs = Re Jθ × Ẽθ ,
2
has a profile characterized by a toroidal shape (“donut shape”), hollow in the center of
the discharge and with a maximum at the location of the highest field.
Now we have established the link between Pabs and the RF fields, we need to examine
how this power is absorbed
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Heating processes
Collisional heating

The azimuthal oscillating electrical field given by:
h
i
Eθ (t) = Re Ẽθ (r, z)e(jωrf t) ,

(4.18)

will give rise to a mean electron velocity given by:
£
¤
uθ,e (t) = Re ũθ,e (r, z)e(jωrf t)

(4.19)

The concept of ohmic heating will now be introduced by adressing successively both cases
of fully collisionless electrons and of collisional electrons in the discharge.
a) Collisionless electrons
Here we assume that the electrons do not undergo any collisions. In that case, the only
force applied to an electron of mass is the electrostatic force and its equation of motion
is reduced to:
duθ,e (t)
me
= −eEθ (t),
(4.20)
dt
From equations 4.18, 4.19 and 4.20 we obtain:
ũθ,e = −

e 1
Ẽθ
me jωrf

(4.21)

This mean electron velocity leads to a current density J˜θ given by:
J˜θ = −ene ũθ,e ,
where J˜θ is the complex amplitude of Jθ defined by
h
i
Jθ (t) = Re J˜θ (r, z)e(jωrf t) .

(4.22)

(4.23)

In equation 4.22, e is the charge of an electron and ne is the number of electrons per unit
volume (electron density). By substituting equation 4.21 in equation 4.22, we obtain:
²0 ωpe 2
J˜θ =
Ẽθ ,
jωrf

(4.24)

where ωpe is the plasma frequency defined in equation 4.6. Consequently, when electrons
experience no collisions and have a velocity which lags 90◦ behind the electrical field, the
resulting power deposition defined in equation 4.17 is zero.
b) Collisional electrons
The collisionless behavior of the electrons which was previously assumed is not realistic:
electrons do collide with neutrals and charged particles so that their phase coherence of
motion is destroyed. This randomization of the electron motion is an essential aspect of
the ohmic heating of the electron gas. In our inductively coupled source, the plasma is
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weakly ionized so that we can make the assumption that the electrons collide mainly with
neutrals, with a collision frequency for momentum transfer νen . With the introduction of
friction, equation 4.20 becomes:
me

duθ,e (t)
= −eEθ (t) − me νen uθ,e (t).
dt

(4.25)

With the equations 4.18 and 4.19 and equation 4.25 the following relation between the
complex amplitude of velocity and electric field is established:
ũθ,e = −

e
1
Ẽθ
me jωrf + νen

(4.26)

Using equation 4.22 the current density can be expressed as:
J˜θ =

2
²0 ωpe
Ẽθ = σp Ẽθ ,
jωrf + νen

(4.27)

where the complex plasma conductivity σp is defined as:
σp =

e2 ne
m(νen + jωrf )

(4.28)

Using equation 4.17 the time averaged power deposition becomes:
P =

2
Eθ2 νen
e2 ne νen
1 ²0 ωpe
1 2
E
=
2 + ω2
2 + ω2 )
2 νen
2 θ me (νen
rf
rf

(4.29)

Therefore, when electrons undergo collisions, the randomization of their phase coherence
of motion allows for a transfer of energy to the heavy particles. Because this type of
heating occurs when collisions are present, which is inherent to the fact that the plasma
has a non zero resistivity, it is called collisional heating or ohmic heating by analogy with
ohmic resistances.
In an inductively coupled plasma discharge, the power is transferred from the electric
fields to the plasma within a skin depth layer of scale length thickness δ. The ohmic heating
and collisionless heating previously mentioned are associated to some classical skin depths
that we will now introduce. The electric field is assumed to decay exponentially in the
z direction according to Eθ (r, z) ∝ Eθ0 e(−γz) [84, 85]. Keeping the same assumptions of
a harmonic dependence of the electrical field and of a negligible displacement current in
comparison to the conduction current, then from equation 4.12, one obtains:
d2 Ẽθ
= jωrf µ0 σp Ẽθ .
dz 2
Usually, one defines two parameters δ and β which are respectively given by:
³p
´
1
= Re
jwµ0 σp ,
δ
and
β = Im

³p

(4.30)

(4.31)

´
jwµ0 σp ,

(4.32)
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where σp is the complex conductivity of a cold plasma defined in equation 4.28. The
solution of equation 4.30 is then given by:
Eθ = Eθ0 exp

−z
cos(ωrf t − βz),
δ

(4.33)

where β is the propagation constant and δ the skin depth representative of a distance
over which the field decays exponentially (with phase changes). The skin depth δ can be
rewritten [86]:
δ0
δ=
,
(4.34)
cos 2²
with the parameters δ0 and ² defined by:
"
#2
1
νen
= arccos
,
² = arctan
ωrf
1 + ωνen
rf
and
c
δ0 =
ωpe

Ã

ν2
1 + en
2
ωrf

(4.35)

! 41
(4.36)

The skin depth allows us to distinguish two heating regimes established in the limit of
plasmas with large and small collision frequencies:
• Collisional limit (νen À ωrf ):
In this case, which is typical for high pressure plasmas, ² = π/2 and the classical
(or collisional) skin depth is given by:
s
s
c
2νen
2
δ = δc =
=
.
(4.37)
ωpe ωrf
ωrf µ0 σdc
The RF energy is collisionally dissipated within the skin layer.
• Collisionless limit (νen ¿ ωrf )
This time, ² = 0 and the skin depth is given by:
δ = δp =

c
.
ωpe

(4.38)

In this case, the electrons oscillate within the skin layer without net energy consumption. The wave is completely reflected from the plasma . Only an imperfect
total reflection can contribute to heating in that case.

4.3.2

Collisionless heating

At high pressures, the greater number of collisions enhance collisional heating whereas for
low pressures, the collisions are reduced to a minimum and ohmic heating is negligible.
The fast electrons can escape from the discharge and this latter should consequently
get extinguished. Surprisingly, plasmas can be sustained at very low pressures (below
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1 mTorr) in ICP sources. This is a sign that a process other than collisional heating is
present which contributes to the plasma heating.
We saw previously, that it is the randomization of the phase coherent motion of individual electrons which is responsible for the energy transfer. This can also be interpreted
as a nonuniform force applied on the electrons due to collisions. An important conclusion is that any spatially non-uniform field should be able to create the same effect: For
example, in the conventional picture of a plasma as being a bulk region surrounded by
space charges regions at the walls, high non uniform fields are present and can contribute
to the randomization of the electron motion. This effect has been found and studied in
parallel plate reactors (Capacitively Coupled Plasmas sources) and ICP’s and is usually
referred as collisionless or stochastic heating. Stochastic refers to the randomization of
the phases of individual motion.
To understand the process, it is necessary to realize that collisionless heating is a warm
plasma effect [87]. In the case of a warm plasma, the electrons are in thermal motion.
The electrical field is confined to a certain skin depth close to the quartz plate, but if the
electrons possessing some thermal motion are fast enough to cross this region before the
field goes through an entire period, then they acquire some energy that they can carry
away from this skin layer. Outside the skin layer, no RF field is present and the energy
can be distributed to the heavy particles.
Such a phenomenon was first reported by Pippard in 1949 in relation to superconductors [88]. Since then it has been applied to collisionless plasmas when the skin depth
δa for the so-called anomalous skin effect is much smaller than λe the electron-neutral
mean free path for momentum transfer. With v e the thermal velocity of electrons, the
anomalous skin effect appears when the following expression is satisfied:
ωrf ¿
with

ve
,
δa

µ
¶1
c v e ωpe 3
δa =
.
ωpe 2cωrf

(4.39)

(4.40)

The anomalous skin effect arises from a strong non-local relation between the current
and the field. Ohm’s law doesn’t hold anymore and the thermal motion of electrons
results in a spatial dispersion of the plasma conductivity. In fact it is not the skin effect
which creates the anomalous effect, it is the spatially inhomogeneous field itself. In an
ICP (independent of plasma density), the RF field is inhomogeneous as if there is a skin
effect [79].

4.3.3

Effective collision frequency

Up to now, all epressions implicitly used Maxwellian EEDF and the electron-atom collision
frequency νen was assumed to be a constant. In reality, νen and ωrf must be replaced
by some effective νef f and ωef f both being integrals over the energy ε of the particular
EEDF and the ωrf and νen .
The total effective momentum transfer electron collision frequency consists of the electronneutral collision frequency νen to which the stochastic collision frequency νst and the
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electron-ion collision frequency are added:
νef f = νen + νst + νei

(4.41)

The values of ωef f and νen are obtained by equating the classical expression for plasma
conductivity given in equation 4.28 (with ωrf replaced by ωef f ) with that given by kinetic
theory [89]:
Z
2ne e2 ∞
ε3/2
dg
σ=−
dε,
(4.42)
3me 0 [νc (ε) + jωrf ] dε
where the function g(ε) is the electron probability function defined in chapter 3 and νc (ε)
is the differential collision frequency for momentum transfer defined by:
µ
¶1/2
2eε
νc = ng σc (ε)
,
(4.43)
me
with σc is the total momentum transfer collision cross section. As will be shown in chapter
5 of this thesis, for our conditions of operation, the difference between ωrf and ωef f is
very small. Consequently, we kept the value of ωrf for the calculations.
The stochastic frequency νst has been defined by Vahedi et al. [90] by equating the
collisionless power, at low pressure where almost all the energy is deposited in the electrons through the collisionless (anomalous heating) mechanism, to an effective collisional
heating power. For our pressure and frequency range, νst is given by
νst ≈

1 ve
4 δa

(4.44)

where ve is the electron thermal velocity defined in 3.10. Finally the electron-ion collision
frequency is obtained from the expression of Miyamoto [91]
νei =

ne e4 ln Λ
1/2

4π²20 me (eTe )

where ln Λ is the Coulomb logarithm given as [92]
"
#
1/2
ne Te −3/2
ln Λ = 23 − ln
102

(4.45)

(4.46)

with Te in eV and Te <10 eV and ne in m−3 .
A comparison of the various collision frequencies can give information on the predominant heating mechanism. For example, at low pressures, where collisions are reduced,
the stochastic frequency is expected to be an important part of the total effective collision frequency, whereas at high pressure, where collisions are important, the momentum
transfer electron-neutral frequency is expected to be the largest part. At intermediate
pressures, both may play a role.

4.4

Inductively Coupled Plasma: A Transformer Coupled Plasma

Inductively Coupled Plasmas are also called Transformer Coupled Plasmas (TCP) for a
good reason: a transformer consists usually of two physical coils of various turns with a
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Figure 4.2: The electrical circuit (a) represents the so-called transformer coupled plasma
formed by the antenna and the plasma where the exciting coil and the plasma are the first
and the second turn of the transformer respectively. (b) and (c) are alternative representations of the transformer where the second turn elements are expressed as function of the
primary current circulating into the antenna. (Note: The subscript rf of ωrf is omitted
here)
ferrite core placed in between. The ICP configuration does not differ so much from it
if one refers to the antenna as the first turn of a transformer and to the plasma as the
second turn of this transformer.
The transformer coupled model presented here has been developed by Piejak et al
[78]. The advantage of his approach compared to previous attempts [93, 94] is that it
only considers the integral parameters of the discharge (discharge current, voltage and
power) regardless of their spatial distributions. This simplifies the solution of the Maxwell
equations. Also it doesn’t require the plasma density distribution and the RF power
dissipation mechanism. Using a simple transformer formalism, formulae can be written
linking the external parameters such as the current flowing through the coil to the internal
parameters of the discharge such as the impedance of the plasma.

4.4.1

Transformer formalism

In a transformer formalism, the RF powered coil is the first turn of an air-core transformer
as shown in figure 4.2(a). The impedance of this primary coil is the sum of a resistance
and an inductance given by: Z0 = R0 + jωL0 . When a voltage of RMS value V1 is applied
to the antenna, a current of RMS value I1 circulates into the so-called primary coil circuit
whereas a current I2 circulates into the secondary circuit of the transformer.
The impedance of the second turn of the transformer which is the plasma itself, is given
0
0
by Z2 = R2 + jωL2 where R2 is the plasma resistance and L2 is the plasma inductance.
0
0
L2 can be decomposed into two components: L2 = L2 + Le where L2 is the geometrical
inductance coupled to the antenna via a mutual inductance M and Le = (R2 /νef f ) is the
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electron inertia inductance.
Using a basic circuit analysis procedure, it is straightforward to transform the circuit
of figure 4.2(a) into the equivalent circuits of figure 4.2(b) and 4.2(c). The electrical
characteristics of the secondary circuit are then expressed as a function of the primary
circuit current. The equivalent impedance of the primary coil and of the plasma as seen
in the primary circuit is:
·
Z1 = R1 + jωL1 = R0 +

"

¸

2 2

ω k L0 L2 R2
+ jω L0 − ωk 2 L0 L2
2
|Z2 |

[ωL2 + ( νefω f )R2 ]
|Z2 |2

#
(4.47)

Where the coupling coefficient is related to the mutual inductance M by

and

M 2 = k 2 L0 L2

(4.48)

·
¸2
ω
|Z2 | = ωL2 + (
)R2 + R22
νef f

(4.49)

2

R1 and L1 are the resistance and inductance of the loaded coil. Changes in the primary
resistance ρ and reactance ζ of the coil are then:
ρ = R1 − R0 =

ω 2 k 2 L0 L2 R2
|Z2 |2

2

ζ = ω(L1 − L0 ) = −ωk L0 L2

[ωL2 + ( νefω f )R2 ]
|Z2 |2

(4.50)
(4.51)

The coupling coefficient k, the quality factor of the circuit Q2 , and the power dissipated
in the plasma P2 can be expressed as functions of ρ and ζ:
k2 =

ζ 2 + ρ2
X0 [−ζ − ρ( νefω f )]

(4.52)

Q2 =

ωL2
ω
−ζ
+
=
R2
νef f
ρ

(4.53)

P2 = I12 ρ

(4.54)

If we call P1 = I1 V1 cos φ the power delivered to the loaded primary coil with cos φ the
power factor (phase difference between V1 and I1 ), R1 and L1 can be related to P1 by the
following expressions:
V1
cos φ
(4.55)
R1 =
I1
V1
sin φ
(4.56)
ωL1 =
I1
and if we designate η as the power transfer efficiency from the antenna to the plasma,
we have P2 = ηP1 . η is measured by taking into account the losses in the matching
circuit and the power dissipated in the antenna when there is no plasma. In general the
forward and reflected powers at the exit of the RF power source are measured while the
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current and the voltage on the antenna are recorded with in our case a high voltage probe
and a current transformer. The measurements are performed with and without plasma.
For a given input power it is then possible to determine the actual dissipated power by
subtracting the power losses from the total power.
Measuring the external current and voltage on the antenna, and the values of the
impedance of the unloaded primary coil renders possible to access the values of the internal
parameters of the discharge such as the power dissipated into the discharge. Also as will
be shown in chapter 5 of this thesis, it also allows for the experimental determination of
the total collision frequency νef f which can further be compared with its theoretical value
estimated in section 4.3.3 with equation 4.41.

4.5

E-mode and H-mode

When the RF power applied to the exciting coil of an ICP is gradually increased, the
discharge first breaks down into a dim low-density plasma localized close to the antenna
before “jumping” to a bright high-density one. This phenomenon has been largely documented [95–97] and is usually referenced as the E-to-H mode jump. The so-called E-mode
is a discharge which is governed by the influence of a direct electrostatic field. As the RF
power is high, high-voltage differences appear across the antenna which generates direct
electrostatic field lines inside the discharge. This coupling is then capacitive specific to
parallel plates reactors or Capacitively Coupled Plasma discharges (see chapter 1). The
E-mode is the low-density mode in the ICP. On the other hand, the plasma existing in
a H-mode is primarily sustained by an electric field inductively created by the varying
magnetic field H of the antenna. The plasma is then in the inductive mode and in the
high-density mode. When the plasma is in the H-mode, the stray capacitive coupling is
reduced due to a strong skin effect but its contribution is nevertheless still present. If
desired, it is possible to insert a Faraday shield (see chapter 2) to minimize the effect.
However in industrial practice it is usually not used as the power coupling efficiency is
strongly diminished.

4.6

Modelling

The possible combinations of operating parameters (source geometry and design, power,
pressure, frequency, bias and gas mixture) are many and lead to a variety of possible
plasma properties [98]. For the microelectronics or lighting industries, understanding the
plasma processes occurring inside the discharge often represents the key to the optimization of existing plasma sources or to the design of new reactors [99]. Computer simulations
are used to gain insight into the physicochemical processes occurring in plasma chambers
and aid in the explanation of experimental results. In chapter 5 of this thesis, we compare
our experimental measurements with some computed data of the global (volume averaged)
model of Lieberman and Gottscho [81] and of a hybrid model of Kushner [37–40]. These
two models are presented briefly in this section.
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Global model of an electropositive discharge: example of
an argon plasma

This global (volume averaged) model was developed by Lieberman and Gottscho in 1994
[81]. In a global model, possible complexity arising when spatial variations are taken into
account is neglected. Densities are spatially averaged with respect to the volume of the
discharge. In a cylindrical reactor of radius R and length L, the densities of particles can
be expressed as:
1
n=
2π
πR2 L

Z

Z

R

L

rdr
0

n(r, z)dz

(4.57)

0

In an electropositive discharge (such as an argon plasma), a flat density profile (see
figure 4.3) is assumed for the positive ion density ni , except near the walls where the
density is assumed to drop sharply to a sheath-edge density ns .

R

Ion density profile

L

ni
ns

L or R

a)

b)

Figure 4.3: a) cylindrical geometry used for the global model, b) ion density profile used
in the global model. At the wall the density drops sharply to a sheath-edge density ns .
The exact relation between the axial (or radial) edge and the centre density values
depends on the ion-neutral mean free path λi and the dimensions of the discharge. The
parameter λi is calculated from λi = ng σi −1 where σi represents the total cross section
for ion-neutral collisions and ng , the neutral gas density. In argon, the cross sections for
resonant charge transfer and elastic scattering dominate. For typical plasma conditions
where the temperature of the heavy particles is assumed to not exceed 0.5 eV, a constant
value σi = 10−14 cm2 is accepted [11].
The global model is used in chapter 5 for the two plasma chambers described in
chapter 2. The dimensions for volume averaging are taken to be corresponding to the
limits of the visible glow into the chamber in the inductive mode operation. In set-up 1,
the dimensions of the plasma are taken to be L1 = 6.3 cm (gap between the quartz plate
and the metallic electrode) and R1 = 9 cm. This latter radius corresponds roughly to
the diameter of the quartz plate holder. Similarly, in set-up 2, the dimensions are taken
to L2 = 4 cm and R2 = 15 cm. When the plasma is in the H-mode the plasma glow
is confined within these chosen dimensions. In the E-mode, the discharge expands in
the vessel outside the dimensions just specified and these values are then not anymore
characteristic of a good volume representation for the model. However, in the simulations
performed in this thesis, the plasma is most of the time in the high density mode, so that
the chosen discharge dimensions should be a good approximation.
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For a gas temperature taken to be equal to 600 K on average [42], and pressures between
5 and 50 mTorr, the values of λi always remain equal or smaller than the axial or radial
dimensions of the discharges. For the typical range of electron temperatures between 2
and 6 eV, and ion temperatures smaller than 0.5 eV the expression
(R, L) ≥ λi ≥

Ti
(R, L)
Te

(4.58)

is always satisfied. There, one talks about the low-to-intermediate pressure regime where
the transport of particles is diffusive and non-linear [11].
Accounting both for non-linear diffusion and the transition to a free fall ion loss profile
at the low pressure limit, Godyak and Maximov [100, 101] have given heuristic equations
for the axial sheath density ns,axial and for the radial sheath density ns,radial in terms of
dimensionless quantities hL and hR defined as:
hL =

0.86
ns,axial
=q
,
ni
3 + 2λLi

(4.59)

hR =

ns,radial
0.80
=q
.
ni
4 + λRi

(4.60)

and

Particle balance and electron temperature
In a steady state discharge, the number of charged particles produced by ionization in the
volume of the discharge equals the number of particles destroyed by recombination or by
ambipolar diffusion at the surface bounding the volume.
According to the literature [102], the rate constant for 3-body recombination:
Ar+ + 2e− → Ar + e−

(4.61)

is in the order of 10−23 m3 ·s−1 (for Te = 3 eV, ni = 1017 m−3 ) and can be neglected. Also,
a simple comparison between the losses by diffusion and those by radiative recombination:
Ar+ + e− → Ar + hν

(4.62)

can be neglected in our discharges. In argon, the rate constant for radiative recombination is for typical values of Te = 3 eV, ni = 1017 m−3 equal to krec =10−19 m3 ·s−1 [102].
For a cubic volume V of 1 dm3 , this means a loss of particles given by the reaction rate
Rrec = krec ne ni 10−3 = 1012 s−1 . The number of ions which is lost per second
at the
p
surface is in a coarse approximation given by: Ramb ≈ uB ni A, where uB = (kB Te )/Mi
is the Bohm velocity, and A the surface for ion loss. The surface area is equal to 6×
10−2 m−2 . For an arbitrary Bohm velocity of 5 × 103 m·s−1 , and a density ni = 1017 cm−3 ,
Ramb = 3 × 1019 s−1 . Consequently, the particle loss rate by recombination is negligible
compared to the diffusion losses and is neglected in the rest of the model.
The ion continuity equation describes the conservation of ions:
−
→
→
ui ) = νiz ne ,
∇ · (ni −

(4.63)
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→
where −
ui represents the drift velocity of the ions. The collision frequency νiz , is equal to
the product of the gas density ng with the rate constant for electron neutral ionization
kiz : νiz = ng kiz . The left hand side of equation 4.63 represents the diffusion of the ions
to the walls and the right hand side the ionization of the neutrals to produce ions. In the
electropositive discharge, quasineutrality (ni = ne ) is assumed in the bulk and equation
4.63 can be rewritten as:
→
−
−
∇ · (n→
ui ) = νiz n.
(4.64)
with n, the charged particles density equal to ni and ne . If this latter equation is integrated
over a volume V bounded by a close surface S, then it states that the net number of
particles per second generated within V equals the number that flows across the surface
S:
Z
Z
→
−
→
−
∇ · (n ui )dV =
νiz ndV
(4.65)
V

V

Using the theorem of Green-Ostrogradsky, equation 4.65 is rewritten as:
Z
Z
→
−
(n ui )dS =
νiz ndV
S

(4.66)

V

At the p
surface boundaries, the ion velocity is assumed to be equal to the Bohm velocity
uB =
(kB Te )Mi and the ion densities at the axial and radial sheaths are given by
equations 4.59 and 4.60, respectively. The integration finally gives:
nuB (2πR2 hL + 2πRLhR ) = kiz ng nπR2 L.

(4.67)

Introducing an effective plasma size def f ,
def f =

RL
1
,
2 RhL + LhR

(4.68)

the particle balance can be rewritten as:
kiz (Te )
1
=
uB (Te )
ng def f

(4.69)

kiz is taken equal to kiz =5×10−14 e(−15.75/Te ) cm3 ·s−1 [11], with Te in eV. Using these
parameters, Te can be deduced from equation 4.69, as a function of the neutral gas
pressure and the geometry of the system solely. Note that the RF power coupled in the
discharge and the plasma density are not involved in this calculation. Thus the electron
temperature does in the first order not depend on the power supplied to the discharge.
Energy balance and plasma density
Once the electron temperature has been obtained from the particle balance, it is possible
to determine the value of the plasma density from the energy balance for the electrons.
Indeed, for a given electron temperature, the energy that must be supplied to support an
electron-ion pair over its lifetime is also fixed. The plasma charged particles density n is
proportional to the power dissipated by the discharge electrons according to [95]:
n=

Pabs
,
uB Aef f εT (Te )

(4.70)
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where Pabs corresponds to the RF power absorbed by the discharge (that is the power
dissipated by the electrons) and Aef f is an effective area defined by
Aef f = 2πR(RhL + LhR )

(4.71)

εT = εc + εe + εi is the total electron energy lost per ion lost from the system. The
quantity εe ∼ 2Te is the mean kinetic energy lost per ion lost. The quantity εi represents
the energy lost by the ion when it bombards a wall surface: it is the sum of the ion energy
entering the sheath and the energy gained as it traverses the sheath. The assumption of a
Bohm velocity when the ion enters the sheath leads to an energy of Te /2. The potential
over the sheath is taken to be equal to [11]
¶
µ
Te
M
∼ 4.7Te ,
(4.72)
Vs =
ln
2
2πm
so that εi ∼ 5.2Te . Finally εc is expressed as:
εc = εiz + εex

kex kel 3m
+
Te
kiz
kiz M

(4.73)

The first term on the R.H.S. of equation 4.73 accounts for the loss of electron energy due to
the ionization of an argon neutral (εiz = 15.8 eV). The second term concerns the possible
excitation processes and finally, the last term takes into account the elastic (polarization)
scattering against neutral atoms. In the latter term, (3mTe /M) corresponds to the mean
energy lost per electron for a polarization scattering.
The rate coefficients kex and kel are taken to be: kex = 3.71 × 10−8 e(−15.06/Te ) cm3 ·s−1
[103] and kel = 1 × 10−13 m3 ·s−1 [11].
Conclusions of this model
Electron temperature and plasma density can easily be obtained with a simple global (volume averaged) model. The disadvantage of this method is that spatial non-uniformities
are not resolved. Also the choice of the integration volume can lead to possible deviations
from the experimental values. Nevertheless, the global model provides very useful mains
to rapidly determine the charged particles density and the electron temperature for a
comparison with experimental results.

4.6.2

The Hybrid Plasma Equipment Model

The second model used in this thesis is the hybrid model developed by Kushner et al.
[37–40]. Hybrid simulations contain both fluid and kinetic simulations. Fluid simulations
use moments of the Boltzman equation to describe species density, momentum and energy
conservation. Kinetic simulations such as Particle-In-Cell (PIC) or Monte-Carlo Collisions
(MCC) yield the particle distribution functions as an output of the simulation. The
simulation proposed by Kushner et al. consists of such modular approach. Detailed
descriptions of the model have been given in numerous articles [37–40] and only the main
principles are briefly described here.
The model is a 2-dimensional simulation program called Hybrid Plasma Equipment Model
(HPEM). It is composed of 3 coupled modules: the electromagnetic module (EMM),
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Figure 4.4: Geometry used for the HPEM simulator. The antenna, is assimilated to three
concentric rings. This figure represents a 2-D plot of the ion density in an argon discharge
at 5 mTorr and 400 W.
the electron energy transport module (EETM) and a fluid kinetics module (FKM). In
the EMM module, Maxwell’s equations are solved to obtain the electromagnetic fields
generated by the external antenna and the subsequent plasma currents. These fields are
then used in the EETM module to determine the EEDFs, electron transport coefficients
and electron impact source functions. The EETM module offers two options: a fluid
approach [40], or a Monte Carlo simulation of the electron properties (EMCS) [38,39]. In
this work, the EMCS option is used. The electron parameters obtained from the EMCS
are transferred to the FKM module where momentum, continuity and energy equations
are solved for all heavy particles. A drift diffusion formulation is used for electrons
to enable an implicit solution of Poisson’s equation for the electrostatic potential [104]
in the FKM module. The electrostatic fields are then cycled back to the EMCS, and
the plasma conductivity to the EMM. An iteration procedure through the modules is
repeated until the solution converges. In section 4.3.2, we have seen that collisionless
heating linked to warm-plasma effects and non-local behaviour can be expected at low
pressures (below ∼ 10 mTorr). In particular, the conventional cold-plasma approximation
Ohm’s law (equation 4.27) can no longer be employed. To overcome this problem and
capture the complete range (from collisional to collisionless) of heating mechanisms, the
plasma current is calculated from the EMCS module and re-introduced into the Maxwell’s
equations to calculate the electromagnetic fields self-consistently [105].
Remarks
• The HPEM model does not take into account the possible superimposed capacitive
coupling originating from the high voltage powered coil.
• A recent development of the model has improved the EMCS module by including
electron-electron collisions in the simulation [104]. Indeed, in regimes dominated by
non-collisional heating, the EEDF’s were found to be significantly depleted at low
energies within the classical electromagnetic skin depth. Neglecting this effect can
lead to errors on the determination of the thermal motion of the electrons.
• The advantage of the HPEM model over the global model is that it provides detailed
information about the spatial variations of the plasma parameters.
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HPEM outputs
In this thesis, the HPEM simulator was used to obtain 2-D plots of the electron temperature and of the ion density in set-up 2. Figure 4.4 shows an example of 2-D density profile
in an argon plasma at 5 mTorr and 400 W. Besides the 2-D plots, axial ion velocities
were also calculated to allow a comparison with the experimental results of the DSLIF
technique. Local velocities are obtained by using the Monte Carlo Plasma Chemistry
Module of the HPEM model [106].

4.7

Conclusion

In this chapter, we have made the connection between the external applied RF fields and
the power absorbed by the plasma. The means to dissipate power into the discharge either
by collisional or collisionless processes have been subsequently sought. The existence
of two modes of operation in the ICP discharges have been introduced. Then the ICP
discharges have been described as transformers coupled discharges by relating the external
plasma parameters such as current and voltage applied to the antenna to the internal
plasma parameters such as the plasma impedance. Finally, a global (volume averaged)
model has been presented and we reviewed the capabilities of the HPEM fluid model for
our ICP discharges.

Chapter 5
Power distribution in two
Inductively Coupled Plasma sources

Two low pressure Inductively Coupled Plasma set-ups, which
have different geometries and antenna are compared. A combination of plasma phase diagnostics including Langmuir probes,
Doppler Shifted Laser Induced Fluorescence and energy resolved
mass spectrometry is employed to determine plasma parameters. We concentrate on the RF power distribution inside the
discharge with respect to the differences of the two set-ups.
Heating mechanisms responsible for the discharge production
and stability are presented. The ion transport from the bulk
plasma up to the wall surfaces is investigated and the existence of a distinct pre-acceleration region before the sheath is
reviewed. Also possible collisional effects in the sheaths are
presented. The experimental data are further compared with
results from a global volume averaged model and a self consistent numerical hybrid model.
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5.1

Introduction

In this chapter, we compare two low pressure Inductively Coupled Plasma (ICP) sources
which have different geometries and antenna. The reader is referred to chapter 2 of this
thesis for a thorough description of the two set-ups. The study is made in pure argon.
The chapter is laid out as follows: The first section investigates the power absorbed by
the discharge by studying the RF power coupling efficiency to the plasma for each of the
sources. The second section presents the plasma parameters measured in both set-ups for
various plasma conditions and relates them to the possible heating mechanisms occurring
in the discharge. Then in the third section, the plasma uniformity is investigated and the
results are linked to the geometrical constructions of set-up 1 and set-up 2 and to the
design of their respective antenna. The fourth section deals with the transport of ions
from the bulk plasma to the walls. The acceleration regions before the sheaths are studied
with Doppler Shifted Laser Induced Fluorescence. The final acceleration of the ions in
the sheaths is recorded with an energy resolved mass spectrometer and relates the shape
of the Ion Energy Distributions to the nature of the sheaths (collisional or collisionless),
DC or RF. The next section is devoted to the verification of the independent control of
the ion density and of the bombarding energy of the ions. Finally the last section of the
chapter proposes a simple energy balance to describe the partition of the RF power into
various dissipation mechanisms in set-up 1 and set-up 2. Some conclusions are given on
the efficiency of the two sources.

5.2

RF power transfer

In RF driven discharges such as low pressure Inductively Coupled Plasma (ICP) discharges, the electrons are the only particles in the discharge able to respond instantaneously to the exciting frequency, so that they are the only particles which can be directly
heated by the RF field. Heavy particles, which do not respond to the RF modulation,
do not directly absorb energy: this process must occur via a transfer of energy from the
hot electrons to the heavy particles. Depending on the pressure and/or on the energy
that the electrons have gathered in the heating field, the efficiency of the transfer varies
and the ions acquire energies changing accordingly. In conclusion, the plasma properties
primarily rely on the power absorbed by the electrons. Experimental results published in
literature are often presented as function of the total RF source power which is injected
into the loaded matching network. However, it is necessary to account for matching losses
to obtain the true power absorbed by only the plasma [80].
The two plasma chambers used for this study have been extensively described in
chapter 2. The chief differences are: Set-up 1 is a cylindrical chamber of total height 206
mm and of diameter 262 mm. Inside that volume, a quartz plate is separated from a 100
mm diameter aluminum electrode by a gap of 63 mm. The RF coil is a copper solenoid
of 3.5 turns and 100 mm diameter. Set-up 2 is also a cylindrical chamber of total height
440 mm and diameter 500 mm. There is a 40 mm space between the quartz plate and
the 300 mm diameter electrode. The antenna is a flat spiral whose outermost diameter is
220 mm.
It is useful to make a clear distinction between the power delivered by the power supply
and the power absorbed by the plasma. The latter will be further denoted by “discharge
power”, the former by “supplied power”. To estimate the discharge power P2 , we have
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measured the supplied power P1 transmitted into the loaded antenna when the plasma is
present at a given current, and then subtracted from this the incident power for the the
same applied current when no plasma is present [18,46,78–80,107]. A detailed description
of these measurements is given in chapters 3 and 4.
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Figure 5.1: Power coupling efficiency in (a) set-up 1 and (b) set-up 2.
The power transfer efficiency parameter, η = (P2 /P1 ) of set-up 1 and set-up 2, as a
function of the total RF source power transmitted P1 (or supplied power) is represented
on fig 5.1. The efficiency measurements for set-up 1 (figure 5.1(a)) have been performed
in a previous Ph.D work [42] for 3.75, 15 and 30 mTorr. These measurements provide a
good indication of the power absorbed in the set of experiments conducted in the present
research work. For set-up 2 (figure 5.1(b)), the measurements have been made for 5 and
50 mTorr.
The effective area of the antenna presented to the plasma has been largely increased
in set-up 2 compared to set-up 1. This should result in a better overlap between the coil
and the plasma volume and a better power transfer. Figure 5.1 shows that although the
efficiencies measured in both set-ups follow more or less the same trends, the efficiency
values obtained by Van de Grift [42] in set-up 1, shown in figure 5.1(a), are a factor of
two lower than the ones obtained in set-up 2 (figure 5.1(b)). It should be pointed out
here, that the measurements in set-up 1 have been made with a slightly different set-up
configuration (see chapter 2) which might have some influence on the final value of the
efficiency. However, we believe that this variation should be quite small and it can be
assumed that in set-up 1, the power absorption is in general less effective than in set-up 2.
At equivalent input RF power source, the amount of energy transferred to the electrons
will thus be higher in set-up 2 than in set-up 1. This was confirmed by the jump of
the plasma to H-mode discharges (see chapter 4) for significantly lower input powers in
set-up 2 than in set-up 1. Discharges could be started in the E-mode (see chapter 4)
at 5 W in set-up 2 whereas no discharges could be sustained below 100 W in set-up 1,
indicating a stronger capacitive coupling component in the set-up 2 at low powers. The
very low values of the power transfer efficiency parameter (below 0.5) show that coupling
in set-up 1 inefficient.
For a high supplied RF power, a saturation of η is clearly visible for both set-ups
(except for the 50 mTorr case of set-up 2). At these high power values, the plasma is in
the high density H-mode. High densities are responsible for a strong skin effect confining
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the electric field to a thin skin layer and reducing the absorbed power. Eventually, at
sufficiently high gas pressure densities, the absorbed power starts to decrease and the
efficiency drops along (this is visible for the high pressure case of 50 mTorr in set-up 2).
For both set-ups, higher maximum efficiencies are obtained for the highest pressures. This
agrees with the observations of others [79, 80] and can be explained as follows: a higher
pressure implies that the frequency of collisions between electrons and heavy particles is
higher. The power lost in collisions needs to be balanced by the power absorbed by the
electrons to satisfy the electron energy balance. At a given RF input power, the energy
dissipated into collisional processes is thus higher for the high pressures and the efficiency
transfer is consequently larger.
The saturation values obtained for set-up 2 are equal or larger than 85 percent. In the
literature [18, 46, 78–80, 107], values are usually found ranging from 50 to 90 percent in
comparable ICPs. Therefore the coupling efficiency of set-up 2 is satisfactory. These high
efficiencies can most probably be attributed to the location of the antenna which is at the
closest position available from the quartz plate. In that way, the coil-to-plasma separation
is at its minimum and the coupling is at its maximum. Hopwood [107] varied the thickness
of the quartz plate of his ICP and showed that the efficiency linearly decreased with this
thickness. Therefore, the closer the antenna is to the plasma, the easier it is for the
electromagnetic field to be coupled into the vacuum chamber. However, this has also the
drawback of bringing the plasma closer to the antenna where high voltage differences are
present. Parasitic capacitive coupling might consequently develop between the antenna
and the plasma. Hopwood also showed that the efficiency can be improved even further
by including permanent magnets to confine the plasma. However, in our case, maximum
efficiency is not really an issue and the values available are considered to be good enough
for the planned experiments.
In set-up 2, at low RF input powers, the efficiency first decreases to a minimum
before rising again towards the saturation. This is attributed to the capacitive coupling
influence. When the power is too small to sustain a discharge in the H-mode, the gas
first breaks down into a capacitive discharge (E-mode). In that mode the power absorbed
by the discharge diminishes with the input power because of the important matching
losses at low powers. When the current in the antenna becomes large enough to sustain
an inductive discharge, an azimuthal current loop is created inside the plasma and the
electron power absorption rises considerably. Following an avalanche reaction, the density
production grows with increasing power. The capacitive electrostatic field is progressively
screened from the plasma and the energy transfer efficiency increases up to the saturation
value. Under these conditions, capacitive coupling is almost suppressed.
In conclusion, higher efficiencies are obtained when the plasma is in the inductive
mode and when the capacitive coupling is suppressed. In that case, the power absorbed
is roughly constant with the RF power supplied. The best efficiencies were obtained for
the set-up 2 indicating the potential superiority of the spiral antenna over the solenoid of
set-up 1 for electron power absorption.

5.3

Plasma electron properties

As the transfer of energy from the RF field to the heavy particles occurs via the plasma
electrons, a study of the Electron Energy Distribution Function (EEDF) appears to be the
first step to understand the plasma properties. In this section, we investigate the EEDF’s
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Figure 5.2: Pressure dependence of the EEPF in set-up 1 and set-up 2. In both cases,
the supplied RF power equals 400 W which corresponds to a discharge power of 140 W in
set-up 1 and of 340 W in set-up 2.
measured with Langmuir probes in set-up 1 and set-up 2 for various plasma conditions of
pressure and power and compare the results obtained for the two set-ups. Also, from the
Langmuir probe results, the electron temperature and the electron density are calculated
and compared with the results of the global model of Lieberman [11].

5.3.1

Electron Energy Distribution function

The EEDFs haven’t been studied studying directly. Instead, we have used the Electron
Energy Probability Functions or EEPFs (cf chapter 3) to study the plasma electron properties. The EEPF function g(ε), (units eV−3/2 ·cm−3 ) is defined such that a plot of ln(gε )
versus the electron energy (in eV) is a straight line for a Maxwellian distribution.
For both set-ups, we varied the pressure in the chambers and measured the EEPFs
with the Langmuir probe. The RF power supplied was kept at 400 W. For that power,
the discharges are in the mainly inductively-driven mode and the η efficiency parameter is
around its maximum for all pressures. According to figure 5.1, we can assume a discharge
power of ∼ 340 W for set-up 2 and an average value of 140 W only for set-up 1.
In set-up 1, it was not possible to make measurements in the axial midplane (z = 3.15 cm)
and the probe is at the central radial position r = 0 mm and axial position z = 2.8 cm
(z = 0 represents the quartz plate surface plane). We have assumed that on these short
distances, the plasma parameters are not expected to change too much in the axial direction. Consequently, the results found at the measuring position are considered to be
representative for the values at the center of the discharge. In set-up 2, the measurements
were performed in the middle of the glow. The EEPFs measured at pressures ranging
from 3 to 50 mTorr for set-up 1 and 2 to 50 mTorr for set-up 2 are represented on figure
5.2. The Langmuir probe lowest limit lies around 107 cm−3 for the lower electron densities. The slope of the EEPF’s is related to the electron temperature and the area under
the curve to the electron density (see chapter 3 of this thesis).
At low pressures, large differences can be observed on the EEPFs of the two set-ups.
Firstly, a large population of energetic electrons appears on the EEPFs of set-up 2 but not
on the ones of set-up 1. This suggests that the mean energy of the electrons and thus their
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temperature will be larger in set-up 2 than in set-up 1. Also, a pressure increase leads
for both set-ups to steeper slopes of the EEPFs. Consequently the electron temperature
is expected to decrease inversely with the pressure. Secondly, the EEPFs obtained in
set-up 1 show larger variations in magnitude that the ones obtained in set-up 2 when the
pressure is varied from low to high values. Differences should thus be expected in the
values of the densities for the two set-ups when the pressure is varied and this especially
at low pressures. The temperatures and densities are studied in sections 5.3.3 and 5.3.2
respectively.
For all the conditions studied, the slopes of the EEPFs in set-up 2 do not correspond
to a straight line and therefore cannot be interpreted as Maxwellian distributions characterized by a unique electron temperature. Instead, the distributions are characterized
by a two-slopes curve with the lower slope corresponding to the electrons in the elastic
range (low energy) and the higher slope corresponding to the energetic electrons involved
in inelastic collisions. The Maxwellian behavior of the distribution function in the elastic
range is attributed to the electron-electron collisions which are important in high density
inductively coupled plasmas [108]. In set-up 1 the EEPFs appear to be closer to ideal
Maxwellian distributions.
For all pressures in set-up 2 the EEPFs present a characteristic depletion of the electron
population in the inelastic range with respect to a Maxwellian distribution. The starting
point of the depletion varies between the excitation energy Eexc = 11.55 eV and the
ionization energy Eiz = 15.8 eV. In set-up 1, this depletion is rather small. In general,
the depopulation of the tail of the EEPFs increases with the pressure and implies a
growing importance of inelastic collisional processes.
For low pressures (below 20 mTorr), an obvious difference is observed between the
EEPFs of the two set-ups: high energy electrons are visible in set-up 2 whereas they are
almost non-existing in set-up 1. At these very low pressures, the number of collisions is
strongly reduced and the major loss of electrons is their escape by diffusion to the walls.
In set-up 2, the small length of the discharge (40 mm) compared to its radial dimension
(about 150 mm) will contribute to large electron losses to the axial walls. Consequently
a larger population of energetic electrons is needed to conserve sufficient ionization.

5.3.2

Electron temperature, plasma and floating potentials

Using equation 3.33, values of the electron temperature Tef f (in eV) have been calculated
from the EEPFs plotted in figure 5.2(a) and 5.2(b). The temperatures versus the pressure
are shown in figure 5.3 for both set-ups. When the pressure increases, a clear drop in the
calculated Tef f is observed for both set-ups. The temperature measured in set-up 2 is
always higher than in set-up 1 and this particularly so at low pressures. At low pressures,
the population of hot electrons is more important in set-up 2 than in set-up 1, leading to
higher electron temperatures.
The electron temperature has also been calculated using the global (volume averaged)
model of Lieberman described in chapter 4. The dimensions for the model calculations
in set-up 1 and set-up 2 are taken to be R1 = 9 cm, L1 = 6.3 cm, and respectively R2
= 15 cm, L2 = 4 cm. The results are presented together with the experimental Tef f
on figure 5.3. There is a good qualitative agreement between the experimental results
and the global model calculations: The modelled temperatures drop with an increasing
pressure and the temperatures are predicted to be higher for set-up 2 than for set-up 1.
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Differences are however observed between the calculated and experimental temperatures.
The calculated temperatures are found to be smaller than the experimental values and
this especially at low pressures. Discrepancies between the model and the experiments
can arise from the incertitude of the probe measurements or from the chosen geometry
taken for the volume integration of the global model. Also the global model is based on
Maxwellian distributions whereas some of the experimental distributions present two temperatures slopes. However, although the quantitative values of the electron temperature
calculated with the global model differ from the experimental results, the determination
of Tef f by a balance between ion creation and ion loss captures the characteristic trend
of a decreasing temperature when the pressure increases. Therefore, Tef f appears to be
simply determined via the particle balance independently of the absorbed power. The in-
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Figure 5.3: Comparison of the experimental values of the electron temperature obtained in
set-up 1 and set-up 2 with the Langmuir probe and the calculated values from the volume
averaged global model as a function of pressure.
dependence of the temperature regarding the absorbed power is also proven by the EEPFs
represented in figure 5.4. The pressure was kept at 5 mTorr while the RF supplied power
was increased from 200 W to 1000 W. The measurements have been made in set-up 1.
Inductively Coupled Plasmas can usually be driven in two modes: the E- and H-modes.
In the E-mode, the plasma light is dim and the densities are low. The plasma is then
sustained by a direct electrostatic field which is the consequence of the stray capacitive
coupling between the antenna and the plasma. When the power is increased further, an
azimuthal electrical field is induced inside the plasma and the plasma jumps to the high
density bright H-mode. The jump between the two different modes is characterized by
obvious changes in the electron population properties. The EEPFs represented in figure
5.4 show such jump.
At low powers, when the plasma is in the capacitive mode, the EEPF’s measured
are very noisy. This is due to the limited range of the measurement of the Langmuir
probe in this low density region. However, even though quantitative results are difficultly
extractable from the curves, the jump to a higher density mode is extremely clear on this
figure. After the jump (when the power is increased from 265 to 266 W), the shape of
the EEPF does not change anymore. Only the area under the curve corresponding to the
electron density increases. The electron temperature remains the same for all the powers
above the jump into the inductive mode. In contrast the density increases when the power
increases.
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Conjointly to the measurement of the electron temperature, the plasma potential Vp
corresponding to the zero of the second derivative of the I-V probe curve and the floating
potential Vf have been measured when the pressure is varied for the same conditions as
previously discussed (400 W supplied RF power). The difference Vp − Vf is represented
on figure 5.5(a) Similarly to the electron temperature in figure 5.3, the difference between
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Figure 5.5: Evolution of the difference of the plasma potential and floating potential Vp −Vf
in set-up 1 and set-up 2 as a function of (a) the pressure and (b) Tef f .
the potentials decreases when the pressure is increased for both set-ups. Also similarly to
the temperature of set-up 1 which is always smaller than the temperature of set-up 2, the
potential difference of set-up 1 is always smaller than the potential difference of set-up 2.
A relation between Vp , Vf and Tef f for a sheath in front of a non-conducting wall is given
by [11]:
µ
¶
Mi
kB Tef f
ln
(5.1)
Vp − Vf =
2e
2πme
which for argon corresponds approximatively to Vp − Vf ∼ 4.7(kB Tef f /e). To verify this
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relation we have plotted Vp − Vf versus Tef f in figure 5.5(b). A linear relation is roughly
obtained for both set-ups between Vp − Vf and Tef f , but the coefficient of proportionality
is only 3.6 instead of 4.7. Nevertheless this linear relation explains the similar behavior
of the potential difference and that one of Te .

5.3.3

Densities
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Together with the electron temperature, the density ne of the free electrons in the plasma
is the other important parameter characterizing the electron population. The densities
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Figure 5.6: Electron densities in set-up 1 and set-up 2 as a function of pressure obtained.
The discharge powers are respectively 140 W for set-up 1 and 340 W for set-up 2 for an
initial supplied power of 400 W.
calculated from the EEPFs of figures 5.2(a) and 5.2(b) are given in figure 5.6 for both
set-ups. Also the densities predicted by the global model are given in the same figure.
In the global model, the densities are obtained by equating the RF power absorbed to
the RF power dissipated by the electrons. For these calculations, the absorbed RF power
used for the calculation of ne with equation 4.70 is taken to be 140 W for set-up 1 and
340 W for set-up 2.
The general trend for the experimental and calculated densities is an increase of these
densities with the pressure. At low pressures, figure 5.6 shows experimental densities
larger by one order of magnitude in set-up 2 than in set-up 1. When the pressure is high,
the densities become similar. In contrast, the densities obtained with the global model
follow very similar trends at low and high pressures with the densities in set-up 2 always
slightly higher than in set-up 1. The large discrepancies between the experimental data at
low pressures could already be predicted from the shape of the EEPFs in figure 5.2 where
the electron population was largely superior in set-up 2 at low pressure than in set-up 1.
We think that the differences between the model and the experiments might originate
from the power coupling inside the discharge. In set-up 1, at low pressures, the coupling
efficiency is poorer than at high pressures (see figure 5.1). The current flowing inside the
plasma is low Therefore the power absorbed by the plasma is also low. The probability
that the power absorbed by the discharge is much lower than 140 W at low pressures is
high in set-up 1. Consequently experimental values will be lower than the calculated ones.
Also the global model does not take into account neither the way the power is coupled
into the discharge (capacitive or inductive), nor the heating mechanisms involved in the
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RF power dissipation into the discharge. This could explain the differences observed in
figure 5.6. Also of course, as in the calculations of the electron temperature, the choice of
the volume for the calculations might not be appropriate.

5.3.4

Heating mechanisms
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collisions are enhanced and the dissipation of power occurs via normal collisional (ohmic)
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plasma conditions which have been investigated up to now (pressure between 5 and 50
mTorr, supplied RF power 400 W) by comparing the importance of the stochastic collision
frequency νen with respect to the total effective collision frequency νef f . Also the collisions
frequencies between electron and atoms, νen , between electron and ion, νei , the stochastic
frequency νst and the effective RF field frequency ωef f have been calculated. The reader is
referred to section 4.3.3 for explanations regarding the obtention of these frequencies. The
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Figure 5.7: Electron-neutral collision frequency and effective RF field frequency in set-up 1
and set-up 2 as a function of pressure.
calculated values obtained for νen and ωef f are given in figure 5.7. Clearly the effective
collision frequency stays unvaried for the range of pressure used and remains roughly
equal to the RF frequency of the power generator, ωrf = 2π×13.56 MHz. Therefore,
for the following calculations, ωef f is taken to be equal to ωrf . In contrast, when the
pressure increases, a large rise of νen is observed, in good correlation with an increasing
number of collisions at high pressures. For both set-ups, when the pressure rises above
10-20 mTorr, νen becomes larger than ωef f . Below 20 mTorr, a collisionless behavior is
expected and above 20 mTorr a collisional behavior. Both collisional δc and anomalous
δa skin depths are calculated from equations 4.37 and 4.40, respectively. When both
conditions ωrf ¿ vδae and νen < ωef f are satisfied then the skin depth is taken to be equal
to δa and the contribution of the stochastic frequency νst is added to the total effective
collision frequency νef f . Otherwise the skin dept is taken to be δc and no stochastic

5.3 Plasma electron properties

95

frequency is considered. In set-up 1, calculations have shown that at no moment ωrf ¿ vδae ,
so that the collision frequency is reduced to the addition of νen and of νei . In contrast,
in set-up 2, ωrf ¿ vδae is verified for pressures smaller than 20 mTorr and the stochastic
frequency is added to νen and νei in the calculation of νef f . Table 5.1 summarizes the
principal results of the calculations. For all pressures, νei is found negligible (two orders of

set-up 1

set-up 2

p
ne
Tef f
[mTorr] [1011 cm−3 ] [eV]
3
0.168
4.84
5
0.359
4.25
10
0.733
3.73
20
1.31
3.24
30
2.27
2.99
50
4.05
2.61
2
6.29
0.972
3
5.59
1.17
5
4.82
1.25
10
4.13
1.45
20
3.73
1.8
50
2.75
3.58

δc
δa
[cm] [cm]
2.52
×
2.1
×
1.97
×
2.05
×
1.85
×
1.73
×
1.42
×
1.3
×
1.25
×
1.16
×
×
2.09
×
1.79

νen
[107 s−1 ]
1.62
2.4
4.29
8.38
11.8
18.4
1.44
1.67
3.2
5.76
12.0
17.4

νei
[106 s−1 ]
1.44
1.66
1.92
2.26
2.44
2.83
0.93
1.08
1.32
1.62
1.84
2.66

νst
νef f
[107 s−1 ] [107 s−1 ]
×
1.76
×
2.56
×
4.48
×
8.61
×
12.04
×
18.68
2.95
4.49
3.05
4.82
2.94
6.27
2.93
8.86
×
12.2
×
17.7

Table 5.1: Collisions frequencies νen , νst , νei , νef f for various pressures in set-up 1 and setup 2. ne and Tef f are integrals of the EEPFs presented in section 5.3.1. The anomalous
δa and collisional δc skin depths are also given. ωef f is taken equal to ωrf . Crosses
represent the fact that for the given plasma condition, the parameter is not usable for the
calculations.
magnitude lower than νen and/or νef f ). For both set-ups, the ratio representing νen /νef f
versus the pressure is given in figure 5.8. In set-up 1, as no stochastic frequency is included
ν en=ν eff

1.0

νen/ν eff

0.8

0.6

0.4

0.2

0.0

set-up 1
set-up 2
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Figure 5.8: Ratio of the electron-neutral frequency νen over the total effective collision
frequency νef f in set-up 1 and set-up 2 for different pressures.
in the calculations, the ratio νen /νef f remains close to one for all pressures indicating a
dominant collisional power dissipation in the discharge. In contrast set-up 2 exhibits a
very different behavior at pressures below 20 mTorr: for these pressures, the ratio νen /νef f
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increases when the pressure is varied from 2 to 20 mTorr from a value of 0.3 to ∼ 1 at
20 mTorr. At higher pressures than 20 mTorr, the ratio remains close to 1 similarly to
the case of set-up 1. The very low νen /νef f ratio values at low pressures indicates that
collisionless heating contributes to a large part of the dissipation of the power at these
pressures (for example ∼ 70 % of the total heating is due to stochastic heating at 2
mTorr). This large difference between the heating processes in set-up 1 and set-up 2 at
low pressures was already suggested by the shape of the EEPFs obtained in both set-ups
for these plasma conditions. Figure 5.2(a) showed that energetic electrons in set-up 1
were largely involved in inelastic collisional processes as the number of hot electrons was
highly reduced. In set-up 2, the large population of energetic electrons at low pressures
(see figure 5.2(b)) suggested that electrons were involved only partly in inelastic collisional
processes and that the main loss channel was by diffusion to the walls. At high pressures,
the EEPFs were identical in both set-ups, with a depleted tail suggesting a large amount
of collisional processes.
The effective frequency νef f can also be found from the external current, voltage and
power measurements (see section 4.4) which were used to determine the efficiency of the
power transfer into the discharge in section 5.2. An estimation of the change in resistance
ρ = R1 − R0 and reactance ζ = ω(L1 − L0 ) of the discharge (cf chapter 4) can be found
where R0 = 0.28Ω and R1 represent the resistance of the discharge without and with gas
inside the chamber (without and with plasma). Identically L0 = 195Ω and L1 represent
the inductance of the discharge without and with gas inside the chamber. ρ is found using
the equation 4.54. The reactance change can be estimated from:
"µ
ζ=

V1
I1

¶2

µ
−

P1
I12

¶2 # 12
− ωL0 ,

(5.2)

where P1 , I1 , V1 are defined in chapter 4. The ratio ωrf /νef f can be further determined
for the plasma conditions corresponding to the matching condition ωrf L2 = R2 (1 +
2
2
1/2
ωrf
/νef
where the power transfer efficiency parameter η is maximal [79]. This can
f)
also be written as:
ωrf
1 ρ ζ
= ( − ).
(5.3)
νef f
2 ζ ρ
Such estimations of νef f were possible in set-up 2 where L0 and R0 are known. The results
obtained for ρ and ζ for set-up 2 at 5 and 50 mTorr have been plotted in figure 5.9(a)
and 5.9(b), respectively.
When the power increases, for both pressures, ζ decreases while ρ increases. This
two inverted behaviors correspond to the increased mutual coupling between the coil and
the plasma and of the power transferred to the discharge. The increase in the resistance
is faster at 50 mTorr than at 5 mTorr and indicates that the ohmic behavior of the
plasma is favored at high pressures. Also ζ decreases faster at higher pressures. However,
below 200 W, power which corresponds roughly to the maximum power transfer efficiency,
the changes in the reactance induced by the presence of the plasma do not show large
differences at low or high pressures.
For 5 and 50 mTorr, the values corresponding to the maximum efficiency have been
determined and the corresponding νef f determined. The results are given in table 5.2
Table 5.2 shows that the values calculated “graphically” or by integration over the
EEPFs are very close. Consequently, the transformer coupled plasma formalism proves
to be a rather good alternative to the calculation of νef f .
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Figure 5.9: Evolution of the change of resistance ρ and reactance ζ when the discharge
power varies for 5 and 50 mTorr in set-up 2.
p
ρ
ζ
[mTorr] [Ω]
[Ω]
5
1.68 -3.33
50
2.06 -3.93

νef f graphical
[s−1 ]
6.30×107
1.23×107

νef f integral
[s−1 ]
6.27×107
1.77×107

Table 5.2: Variations in resistance and reactance for the maximum efficiency at 5 and
50 mTorr in set-up 2. The last two columns give νef f calculated “graphically” and νef f
calculated with integration over the EEPFs.

5.4

Plasma uniformity

High density plasma sources such as ICPs have proven to be very adequate for large
area surface processing [109]. Process uniformity over large substrates requires plasma
uniformity over that same area. In this section the radial plasma uniformity is investigated
in both our set-ups for various plasma conditions with Langmuir probe measurements.
The influence of the geometry of the chambers on the density profiles is reviewed. The
experimental results are compared with the preliminary results of a 2-D self consistent
numerical hybrid model.

5.4.1

Transport scale lengths

Due to the geometry of the antenna, the energy deposition in the ICP is not uniform. In
section 4.2, it was shown that the energy deposition is proportional to the square of the
electric field and is characterized by a ring shaped profile. The ionization is proportional
to the absorbed power and thus will also be characterized by a toroidal shape determined
by the geometry of the antenna. If the maximum of densities do not correspond to the offaxis ionization profile, then particles must have been transported by diffusion to a different
location. Mahoney [48] and Stittsworth [110] have shown that the probability of having
an off-axis peak in the density profile increases with the geometrical aspect ratio (R/L)
and/or the pressure of the discharge. They suggested that both the transport of energy by
electrons and the diffusive transport of charged particles contribute to the spatial profile
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of plasma density. Therefore, comparing characteristic lengths for ambipolar diffusion
and transport of energetic electrons should provide information about the on- or offaxis location of the peak of maximum density. For that purpose, three parameters are
introduced:
1. L, the length of the discharge (distance between the quartz plate and the metallic
electrode)
2. RE , the radius at which the maximum in the heating field occurs: the maximum of
the inductively created electric field is located on a ring whose radius is determined
by the specific geometry of the antenna. The maximum electron heating occurs in
the vicinity of this ring [111] with the radius RE .
3. λE , the energy relaxation length defined as [112]:
r
λE =

λm λ∗
3

(5.4)

where λm and λ∗ are the electron mean free path for momentum transfer and inelastic collisions respectively.
An on-axis maximum density requires either an on-axis ionization maximum due to transport of heated electrons to the discharge axis or an off-axis peak of ionization rate with
sufficient radial diffusion of the bulk plasma. The density maximum will be located off-axis
if one or more of the following conditions is/are fulfilled:
• λE < R E :
If λE is small compared to RE , electrons are likely to lose a large part of their
energy by ionizing collisions before reaching the center of the discharge, where they
then are unable to produce further ionization. This phenomenon increases with the
pressure as both λm and λ∗ decrease with increasing pressure.
• λE > L:
If λE is large compared to L, the probability that the energetic ions are lost preferably at the axial walls before reaching the axis is large. The smaller L, the higher
the loss at the axial boundaries. If λE is very much larger than L, then the discharge
can no longer be sustained as energetic electrons do not reside long enough in the
discharge to ionize.
• L < RE :
If λE < RE or λE > L conditions are fulfilled, then the ionization rate is peaked
off-axis. If an on-axis maximum density peak is however recorded then it must be
the ambipolar diffusion which transports ionized particles from the off-axis to the
on-axis location. Stittsworth et al. [110] showed that in a crude approximation this
happens when L > RE is satisfied. Conversely, if L < RE is satisfied, then the axial
losses exceed the radial flux towards the center, and the density profile will again
be hollow in the center.
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Figure 5.10: radial profile of ion density in set-up 1 at 3 mTorr, in set-up 2 at 5 and 50
mTorr for a supplied power of 400 W.

set-up 1
set-up 2

p
L
RE
λE
(mTorr) (cm) (cm) (cm)
3
6.3
5
20.3
5
4
5.5
12.2
50
4
5.5
1.2

λE > L λ E < R E
Y
Y
N

N
N
Y

L < RE

peak

N
Y
Y

on-axis
off-axis
off-axis

Table 5.3: Comparison of transport lengths in set-up 1 and set-up 2. The letter Y and N
indicates when an inequality is satisfied or unsatisfied respectively. The predicted off- or
on-axis position of the peak maximum density is indicated.

5.4.2

Plasma density profiles

The radial profile of the ion density (which is also the one of the electron density because
of the quasineutrality) measured in set-up 1 at 3 mTorr for a discharge power of 140 W
(supplied power 400 W )is given in figure 5.10(a). In set-up 2 radial profiles have been
measured at 5 and 50 mTorr for a discharge power of 340 W (supplied power 400 W) are
shown in figure 5.10(b). The density profile obtained for set-up 1 seems to exhibit the
assumed flat profile of the Lieberman model [11] while for set-up 2 the density peaks off
axis. This is especially the case for the relatively high pressure case of 50 mTorr.
Using the approach developed just above, we have compared the values of L, RE and
λE corresponding to both set-ups for the plasma conditions of figures 5.10(a) and 5.10(b)
to verify if the density maximum position could be predicted. The values of L, RE and
λE are summarized in table 5.3. The inter-electrode distance L is 6.3 cm in set-up 1
and 4 cm in set-up 2. The radius of the antenna in set-up 1 is 5 cm and we assumed
that RE was in the same order. For set-up 2, we estimated this same radius to be 5.5
cm (location of the density maximum). λE is calculated using the argon cross section for
momentum transfer from literature [50] and the cross section for excitation of ground state
argon atoms at the energy of interest of 15.8 eV. The momentum transfer cross section is
σm = 16 × 10−16 cm2 and the excitation cross section is σexc = 0.53 × 10−16 cm2 .
In set-up 1 which has the largest discharge length, at 3 mTorr λE < RE is not satisfied
but λE > L is satisfied, indicating that the ionization rate maximum must be located
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off-axis. However, because L > RE , the ambipolar diffusion acts on the ionized particles
to displace them from their off-axis location of creation towards the axis of the discharge.
Therefore the maximum density is shifted on the axis of the discharge. The prediction of
the location of the maximum density is in good correlation with the experimental profile
plotted in figure 5.10(a) where the density is almost uniform with a small maximum on
the axis. The drawn vertical line at the position 5 cm on that figure represents the edge
of the metal electrode: the uniformity over the electrode diameter is remarkably good.
In general the profiles published in the literature for this small aspect ratio are less flat
and more gaussian-like [19, 113, 114]. In that case, magnetic confinement has proven to
improve the uniformity efficiently [19].
In the case of set-up 2, figure 5.10(b) shows the off-axis maxima predicted by the
combination of λE > L and L < RE at 5 mTorr and of λE < RE and L < RE
at 50 mTorr (see table 5.3). In both cases, the axial losses are too important to move
the maximum density to the axis by diffusion. At low pressure, the radial transport of
energetic electrons is limited mostly by the axial losses and at higher pressures mostly by
the energy losses arising from inelastic collisions. The maximum of the density is more
pronounced at higher pressures.

5.4.3

Comparison with the HPEM model

For set-up 2, profiles have also been simulated using the Hybrid Plasma Equipment Model
code of Kushner et al. [37–40] presented in chapter 4. For the 5 mTorr case, and a discharge
power of 400 Watts, calculated density profiles are given in figure 5.11 and figure 5.12
where electron-electron collisions have been neglected and included respectively in the
model.
The density profiles given in figures 5.11 and 5.12 are 2-D profiles. They
both show very clear toroidal shapes for the density with off-axis maxima peaked around
r = 6.5 cm when the e-e collisions are not included and r = 6 cm when they are included.
The densities calculated at these positions are larger than the experimental densities
given in figure 5.10(b) by a factor of ∼2.5 when e-e collisions are ignored and a factor of
∼4 when they are considered. The agreement between the model and the experimental
results is good whether e-e collisions are included or not in the model. The HPEM more
precise than the global model which always assumes a flat density profile. Here the fluid
model has managed to capture the spatial dependence of the density. Also it is useful
to note that the discharge power for the fluid model calculations is taken to be 400 W
which is larger than the experimental 340 W. Larger absorbed power does correspond to
larger densities. Consequently the model should predict slightly larger densities than the
experimental values. When the e-e collisions are included, the position of the maximum
density gets closer to the experimental maximum. We can thus assume that e-e collisions
play a role at 5 mTorr and 340 W discharge power in set-up 2 plasma in the establishment
of the density profiles.

5.5

Ion transport

The transport of ionized particles inside a low pressure gas discharge represents one of the
key mechanisms of surface processing technology. The final energy of the ions reaching the
surfaces to be treated largely determines the plasma process and depends on the plasma
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Figure 5.11: 2-D plot of the plasma density in set-up 2 for a pressure of 5 mTorr and a
net inductive power of 400 W. Capacitive coupling and electron-electron collisions are not
included. The density presents an off-axis peak similar to the experimental results.
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Figure 5.12: 2-D plot of the plasma density in set-up 2 for a pressure of 5 mTorr and a
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conditions, power and pressure. It is thus of great interest to study the progression of the
ions in the discharge towards the walls.
In a low pressure inductively coupled plasma, space charge regions form between the
quasi-neutral plasma and the walls which accelerate the positive ions towards
pthe walls.
Equation 3.19 states that ions must have at least the Bohm velocity (uB = kB Te /Mi )
to enter the sheath. In this section we propose to verify that this condition is fulfilled by
investigating the acceleration of the ions before the sheath. The existence of a distinct
pre-acceleration region (presheath) preceding the sheath is also discussed. To this end, we
measured the Ion Velocity Distribution Functions (IVDFs) of argon metastable ions on
the axis of the discharge with Doppler Shifted Laser Induced Fluorescence (DSLIF) in the
bulk discharge up to the neighboring regions of the sheaths. Once the ions have entered
the sheath, they are further accelerated up to the final energy available for ion bombardment. Such final acceleration was also studied, by measuring the Ion Energy Distribution
Functions (IEDFs) of the impinging ions with an energy resolved mass spectrometer at
the surface of the metallic electrode. The analysis of the shape of the IEDFs gives also
further information on the possible collisional processes occurring in the sheath. Together,
the DSLIF and mass spectrometry techniques should provide an complete description of
the ion acceleration in our plasma. The reader is referred to the chapter 3 of this thesis
for more information on these two diagnostics.

5.5.1

Ion transport in the bulk plasma

The transport of 3d’2 G9/2 argon metastable ions in the bulk plasma region has been
investigated by measuring the axial Ion Velocity Distribution Functions (IVDFs) with
Doppler Shifted Laser Induced Fluorescence (DSLIF). Ground state ions can be created
anywhere in the plasma, whereas metastable are created preferably where the ion and
the electron densities are the highest, which in the axial direction, corresponds to the
center of the discharge. Moreover, ground state ions are not necessarily de-excited to the
atom state in collisions and can simply reappear in the low wing of their ground state
IVDF after they have lost energy in the collision. On the contrary, metastable ions, are
inevitably quenched in collisions and are lost for the metastable IVDF. When studying
the IVDF of the 3d’2 G9/2 argon metastable ions, it is thus necessary to remember these
differences.
IVDFs have been measured at a pressure of 5 mTorr and a RF supplied power of
600 W (absorbed ∼ 210 W) in set-up 1 and of 400 W (absorbed ∼ 340 W) in set-up 2,
respectively. The distributions obtained for set-up 1 and set-up 2 are given on figures
5.13 and 5.14, respectively. Both figures represent the IVDFs at different positions from
the metallic electrode. In set-up 1, the center of the discharges is at the position 31.5 mm
and for set-up 2 at the powition 20 mm. Measurements in set-up 1 have been restricted
to the region comprised between the positions 25 mm and 0.5 mm from the electrode.
For set-up 2, the measurements have been made from 0.5 mm in front of the quartz plate
to 0.5 mm in front of the metallic electrode. Because of the limited resolution of the
DSLIF set-up (see chapter 3), it is not possible to measure at a distance smaller from the
electrodes or from the quartz plate than 0.5 mm as it then not possible to separate the
signal of ions accelerated in the bulk from those which have already entered the sheath.
On each figure, the horizontal axis of the graphs have two scales, representing the raw
frequency shifts and the corresponding velocities in m·s−1 deduced with equation 3.44.
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Figure 5.13: Ion velocity distribution functions in set-up 1. An acceleration from the center
of the plasma towards the electrode is shown. The peak on the left of the scans represents
the LIF signal from the reflected laser beam on the surface of the mass spectrometer.
No measurements were made at the center of the discharge situated at 31.5 mm from
the electrode. Plasma conditions: 5 mTorr, supplied RF power 600 W (absorbed power
210 W).

The IVDFs obtained for set-up 1 in figure 5.13 are characterized by the presence of
two peaks getting closer to each other when the measurements are approaching the center
of the discharge. In contrast, the IVDFs obtained for set-up 2 in figure 5.14 exhibit only
one single peak. In set-up 1, the laser beam used to probe the velocity of the ions hits
the entrance hole of the mass spectrometer and is reflected backwards. Consequently, the
signal at a given position is the superposition of the fluorescence of plasma ions interacting
with the forward and the backward laser beams. Following the DSLIF theory, the ions
appear accelerated (peak on the right corresponding to the forward laser beam going in
the same direction than the ions towards the electrode) and decelerated (peak on the left
with negative velocities corresponding to the backward laser beam). The peak of interest
is the peak of positive velocities. In set-up 2 for this series of measurements, the mass
spectrometer has been removed from the electrode (see chapter 3) and has been replaced
by a Brewster window to minimize the reflection of the laser beam into the chamber.
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Figure 5.14: Ion velocity distribution functions in set-up 2: There is a clear acceleration
from the center of the discharge (position 20 mm) towards the walls. The distances indicated in mm, correspond to the positions with respect to the metallic electrode. Plasma
conditions: 5 mTorr, supplied RF power 400 W.
Therefore, this time, ions only experience the forward beam of the laser and only one
peak is recorded.
Considering only the peak corresponding to positive shifts and velocities in figure 5.13,
a clear acceleration of the ions from the bulk plasma towards the electrode is found in
set-up 1. Also, although no measurements have been made in the center of the discharge,
the tendency for the forward and reflected peaks to come closer one from each other, we
can make the hypothesis that in the center of the discharge these two peaks are coinciding
and correspond to the zero velocity point for the metastable ions.
Distributions obtained in set-up 2 display an identical behavior. Frequency shifts
are this time observed in both directions (towards the quartz plate and the metallic
electrode). The acceleration towards the quartz plate justifies the strong etching of the
dielectric layer sometimes observed in these high density chambers. With respect to the
electrode, positive velocities are attributed to the signals detected in the half discharge
in front of the electrode and negative velocities to the signals in the direction of the
quartz plate. Except at 25 and 30 mm from the electrode, the velocity distributions are
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Figure 5.15: Comparison between the experimental mean ion velocity data (circles) from
the DSLIF measurements and the calculated velocities from the HPEM model (line), at 5
mTorr and 400 W in set-up 2.
rather symmetric and can be fitted by gaussian functions (see chapter 3). At 25 and
30 mm from the electrode, the IVDFs exhibit a small tail of low velocity ions. Because
metastable ions are quenched when they undergo collisions, they can not reappear at a
lower velocity. Consequently, these low velocity ions must be representative of ions which
have been created at that position.
In set-up 2, we have compared our experimental data obtained from the DSLIF measurements to the simulated velocities of the HPEM model. The results obtained at
5 mTorr, for a discharge power of 400 W are given in figure 5.15 together with the
experimental velocities deduced from the LIF measurements. In the center of the discharge, the model agrees nicely with the experiment: the symmetric acceleration towards
the electrode and the quartz plate is reproduced by the model. Close to the walls, the
model predicts higher velocities than our experimental values indicating that the actual
description of the ion acceleration region in the HPEM model is not adequate for our
discharge. Further investigations will be needed to refine the results of the model.
Velocities and Potentials
Because the DSLIF signals are mainly Doppler broadened (see chapter 3), a gaussian fit
of the distributions can be made. The shift of the central position of the peak gives the
velocity in m·s−1 of the metastable ions from the center of the plasma to the measurement
position. The metastables do not undergo collisions, so that their kinetic energy Ec is
directly related to the local potential Φ, relative to the potential in the center of the
plasma (Φr=0 = 0 V), according to:
1
Ec = MAr vi2 = −eΦ
2

(5.5)

Values of the space charge potential calculated from the IVDFs of figure 5.14 have been
compared with measurements of plasma potential obtained with the Langmuir probe in
set-up2 for the same plasma conditions. The plasma potential measured in the center
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of the discharge is taken as origin of the potentials. The results of both techniques are
plotted in figure 5.16. The agreement between the results of both techniques is excellent,
proving the reliability of both our measurement techniques. DSLIF measurements have
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Figure 5.16: axial potential dependence at 5 mTorr, 400 W RF supplied RF power in
set-up 2. Langmuir probe results are compared with the potential deduced from the DSLIF
measurements.
been used to determine the potential profiles at different pressures and powers in the two
chambers. The results obtained for 3, 5 and 20 mTorr in set-up 1 and set-up 2 at 600 W
(210 W absorbed) and 400 W (340 W absorbed), respectively, are represented in figure
5.17 together with the corresponding mean velocities. In set-up 1, the measurements have
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Figure 5.17: Velocities and space charge potentials in the axial direction for various pressures in set-up 1 and set-up 2. Set-up 1: 600 W supplied RF power, set-up 2: 400 W
supplied RF power.
been made at positions ranging from 1 to 25 mm from the electrode; In set-up 2, on the
total length of the discharge for 3 and 5 mTorr and on the half length in front of the quartz
plate for 20 mTorr. For all pressures and powers, the velocities and the the absolute value
of the space charge potentials are found to increase in direction of the walls. In both
chambers, only slightly lower velocity values are obtained for the 5 mTorr pressure case
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in comparison with the 3 mTorr case. Therefore the variations between the space charge
potentials for these two pressures are also small. For these two low pressures and both
set-ups, the potential profiles do not reveal any region with a constant potential value.
Plasmas appear to be rather “continuous” at these pressures and are responsible for a
continuous acceleration of the ions in the bulk plasma. It is the entire plasma which can
be considered as a presheath. At 20 mTorr, velocities appear to be rather lower than for
the low pressure cases and the acceleration is not starting from the center of the discharge.
The deduced potential profiles are flatter than the ones obtained for the low pressures.
Also, in the center of the plasma or close to the plasma center, the space charge potential
appears to remain constant on a short length before slowly increasing. Thus in constrast
to the low pressures, at 20 mTorr a presheath region different from the bulk discharge
seems to exist. The lower velocities can be attributed to the increased number of collisions
between the plasma particles. The metastable ions do not survive collisions. Therefore,
the IVDF’s correspond to the ones of ions which have been accelerated without collisions.
When the pressure rises, the probability for a metastable to reach a given point in the
chamber without being quenched decreases, hence lower mean velocities and space charge
potentials. Also in section 5.3, the electron temperature and the corresponding potential
difference Vp − Vf measured in the plasma bulk were shown to inversely decrease with the
pressure due to the higher number of collisions. Therefore, ions will also experience smaller
differences of potential when the pressure increases and subsequently get less accelerated.
This latter remark is in good correlation with our DSLIF measurements which show that
the metastable ion velocities decrease with the pressure.
Similarly the influence of the RF power on the potentials and mean ion velocities
was investigated at a fixed pressure of 5 mTorr in set-up 1 at 600 and 1000 W, and in
set-up 2 at 100, 200 and 400 W. The results are given in figure 5.18. For all pressures
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Figure 5.18: Velocities and space charge potentials deduced from DSLIF measurements
on the axis of symmetry of the discharge for various supplied RF powers in set-up 1 and
set-up 2 at 5 mTorr
and powers, the velocities and the absolute value of the space charge potentials of figure
5.18 increase when the distance to the walls get smaller. For both set-ups, the values of
the velocities and potentials appear to be stable for all the different powers and decrease
when the pressure increases. In other word they vary as the electronic temperature with
the pressure. The measurements effected with the Langmuir probe have shown that the
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electron temperature can be solely determined by the geometry of the set-up and the gas
pressure in the plasma chamber (see section 5.3 independently of the input RF power.
Therefore the corresponding potentials in the bulk discharge are also independent of the
supplied power, and data should be identical for all powers for a given pressure. Such
similarity is observed between the data points of figure 5.18 and confirms that in a low
pressure ICP plasma, the electron temperature is independent of the RF supplied power.
In conclusion, the acceleration of ions inside the bulk plasma is determined by the pressure
and the geometry of the source similarly to the electron temperature.

5.5.2

Bohm criterion
Power Pressure
[W]
[mTorr]

Teff
[eV]

ne
[10 cm−3 ]

λD
[mm]

ls
[mm]

10

uB
d
−1
[m·s ] [mm]

vLIF
[m·s−1 ]

set-up 1

600
600
1000

3
5
5

4.29
3.90
4.03

5.47
8.80
15.00

0.066
0.049
0.039

0.51
0.41
0.31

3210
3060
3110

1
1
1

4630
3930
3760

400
400
400

3
5
20

5.16
4.51
3.29

15.50
18.70
28.80

0.043
0.037
0.025

0.29
0.27
0.23

3520
3290
2180

0.5
0.5
0.5

4020
3640
3250

set-up 2

Table 5.4: Comparison between the Bohm velocity uB calculated from Langmuir probe
data and the velocity determined from Ion velocity Distribution Functions measured with
DSLIF vLIF . The electron temperature Tef f and density ne are determined as integrals of
the corresponding EEPFs measured with the Langmuir probe. The Debye length λD , and
sheath width ls calculated from the Langmuir probe data are also given. The measurements
have been made at 1 mm distance from the electrode in set-up 1 and at 0.5 mm in setup 2. For all plasma conditions, the sheath size is always found smaller than the distance
to the electrode used for the LIF measurements. Also vLIF is always found larger than the
required Bohm velocity. The power indicated in the first column correspond to the supplied
RF power.

In order to penetrate the sheaths ions must acquire a velocity equal or superior to the
Bohm velocity in front of the walls. For some of the plasma conditions previously studied,
Langmuir probes were used to determine the corresponding plasma densities and electron
temperatures. These latter are calculated as integrals of their respective EEDFs (see
section 3.1.3). The Bohm velocity uB , the Debye length λD and the sheath width ls are
calculated using equations 3.19, 3.1 and 3.12 respectively. The results are given in table
5.5.2. For set-up 1, two measurements are made at a fixed supplied RF power of 600 W and
pressures of 3 and 5 mTorr and one measurement at a RF supplied power of 1000 W and
a pressure of 5 mTorr. For set-up 2, the supplied RF power has been kept fixed at 400 W
and the pressure varied from 3 to 20 mTorr. The dc sheath widths calculated for the given
plasma conditions indicate that these latter are always smaller than 0.5 mm (see table
5.5.2). For all plasma conditions, the sheath size is always found smaller than the distance
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to the electrode used for the LIF measurements. Simultaneously te velocity vLIF is always
found larger than the required Bohm velocity at that exact location. Consequently for the
conditions studied here, the Bohm criterion is always verified. It is to be noted that no
measurements are presented for pressures higher than 20 mTorr. This is simply because
for higher pressures, the number of collisions becomes too important and metastable are
easily quenched before they can furnish a sufficient LIF signal.

5.5.3

Ion transport in the sheath

The ions whose velocity fulfills the Bohm criterion are able to enter the sheath in front of
the electrode. In this space charge region, they are further accelerated before they impinge
on the electrode. Their final average kinetic energy can be determined by measuring their
Ion Energy Distribution Functions (IEDFs) with a energy resolved mass spectrometer.
The mass spectrometer PPM 421 from Balzers is placed on the axis of symmetry of the
discharge with its entrance hole in the plane of the metallic electrode so that it can sample
ions striking the surface. The reader can find a description of the mass spectrometer and
of its integration in both set-ups in chapters 2 and 3 of this thesis.
Ion Energy Distribution Functions
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Figure 5.19: Ion energy Distribution Functions at the metallic electrode in set-up 1. The
scale on the right is for the pressure 5 mTorr, the scale on the left is for the other pressures
The IEDFs obtained for a constant supplied RF power of 400 W are plotted as a function of the energy (in eV) in figures 5.19 and 5.20 for set-up 1 and set-up 2, respectively.
The neutral gas pressure is varied from 2 to 50 mTorr. The distributions obtained for
set-up 1 were obtained for different electron multiplier voltages for the different pressures,
so that no comparison can be made on the intensity of the signals. However, the results
are qualitatively representative of the nature of the sheaths that the ions are crossing.
The discharge power is approximatively 140 W in set-up 1 and 340 W in set-up 2.
The IEDFs measured in both set-ups are positioned at lower energies when the pressure is increased. The IEDFs obtained for set-up 2 are characterized by higher energies
than the ones corresponding to set-up 1. The distributions in set-up 2 are mono-energetic
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Figure 5.20: Ion energy Distribution Functions at the metallic electrode in set-up 2.
peaks for all pressures considered. In set-up 1 a mono-energetic peak is also found for
the pressure of 50 mTorr. For lower pressures, the distributions exhibit obvious added
structures. The shape of the IEDFs reflects the nature of the sheath that ions must cross
before they reach the surface. A brief description of the dependence of the IEDFs on the
power coupling into the discharge and on the collisionless/collisional nature of the sheath
is now given.
a)Influence of the power coupling on the IEDFs
For all plasma conditions corresponding to figures 5.19 and 5.20, the jump to the
higher density mode has been established by the luminosity change corresponding to a
large increase of density. If the discharge is effectively in a pure inductive mode, then
no time-varying RF potential should appear across the sheaths, which are then similar
to the ones in the positive column of a DC glow discharge. The sheath widths usually
do not exceed tens to hundreds of microns (see previous section) which is much smaller
than the corresponding total ion mean free paths of the order of centimeters. Therefore
ions are expected to experience a collisionless sheath. The distribution obtained at the
electrode should be identical to the one of the presheath-sheath region shifted along the
energy axis by the value of the sheath potential [115]. At the pressures we are using
the presheath is assumed to be collisional [42, 115]. In that case Riemann [51] has shown
that the distribution formed at the presheath-sheath edge is a mono-energetic distribution
[115]. Finding mono-energetic distributions after the sheath imply that this latter must
be collisionless. The IEDFs obtained for set-up 2 in figure 5.20 are monoenergetic for all
pressures. Consequently, we can conclude that the sheath is collisionless and in that the
plasma is in the inductive mode.
For set-up 1, a similar conclusion can be made for the 50 mTorr case of figure 5.19 as
the IEDF also appears mono-energetic. However, for the IEDFs corresponding to other
pressures and represented on the same figure, this is not true as they are clearly characterized by non mono-energetic shapes. In practice, pure inductive coupling is difficult
to achieve in ICPs, and because of the inherent stray capacitive coupling of the antenna
with the plasma, there is always some superimposed ac component on the plasma poten-
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tial. Consequently, as in the conventional Capacitively Coupled Plasma (CCP) sources,
the sheath width and potential are time dependent. Hence, keeping the assumption of a
collisionless sheath, the ions arriving at the sheath edge have the possibility to encounter
a minimum or a maximum potential drop when they cross the sheath. Ions reaching the
sheath when the potential drop is at its minimum, will participate to the creation of a
low energy peak whereas ions arriving at the maximum potential drop will contribute to
a high energy peak. For a time varying RF sheath whose potential drop can be approximated by Vs = VDC + VRF sin(ωrf t), the peak separation of the bimodal distribution is
given by [116]:
µ
∆E =

8eVRF
3πωrf ls

¶µ

2eVDC
Mi

¶ 21

,

(5.6)

where ls is the sheath width given by the Child-Langmuir Law:
µ
ls = λD

eVs
k B Te

¶3/4
.

(5.7)

The lighter an ion, the larger the separation between the energy maxima. If the power
is increased when the plasma is in the inductive mode, the density starts to rise and the
skin effect begins to screen the electrostatic field efficiently from the plasma. Accordingly,
the influence of the capacitive coupling commences to fade and the IEDFs become monoenergetic when the power is further raised. The bimodal distribution observed at 5 mTorr
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Figure 5.21: Ion energy Distribution Functions at 5 mTorr in set-up 1 for different powers.
At 400 W, the distribution is bimodal, indicating the presence of capacitive coupling in a
collisionless sheath. The saddle disappears when the power is increased to 1000 W where
the IEDF becomes mono-energetic.
in figure 5.19 is related to such parasitic coupling: when the pressure is kept constant
at 5 mTorr and the power increased from 400 W to 1000 W, the bimodal distribution
becomes a mono-energetic distribution (see figure 5.21). However the capacitive coupling
is not the only influent factor on the IEDFs in set-up 1. For pressures comprised between
10 and 40 mTorr some additional features are visible on the distributions. Possibly an
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other phenomenon plays a role in the formation of the IEDFs.
b)Influence of collisions on the IEDFs
At high pressures, the number of collisions that an ion might experience increases as
the total ion-neutral mean free path decreases. If this ion mean free path becomes smaller
than the sheath thickness, then the ion is very likely to undergo at least one collision inside
the sheath and this latter is considered to be collisional. Parasitic capacitive coupling is
responsible for the RF modulation of the sheath but also for its spatial variation. If the
capacitive coupling is important, it is possible that the mean free path of the ions becomes
smaller than the width of the sheath so that this latter becomes collisional. In set-up 2,
IEDFs have been measured at 50 mTorr and at low powers where the capacitive coupling
is important.
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Figure 5.22: Ion energy Distribution Function of argon ion at 50 mTorr in set-up 2 for
a discharge power of 26 W. The distribution is characterized by a high energy peak and
secondary peaks due to charge exchange collisions in a RF modulated sheath.
An example is given in figure 5.22 where the distribution is measured for a discharge
power of 26 W. The IEDF is characterized by a dominant large peak at high energies,
which corresponds to the two overlapping peaks of the saddle structure due to the capacitive coupling and by regular secondary structures at low energies. The total energy
range of the distribution is large (approximatively 20 eV) compared to the 2-3 eV-wide
distributions obtained for a discharge power of 340 W when the discharge is in the inductive mode (see figure 5.20). Wild and Koidl [12], working on capacitively coupled RF
discharges have attributed these secondary structures to charge exchange collisions in a
RF modulated sheath. In a charge exchange collision, a fast ion collides with a neutral
particle of the background gas which is at thermal temperature. The ion is neutralized
by the neutral and becomes a fast neutral. The newly formed ion (formerly neutral) is at
thermal equilibrium with the neutral gas. Though the ion is fundamentally not the same
particle at the beginning and at the end of the reaction, the net result is an ion which has
lost all its energy in the collision. The reaction in an argon plasma is written as:
+
,
Arf+ast + Arslow → Arf ast + Arslow

(5.8)
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with a cross section of 50 Å2 [117]. When such a collision occurs, the newly created ion is
almost at rest and has to restart its acceleration towards the surface. In a time varying
sheath, the sheath periodically expands and retracts. The potential of the sheath is also
modulated. It is possible that the ion is created at a time t where the local electric field
is zero and the ion will not be able to move until the field rises again [64]. All the ions
which have been created at the same time and distance from the electrode will thus be
accelerated together and contribute to a low energy peak in the IEDF. The number of
peaks on the distribution is then characteristic of the number of accelerations it takes an
ion to cross the entire sheath. It is also characteristic of the time it takes an ion to cross
the entire sheath, which is also called the transit time τi . Kushner [118] has defined a
parameter s comparing the ion transit time to the period of the RF excitation given as:
Trf
1
4qVs
fpi
=
'
=
,
2
2
s
Mi ls ωrf
frf
τi

(5.9)

where fpi is the ion plasma frequency. This ratio exposes the number of RF periods
needed by an ion to reach the surface.
Though the distributions obtained in figure 5.19 for the pressures ranging from 5 to
40 mTorr do not show clear structures as in the example of figure 5.22, the secondary
peaks could be associated to charge exchange collisions in sheaths which do have a small
superimposed RF modulation due to stray capacitive coupling. When the pressure reaches
50 mTorr, the coupling is better than at lower pressures and the capacitive coupling is
highly reduced. Also the sheath width becomes smaller and collisionless.
Mean energies
From the IEDFs (f(E)), the mean energy < E > of the Ar+ ion can be estimated from:
R
(Ef (E)dE)
hEi = R
.
(5.10)
f (E)dE
When the power delivered to the discharge is increased slowly the plasma undergoes a
transition from a capacitively driven mode to an inductively driven mode. By recording
simultaneously the IEDF’s, it is possible to investigate the effect of the capacitive coupling
on the IEDF’s in terms of added collisions.
In that figure are also given the distributions of ArH+ ions which do not undergo charge
exchange collisions and whose distributions are characteristic of collisionless sheaths
At high powers, in figure 5.23, for 5 and 50 mTorr, the distributions are mono-energetic
and the sheaths are collisionless. At powers below the E-H transition, the distributions
exhibit the saddle structure caused by the RF modulation of the sheaths. At 50 mTorr
and for these low powers, the IEDFs also exhibit the regular secondary structures caused
by the charge exchange collisions.
The other collision process which can affect the IEDs is momentum-transfer elastic
scattering. This results in a rather smooth spread of the energy and no peaky structure is
created [119]. It might be visible in the low power case at 5 mTorr where a smooth shoulder
extends towards low energies. To check whether the shape of a distribution is dictated or
not by charge exchange collisions, it is useful to look at the distributions of ArH+ ions.
Indeed these ions cannot undergo charge exchange collisions so that their distributions are
often referred as the collisionless distributions [64, 120]. At 5 mTorr, in the capacitively
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Figure 5.23: Ion Energy Distribution Functions at a) 5 mTorr and b) 50 mTorr of argon
Ar+ (line) and ArH+ (dashed line) ions. The powers indicated correspond to the discharge
power and the distributions are given in arbitrary units. The arrows pointing to the right
represent the capacitive influence on the discharge: the Ar+ IEDF’s are wide and extend
from very low to high values of energy. They are characterized by numerous secondary
peaks representative of charge exchange collisions in a time and space varying sheath.
These secondary peaks appear mostly in the high pressure case. The arrows pointing to
the left represent the establishment of a dominant inductive coupling. The distributions
become mono-energetic and shift to lower energy values.
dominated mode, the distributions obtained for low powers are equivalent for Ar+ and
ArH+ indicating that in this case there are no charge exchange collisions happening. From
the power of 37 W to the power of 129 W, a different behavior is observed for the ArH+
ions distributions. These latter are always much larger than the Ar+ ions distributions
and they have an extra peak in the middle of the distributions which is not present in
the Ar+ IEDF’s. The width of the distributions might found a possible explanation in
the settings of the mass spectrometer. No explanation has been found yet to describe the
curious “collisional” IEDFs of the “collisionless ions”.
At 50 mTorr and low powers, the sheath is collisional with charge exchange processes.
For the lowest power, the energies are maximum around 0 eV which indicates that the
process of thermalization is very important. When the power is increased, the plasma
jumps into a H-mode dominated discharge and the capacitive coupling is progressively
suppressed. Consequently, the sheath thickness and its modulation decrease and the ions
who do need less time to cross the thinner sheath have less chance to undergo a collision.
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The number of charge exchange peaks diminishes accordingly when the discharge power
rises.
To get a better visualization of the final average kinetic energies of the ions when they
reach the surface and its relation with the coupling of the power into the discharge we
plotted the inverse power absorption efficiency versus the absorbed power, together with
the corresponding antenna current and mean energies for the two pressures of 5 and 50
mTorr in figure 5.24 and figure 5.25. The IEDFs from which the energy is calculated are
shown in figure 5.23. The calculations have been also made for the ArH+ ions. For
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Figure 5.24: Mean ion energy at the metallic electrode in set-up 2 for a constant pressure
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Figure 5.25: Mean ion energy at the metallic electrode in set-up 2 for a constant pressure
of 50 mTorr
both pressures, when the plasma jumps into the inductive mode, the efficiency starts to
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increase and the capacitive coupling to decline (see above). The moment the efficiency
becomes maximum is clearly identified with the visual disappearance of the double peak
structure on the IEDFs of figure 5.23. Before the jump, the plasma is in a capacitively
coupled dominated behavior. The sheaths are expanding with the input power which
results in the steady rise of the mean energies. Then the coupling shifts to a transition
region of a mixed inductive and capacitive coupling before finally ending up in a pure
inductively dominated mode. Once the discharge is in the inductive mode, the average
kinetic energies are stable as they are determined by a fixed DC sheath voltage which in
return is determined by the electron temperature (see section 5.3.2), stable for a given
pressure and independent of the power in the inductive mode. Woodworth et al. [121]
and Hopwood [122] reported similar behavior. The values of mean energies obtained by
these authors at the grounded electrode are in the same range as our measurements.
It is rather obvious from the figures 5.19 and 5.20 that the energies obtained in the
case of the set-up 1 are much lower than the ones obtained for set-up 2. As the energy
which is gained in the region preceding the sheath is approximatively equivalent in both
set-ups and roughly equal to kB Te /2 (see section 5.5.1), it must be that it is in the sheath
that ions loose (or do not gain a lot of energy in set-up 1).
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Figure 5.26: Maximum kinetic energies versus the plasma potential for various pressures
in set-up 1 and set-up 2.
If an ion gets accelerated from the center of the plasma characterized by a plasma
potential Vp to a grounded electrode at a potential Velec = 0 V, then its final kinetic energy
E (providing it is not undergoing any collision) should be similar to the energy acquired
if it were accelerated under the difference of potential Vp − Velec = Vp . This corresponds to
E = Vp . The highest energies acquired by the impinging ions are obtained from the high
energy side of the IEDFs of figures 5.19 and 5.20. These maximum energies correspond
to the energies of those ions which have undergone a minimum of collisions. The plasma
potential is measured in the center of the discharge with the Langmuir probe for the same
plasma conditions. Figure 5.26 represents these maximum energies plotted versus the
corresponding plasma potentials. For set-up 2 a very good agreement is found between
the energies and the plasma potential at low pressures. At high pressures, the energies are
slightly lower than the plasma potential indicating that collisions have possibly occurred
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which slowed the progression of the ions. For set-up 1, for all pressures, the energies are
much lower than the plasma potential values (approximatively by 5 eV). Also similarly to
set-up 2, the discrepancy between the energies and the plasma potential values becomes
even larger at high pressures indicating an increasing number of collisions. During the
series of measurements in set-up 1, the aluminum electrode happened to be submitted to
a large ion bombardment and got subsequently coated by some insulating aluminum oxide
layer. Although a thorough cleaning of the electrode was done, we think that the general
grounding of the set-up has been largely modified. Consequently the sampling orifice
of the mass spectrometer gets progressively isolating and the energies are low. Olthoff
et al. have mentioned this problem [123]. They compared the energies obtained with
the mass spectrometer included in a stainless steel electrode and the ones obtained with
an aluminum electrode. The energies with the aluminum electrode were always smaller
than the ones obtained with the stainless steel electrode. Therefore, we think that the
aluminum surface of the electrode in set-up 1 contributes to the lowering of the kinetic
energy of the argon ions.

5.6

Control of the kinetic energy for ion bombardment

For plasma surface treatment, etching is a rather important process. It uses the energetic
plasma ions accelerated towards the surface to break bonds and remove atoms from the
surface. It is thus relatively important to determine the amount of power dedicated to
this particular process, in order to control it efficiently.

5.6.1

Ion flux

In a first step, it is necessary to determine the ion flux towards the surface. To compare
the results between the two set-ups, the study has been made at the fixed power of 400 W.
At that power, we can consider that the sheaths are collisionless. Consequently the ion
flux across the sheaths is conserved and is determined by the product of the ion density
ni,s at the sheath edge and of the Bohm velocity uB :
Γi = uB ni,s .

(5.11)

In the region preceding the sheath, quasineutrality is assumed: the ion and electron
density are equal, so that ni,s is equal to ne,s = ns , the electron density at the sheath edge.
To roughly estimate ns , we make the assumption that the electrons obey a Maxwellian
distribution. The electron density ne (x) at a position x from the sheath edge can then be
described by the Boltzmann relation:
ne (x) = ns e

eΦ(x)
Te

(5.12)

where Φ(x) (in Volts )corresponds to the plasma potential variation on the distance x
and Te is in eV. Ions reaching the Bohm velocity have been accelerated in an acceleration
region under a potential difference Φp given by [11]:
1
Φp = M u2B .
2

(5.13)
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Substituting for the Bohm velocity, one obtains:
eΦp =

Te
2

(5.14)

Consequently, the electron (or ion) density at the edge of the sheath ns can be expressed
in function of the density in the bulk plasma ne,bulk (density where the acceleration region
and the sheath join) as follows:
ns = ne,bulk exp

−1
≈ 0.61ne,bulk
2

(5.15)

If we call Ab , the surface area representing the total sheath surface that the ions are
reaching, then the total power (in Watts) that has gone into kinetic energy of the ions on
their way to the boundary, is then given by:
Pi,b = Γi · e∆φp · Ab ,

5.6.2

(5.16)

Power available for ion bombardment

Once the ions have reached the sheath, they are accelerated over the sheath voltage Vs .
The energy, Ei,surf , which the ions have when they reach the surface, is measured with
the energy resolved mass spectrometer.
The voltage over the sheath follows from:
eVs = Ei,surf − e∆φp ,

(5.17)

in which Ei,surf is in eV. The power (in W) needed for the gain of kinetic energy, as a
result of the passage of the sheath, is:
Pi,s = Γi eVs As ,

(5.18)

in which e is the elementary charge and As is the area of the bombarded surface, which
is equal to Ab .
The total power (in W), that is delivered to the surface in the form of kinetic ion
energy, Pi,t , is simply given by:
Pi,t = Γi eEi,surf As ,

(5.19)

with Ei,surf again in eV.
For both set-ups, the ion fluxes and the power available in form of kinetic power
(per surface unit) have been calculated using the plasma parameters measured with the
Langmuir probe and the Energy Resolved Mass Spectrometer. The results are given on
figure 5.27(a) and figure 5.27(b).
The results obtained for each set-up are quite different. In the case of set-up 1, the
ion flux linearly increases with the pressure and the power has the same evolution. In the
case of set-up 2 however, though the ion flux also exhibits a relatively linear increase, the
power first decreases to a minimum between 10 and 20 mTorr before increasing again.
In set-up 2, the ion flux increases in a slower way than the energy of the ions reaching
the surface decreases. Consequently, the power available for bombardment is primarily
influenced by the ion energy. In set-up 1, the opposite process occurs, and the power
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is directly related to the ion flux. Set-up 2 is particularly attractive as it offers for two
completely different plasma conditions 2 and 50 mTorr, the opportunity of having the
same power available for ion bombardment. Often low pressures are required to obtain a
good anisotropy of a motif on a surface. By lowering the pressure at 3 mTorr, the ion flux
can be reduced by almost a factor of 6 and still provide sufficient power for bombardment.
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Figure 5.27: Ion flux and power per surface unit available for surface bombardment in
set-up 1 and set-up 2 versus the pressure.

5.6.3

dc bias

The main drawback of the conventional Capacitively Coupled Sources is that the energy of
the ions bombarding a surface is directly related to the amount of power which is injected
into the plasma. To obtain the high densities which are required for microprocessing
applications, high powers must be employed. This has the inconvenience of creating wide
sheaths whose thickness is dependent on the input power and where the potential drops
and the energy dissipation is very large. The ions accelerated inside these sheaths acquire
energies usually above 100 eV and these highly energetic ions can create an extensive
damage at the surfaces of substrates. ICPs have been found to be very effective to
overcome that problem. Because their sheaths are not RF dependent and can be compared
to dc sheaths, ICPs can produce simultaneously very high densities and ion bombarding
energies below 50 eV. The density is still controlled by the power input to the discharge,
but the control of the energies of the ions can be efficiently done by adding a external
source of bias. If the substrate electrode is biased with a negative dc bias, then the
ions are accelerated across a larger potential drop in the sheath and their energies at
the electrode increase. Applying a bias is not modifying the potential profile inside the
bulk discharge. The parameters are independent of the bias voltage and measurements
performed with or without bias should give equivalent results. We performed Langmuir
probe measurements for various biases (0 V, -10 V, -20 V and -30 V) in set-up 1 to
check whether the assumption of independent control of the energy holds in that ICP.
The measurements were made on the axis of the discharge, close to the axial midplane.
In figure 5.28, the EEPFs obtained at 5 mTorr, 600 W, at ground and -30 V bias are
represented. No difference is visible between the two distributions which means that
there is no modification of the parameters of the bulk plasma when the bias is changed.
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Figure 5.28: EEPFs for an supplied RF power of 600 W, in set-up 1 for a bias of -30 V
and for the ground condition
We also measured the average bombarding of the ions striking the electrode energy with
the energy resolved mass spectrometer. Though the energies are obviously too low due to
the presence of the insulating layer on the aluminum electrode, the qualitative behavior
of the energy against the bias voltage was extremely clear (not plotted here). When the
bias increased, the average energy increased with the same amount. This proves that in
ICP sources, when the discharge is in the inductive mode, it is possible to independently
control the energy of the ions reaching the substrate electrode with an external bias.
Unfortunately, measurements in set-up 2 revealed to be unpractical as the current
drawn out of the plasma became so important that an intense sputtering occurred at the
stainless steel electrode. Subsequently, the entire reactor got covered with a thin metallic
layer. At a certain point the coating got thick enough to prevent the ignition of the
discharge and the experiments were stopped before any Langmuir probe measurements
were realized. After this episode, the quartz plate was polished by hand but some residues
of coating were still present on the surface. This didn’t seem to alter the discharge
behavior too much. However, the energies measured with the mass spectrometer were a
bit lower than for measurements made earlier. We attribute this shift to the alteration
of the grounding surface by the sputtered layer. During the bias experiments some of
the ceramic tubing protecting the gas inlets were broken, which implies that the ground
definition is also modified. Though it is often neglected, the ground definition is essential
to the reproducibility of results and has to be treated with caution.

5.7

Analysis of the energy balance in set-up 1 and in
set-up 2

The various measurements effected in the previous sections of this chapter provide a source
of information on the processes occurring inside the discharge. For the two sources, the
data available for set-up 1 and set-up 2 have been employed to give an estimation of
the partition of the RF power inside the discharges for a pressure of 5 mTorr and a RF
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supplied power of 600 W in set-up 1 and of 420 W in set-up 2. The energy balance has
been studied in the two set-ups by equating the RF power initially supplied to the plasma
to the energy loss mechanisms occurring into the discharge. In chapter 3 of this thesis, we
have shown that the ion loss by radiative combination is negligible compared to the ion
loss by diffusion at the walls. Radiative recombination ion loss is therefore not considered
in this balance analysis. The total energy loss is consequently assumed to be limited to
the following mechanisms:
• the RF losses inherent to the electrical circuit and the coupling of the exciting
coil together with the plasma. These losses are estimated from the values of the
parameter η in figures 5.1(a) and 5.1(b) and the initial supplied RF power:
PRF loss = Psupplied − ηPsupplied .

(5.20)

• the power used to accelerate ions to velocities at least equal to the Bohm velocity
before they enter the sheath. The potential difference ∆Φp between the boundary
(sheath) and the center of the plasma is derived from the IVDFs measurements (here
we only consider the low pressure cases where the plasma provides a continuous
acceleration to the ions from the center to the boundaries of the plasma). Then
if Ab represents the total area of the boundary layer towards which the ions are
accelerated, then for a given ion flux Γi defined below, the total power (in Watts)
which goes into kinetic energy of the ions is given by
Pi,b = Γi e∆φp Ab ,

(5.21)

The ion flux Γi is determined through the product of the ion density (equal to
the electron density) at the sheath edge with the velocity of these ions. In section
5.5.1, DSLIF measurements have shown that the experimental velocities are larger
than the theoretical Bohm velocities. Therefore, here the experimental velocities
were used instead of the Bohm velocities. It should however be pointed out that
the experimental values are not the exact final velocity at the sheath edge. Indeed
in set-up 1, in the conditions cited above (420 W, 5 mTorr) the closest velocity
measurements are effected at 1 mm from the electrode when the sheath is approximatively 0.5 mm. Similarly, the measurements are effected in set-up 2 at 0.5 mm
from the electrode when the sheaths are approximatively 0.25 mm. However on
these small distances, at 5 mTorr, the mean free paths are a few millimeters so
that ions are not expected to collide. Consequently the ion flux measured at the
previously cited positions should consist in a rather good approximation of the real
flux at the sheath edge. The density at the sheath edge ns is estimated from the
bulk plasma density ne from the Boltzmann equation
ns = nb e

−e∆Φp
kB Te

(5.22)

where ∆Φp represents the difference of potential under which the ions are accelerated
which is associated to the experimental DSLIF velocities (see also section 5.5.1).
• the power lost in the final acceleration of the ions inside the sheath before they reach
the walls Pi,s . The total power lost at the walls Pi,t in the form of kinetic energy of
the bombarding ions is defined as:
Pi,t = Γi Ei,surf eAs ,

(5.23)
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with Ei,surf represents the average energy of the impinging ions in eV, measured
by the mass spectrometer. The quantity As represents the total surface of the
boundaries of the plasma volume and is equals to the previously introduced Ab . The
quantity Pi,s =Pi,t -Pi,b represents the amount of power which is used to accelerate
the ions in the sheath only. Only the ions which are bombarding the metal electrode
are useful for the etching process. If Selec represents the surface of the electrode,
then the amount of energy that is transferred to this surface by the ions is given by:
Pi,elec = Γi Ei,surf eSelec ,

(5.24)

• the equivalent power lost by the flux of electrons lost at the walls to equilibrate the
ion flux. For a flux Γi of ions towards the walls, an equal electron flux is reaching
the walls. For a maxwellian energy distribution, the average energy of an electron
which is lost to the wall is 2Te . With Te in eV, the total power lost (in Watts) is
then given by
Pe,t = Γi 2Te eAs ,
(5.25)
• the power lost in the recombination of the ions at the walls. When the ions recombine at the wall, an amount of energy equal to the ionization energy is also lost.
The ionization energy for argon is 15.8 eV. Therefore, the extra loss of power by
recombination at the wall is
Prec,t = Γi 15.8eAs ,

(5.26)

Here again, one can distinguish the part of power which is used in the recombination
at the surface of the electrode only.
Prec,elec = Γi 15.8eSelec ,

discharge radius [m]
discharge length [m]
discharge volume [10−3 ·m3 ]
surface area of discharge volume [10−2 · m2 ]
electrode surface Selec [10−2 · m2 ]
supplied power [W]
efficiency parameter η
absorbed power [W]
power density [105 · W.m−3 ]

Set-up 1
0.090
0.063
1.603
8.653
2.545
600
0.35
210
1.310

(5.27)

Set-up 2
0.150
0.040
2.827
17.91
7.068
420
0.82
340
1.203

Table 5.5: Typical dimensions for the analysis of the energy balance in set-up 1 and setup 2. The radius and the length of the discharges are taken to be identical to the ones
chosen for the global (volume averaged) model. Also in the table are given the corresponding volumes, and surrounding surfaces. The surface of the electrode is also given.
The supplied power, efficiency parameter η, and corresponding absorbed power are given.
Finally the power density (or power deposited in a volume unit) is estimated.

5.7 Analysis of the energy balance in set-up 1 and in set-up 2
We have applied this simple analysis balance to our two set-ups for a pressure of 5 mTorr.
The supplied powers are 600 W in set-up 1 and 420 W in set-up 2. The volume of the
plasmas have been taken identical to the ones chosen for the global volume averaged model
of Lieberman. The corresponding dimensions and the subsequent surface and volumes of
the plasma are given in table 5.7. This table shows that for the chosen conditions and
dimensions, the power density (corresponding to the amount of power which is deposited
in a unit volume) is similar for both set-ups.
The electron temperature Te , the bulk density ne , the potential difference ∆Φp and
the corresponding velocities, as well as the average bombarding energies are given in table
5.7.
Te [eV]
bulk density [1010 · m−3 ]
∆Φp [V]
ion velocity (DSLIF) [m· s−1 ]
Ei,surf [eV]

Set-up 1
4.38
6.00
3.2
3929
22.7

Set-up 2
4.82
12.5
3.15
3900
19.0

Table 5.6: Plasma parameters for the analysis of the energy balance in set-up 1 and setup 2.
The results obtained for the two set-ups are summarized in table 5.7 and are also represented by pie-chart diagrams in figures 5.29(a) and 5.29(b) for an easier reading
Power [W]
Psupplied
PRF,losses
Pi,b
Pi,s
Pi,t = Pi,b +Pi,s
Pi,elec
Pe,t
Prec,t
Prec,elec
Ploss,tot
Psupplied -Ploss,tot

Set-up 1
600
390
5
17.5
22.5
7
14
25
7
452
148

Set-up 2
420
76
21.5
108.5
130
51
66
108
43
380
40

Table 5.7: Energy balance for set-up 1 and set-up 2 at 5 mTorr. The values in bold
represent the power losses which are added to give the total power loss. The last row
represents the remaining unaccounted power losses in the energy balance.
In set-up 2, the addition of all the energy loss mechanisms gives a total power of 380 W,
thus 40 W less than the original supplied power of 420 W. In set-up 1 the addition shows
a larger difference of 135 W of unaccounted power. Consequently the balance of power in
set-up 2 seems to be rather more accurate than in set-up 1.
In set-up 2, the differences between the supplied power and the total of the power losses
can be linked to different factors, the first one being the combined possible experimental
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Figure 5.29: The RF power distribution over various processes in the plasma source. a)
set-up 1, 400 W, 5 mTorr, b) set-up 2, 600 W, 5 mTorr

inaccuracies of the experimental measurements. In particular, the determination of the ion
flux at a location different from the bulk-sheath boundary is a potential source of errors.
Secondly, the choice of the plasma volume for the calculations has an important impact on
the final energy balance and could explain the observed differences. The extra unknown
power losses consist only in 9.5 % of the total supplied power. Therefore, the simple
approach presented to analyze the energy balance gives a rather good description of the
discharge losses mechanisms in setup 1. In set-up 1, in contrast, there is a large difference
of 148 W between the supplied RF power and the sum of all the energy loss mechanisms.
In the case of set-up 1, the plasma electron densities measured with the Langmuir probe
were shown previously to be remarkably low. As was previously pointed out in section
5.3.1, these low densities do not correspond with the results of the global model predicting
similar densities for set-up 1 and set-up 2 for the chosen plasma conditions and the
geometries taken for the calculations. Using a comparable ion density as the one measured

5.8 Conclusion
in set-up 2 (which corresponds approximatively to twice the original measured densities
in set-up 1), the total power losses would be multiplied by a factor two. The subsequent
sum of the energy losses others than the RF losses would then add up to ∼150 W instead
of 75 W. The unaccounted power losses would then be reduced to only 60 W, which would
again be approximatively 10 % of the total supplied RF power and a similar situation
than the one encountered for set-up 2 would arise.
When considering the power which goes into the acceleration of the ions before and
after they enter the sheaths, the conclusions are identical to the earlier observations in
the previous sections that most of the energy of the ions is acquired in the very last part
of their journey towards the walls, in the space charge regions in front of the walls, the
sheaths. The final amount of energy which goes into kinetic energy of ions reaching the
electrode is only 1.1% of the total supplied RF power in set-up 1 (2.2% if the density is
corrected by a factor 2) in contrast with 12% in the case of set-up 2. Similarly the energy
available for recombination is 1.2 % (2.4 % with the factor 2 for the density) and 10.2 %
of the total supplied RF power for set-up 1 and set-up 2 respectively. Clearly, in set-up 2,
more power goes into the acceleration of the ions and recombination at the walls than in
set-up 1.

5.8

Conclusion

Two inductively coupled plasma sources have been compared in terms of power transfer efficiency from the RF generator to the discharge. The first chamber (set-up 1) is
characterized by a solenoidal antenna and a small but ”tall” chamber volume (discharge
length is larger than the electrode radius). The second chamber (set-up 2) has a flat spiral
antenna and a large volume corresponding to a large radius and a small discharge length.
Clearly, a better coupling was obtained in the chamber comprising a flat spiral antenna
than in the one with the solenoidal antenna. Set-up 1 is non-efficient (coupling efficiency
parameter η < 0.5) while set-up 2 is highly efficient (η ≥ 0.8) when the plasma is in the
inductive mode (H-mode). At low powers the discharge is coupled capacitively (E-mode)
and the efficiency is low; when the jump to the higher density mode occurs, the efficiency
increases and remains stable.
In set-up 2 at pressures below 20 mTorr, the main heating process is via collisionless
stochastic heating. In set-up 1 the heating is always via collisional dissipation.
Because of the squat geometry of set-up 2, axial particle losses are important and the
discharge suffers of a lack of radial uniformity concerning the plasma density. In that
chamber, the plasma density peaks radially off-axis and is characterized by a toroidal
profile. In set-up 1, where the axial losses are slower, the density is radially uniform.
In both set-ups, the Ion Velocity Distribution Functions (IVDF’s) of argon metastable
ions have been measured at different positions inside the two chambers in the axial direction. In both chambers the Bohm criterion was verified for various pressure and power
conditions. A clear acceleration of the ions was measured in either directions towards
the metallic electrode or the quartz plate. At low pressures, the acceleration starts in
the center of the discharge and grows almost symmetrically in the two opposite directions. At higher pressures, the increasing number of collisions reduces the mean velocity
of the metastable ions and the acceleration towards the walls starts slightly off center. At
low pressure the concept of a presheath region between the bulk plasma and the sheath
doesn’t hold as the plasma bulk itself is a large presheath in front of the sheath.
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The Ion Energy Distribution Functions (IEDF’s) of argon ions have revealed the large
influence of capacitive coupling on the low power discharges which can be traduced by a
saddle structure on the distribution. When the pressure is additionally high, the argon
ions undergo charge exchange and momentum transfer collisions in the sheath appearing
on the IEDF’s as secondary maxima. When the discharge is in the inductive mode, the RF
modulation of the sheath disappears and the IEDF’s are represented by a mono-energetic
peak. The mean energy of the ions decrease with the pressure and is constant when the
plasma is in the inductive mode.
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Chapter 6
Interactions of a low pressure RF
Inductively Coupled Plasma with
bone tissue

This chapter is dedicated to the investigation of the effects of
low pressure plasma treatments on bone tissue in an RF Inductively Coupled Plasma (ICP) source. In particular, the influence of the discharge pressure, of the supplied RF power and of
the nature of the gas are studied. Information on the plasma
phase is combined with surface analysis techniques to establish
a simple model to explain the observed modifications of bone
tissue.
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6.1

Introduction

A recently developed biomedical-oriented research [36] proposes to study the interaction
of non-thermal plasmas with organic materials (see also chapter 1 of this thesis). In
non-thermal plasmas temperature Th of the heavy particles (ions and neutrals) is much
lower than the electron temperature Te with typical values of Th = 0.026 - 0.05 eV (300
to 600 K) and Te = 2-7 eV. In that way, the plasma discharges are expected to inflict
little thermal (heating) damage to the surfaces to be treated. The non-thermal source
chosen for this study is the low pressure RF Inductively Coupled Plasma source “set-up
2”, who has been previously characterized in an argon plasma in chapter 5 of this thesis.
The source is equipped with a Langmuir probe and an energy resolved mass spectrometer
(see chapter 3) which allow to determine the plasma properties and parameters during
the treatment of a sample. The disadvantage of this source is that it works at low
pressure (in our case below 50 mTorr). Therefore, the organic samples have to be chosen
to resist to vacuum conditions without strong deterioration of their internal structures.
For example, living cells are destroyed under extreme vacuum conditions as the water
that they contain is pumped away by the vacuum system. Organic tissues consisting
of a cellular base are thus inappropriate for our low pressure source. Also, we want
to study the modifications of brought by the plasma to the surface molecular bonds.
For that purpose FTIR spectroscopic ellipsometry is used [41]. The technique requires
rather large (∼ 2 cm2 ) and more or less flat samples. Bone tissue is naturally strong
and keeps its macroscopic structure under vacuum conditions. Also it can be easily
shaped into relatively flat samples of the required size for ellipsometry. Bone tissue was
consequently chosen as the organic substrate for plasma treatment. A short description
of bone properties and characteristics is given below. It is followed by a presentation
of three surface analysis techniques: Rutherford Backscattering Spectrometry, Elastic
Recoil Detection analysis and FTIR spectrocopic ellipsometry used to investigate possible
modifications brought by the plasma to the bone surfaces. The last part of this chapter
presents the results obtained for various plasma treatments on bone tissue samples using
the three surface analysis techniques previously cited and plasma phase diagnostics.

6.2
6.2.1

Bones
Bone tissue in the skeleton

The skeletal system is made of individual bones and connective tissue that joins them.
Bone is a specialized tissue which fulfills mechanical and metabolic functions in a living
organism. Mechanical functions are ensured by the rigidity, the hardness and the moderate
elasticity of the bone, which make this latter very suitable to maintain the shape of the
body, protect soft tissues and transmit the force of muscular contraction from one part of
the body to another during movement. The metabolical functions consist mainly in the
regulation of the production of osteogenic precursor cells.
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 macroscopic structure of bone,
a long bone (here a tibia) is presented in figure 6.1. In that example, the main part of
the bone is the cylindrical, hollow central shaft or diaphysis. The internal cavity of the
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Figure 6.1: Section of a long bone. The two types of bone tissue, cortical (compact) and
trabecular (cancellous) are represented.

diaphysis is filled with bone marrow. The outer and the inner surfaces of a bone are
covered by the periosteum, resp. the endosteum. The periosteum and the endosteum are
both a layer of fibrous tissue with undifferentiated cells (the osteogenic precursor cells),
capable of forming new bone during growth and fracture healing. Bones are constituted of
two types of bone tissue: the cortical (or compact) and the cancellous (or trabecular) bone
tissue. Cortical bone is a dense, solid material on the outer wall of the bone, protecting
the internal spongy structure of the cancellous bone. Both types of bone are shown in
figure 6.1. Approximately 80 % in weight of the total skeletal mass is cortical bone due
to its high material density.

6.2.2

Chemical composition of bone tissue

The chemical composition of bones is a mixture of a mineral arrangement (approximatively
65 % of the total bone mass) and of an organic matrix (35 % of total bone mass with cells
and water). The organic matrix consists mainly (90 %) of type I collagen protein. The
remaining 10 % are noncollagenous proteins, proteoglycans and phospholipids.
The collagen proteins are filamentous molecules which, according to the nomenclature
of Kauzmann [124], can be described at four structural levels. The first structural level of
collagen is described by the arrangement of amino-acids to form polypeptide chains. The
most abundant amino-acids are glycine, proline and hydroxyproline shown in figure 6.2.
The secondary structure of collagen is the local configuration of a polypeptide chain according to stereochemical angles and hydrogen-bonding potential: trans peptide bonds are
indicated by arrows on figure 6.3, as well as the possible hydrogen interchain bonds. The
rotation of the chain is limited by the ring structures of proline and hydroxyproline. The
collagen molecule is formed by the association of three of these polypeptide chains into a
helix structure (ternary structure). The collagen protein fiber is further originating from
the aggregation of collagen molecules into an ordered supermolecular structure (or microfibrils) [125]. Collagen provides a soft framework on which mineral compounds can fix
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Figure 6.2: Most abundant amino acids in collagen type I.
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Figure 6.3: Secondary structure of collagen: the three main amino acids (glycine, proline
and hydroxyproline) of one of the peptide chains of collagen are represented. Trans peptide
bonds are indicated by arrows and dots indicate possible interchain hydrogen bonds.

and add strength and hardness. The mineral component consists mainly of poorly crystalline hydroxyapatite (HA), Ca10 (PO4 )6 (OH)2 . The hydroxyapatite crystals are small
(20 Å× 40 Å× 200 Å) and can have different shapes, such as rod-, tablet- or needlelike.
The bone mineral is not pure hydroxyapatite, but is calcium- and hydroxide-deficient.
The reason for these deficiencies is that the Ca and OH sites in the hydroxyapatite can
−
be substituted by similar sized cations (Mg2+ , Sr2+ , Na+ , K+ ) and anions (CO2−
3 , F ,
2−
−
HPO4 , H2 PO4 respectively [125]. Because of the impurities it is difficult to give a detailed description of the bone mineral. Typical values for the composition of the mineral
part of bovine cortical bone are presented in table 6.1. It should be noted that the values
presented in table 6.1 are averages of a variety of bovine bones. The exact composition
may change with skeletal position, age, sex and diet.

6.2.3

Bone tissue defects and remodelling

Despite common belief, bones are active tissues, undergoing a continuous process of regeneration (also known as remodelling) involving self-mineralization and self-repairing
capabilities [126]. Every day, by subjecting our bones to mechanical stress, microcracks
are formed at the surface of bones and need to be repaired. The mechanisms controlling
the turnover process (renewal of bone) are not yet fully understood and are still under
investigation. It is believed, however, that in response to the formation of microcracks,
special cells called osteoclasts resorb the damaged bone while some other cells, the osteoblasts produce fresh bone tissue, respectively [125]. Bone is irrigated by blood vessels,
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Calcium
Phosphorus
Carbonate
Citrate
Sodium
Magnesium
Chloride
Fluoride
Potassium
Strontium

Bovine Cortical Bone
(wt%)
26.7 ± 0.15
12.47
3.48
0.863
0.731 ± 0.015
0.436 ± 0.009
0.077
0.072
0.055 ± 0.0009
0.035

Table 6.1: Chemical composition of bone mineral [125].

continuously developing in the tissue. The cavities for these blood vessels are drilled by
the osteoclats which are able to dissolve mineral as well as organic material inside the bone
tissue. Also as was previously mentioned, they play an important role in the destruction
of the old bone matrix. The effect of the osteoclasts cells is balanced by the effect of the
bone-producing cells which are the osteoblasts, osteocytes and bone-lining cells. These
three latter cells consist of a cell at different development stages.
Osteoblasts synthesize and lay down precursors of collagen I. They are also responsible of the production of osteocalcin, the most abundant non-collagenous protein in bone.
During the growth, osteoblasts are entrapped in the tissue they have produced and evolve
to osteocytes. These cells generate network connections via microscopic channels (lacunaæand canaliculli). Their role is to monitor and regulate ionic concentrations inside the
bone. Finally, bone-lining cells are playing a similar role to the one of the osteoblast from
which they are believed to derive. Their function is also close to that of osteocytes, such
as the regulation of bone mineral, mass, and architecture.
The mineralization process occurs in the organic matrix. The mineral compounds
such as calcium ions and phosphate anions are supplied via blood irrigation. Mineral
crystals are deposited in alignment with bone collagen fibrils. The complex process of
mineralization is described in [126, 127].
The average life time of cortical and cancellous bone tissues are very different (20
and 1-4 years respectively). A well-known medical problem turnover is osteoporosis. In
childhood and teenage years, formation of bones is faster than its resorption so that the
bone mass continuously increases. At about 30 years of age, our bodies have reached their
peak bone mass (maximum bone density and strength). After that age, resorption is faster
than formation and bones progressively loose their density and strength as they become
more and more porous. Patients are usually unaware of this internal transformation until
a sudden rupture of a weakened bone occurs (usually hip, spine or wrist). For that reason,
osteoporosis is also called the “silent disease”. Men and women are unequally prone to
osteoporosis: 1 out of 2 women against only 1 out 8 men. The women are affected mainly
when they are above 50 years of age as they have initially less bone tissue than men and
menopause is responsible for hormonal changes involving bone resorption. Research is very
active to determine the mechanisms of the osteoporosis and try to inverse the resorbing
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process. Though plasma etching of bones seems to be, a priori, rather unappropriate
to cure osteoporosis, the study of the reaction of bone tissue sample when subjected to
a plasma treatment can only enlarge the knowledge about bone tissue and contribute
positively to the ongoing research. Bone tissue deprived from living cells is an inert dead
tissue. To affect the physiological properties of the bone, the plasma treatment must
be directly applied on the cells (which is not possible in this study) or on the surfaces
which hosts these cells. For example, the development of bone graft implants has already
promoted studies on the development of synthetic surfaces favoring the attachment of
osteoblasts cells [128, 129]. Similarly, plasma treatments could be applied on the surface
of bones affected by a type of tumors called osteosarcoma. Unfortunately, in most cases,
physicians are nowadays constrained to remove a larger surface than the one effectively
affected by the tumor. This is done to prevent any ulterior proliferation of forgotten
cancerous cells in the surrounding areas of the tumor. Hypothetically and ideally, we
could imagine that an external plasma treatment like the one of the plasma needle [36]
could provide a source of chosen ions and radicals able to etch or to modify chemically
the remaining surface of the bone surface in order to prevent adherence of the cancerous
cells or to stimulate their apoptosis. Consequently, the area surgically removed could
eventually be reduced.

6.3

Surface diagnostics

The penetration depth of a plasma treatment is in general rather limited to a specified
surface layer while the bulk (core) of the sample remains unchanged. In general, only an
analysis of the first layers of the sample is needed to determine the effect of the plasma
treatment. Several techniques involving the probing of the surface with electrons, ions,
X-rays, neutrons, are available for surface analysis, each of them having its advantages
and drawbacks. However, because the surface of the bones is irregular, the techniques
have to be able to handle non-flat surfaces. Moreover, to record any modifications in
the organic composition of the bones, the techniques should provide information on small
masses constituents like carbon, oxygen, nitrogen, and hydrogen. We decided to use a
combination of two conventional ion beam analysis techniques: Rutherford Backscattering
Spectrometry(RBS) and Elastic Recoil Detection Analysis (ERDA). The experiments were
realized at the the Center for Application of Ion Beams in Material Research (AIM) in
the Forschungszentrum Rossendorf e.V. (FZR) in Dresden, Germany. FTIR spectroscopic
ellipsometry has also been used. This technique provides access to the chemical bonds
configuration in a sample. Changes of chemical bonds can be recorded by comparing scans
before and after treatments and linked to the latter treatment. We will shortly describe
the principle of the ellipsometry technique and introduce the ellipsometer used for these
experiments. The reader is further referred to the Ph.D thesis of J-.C. Cigal [41] for an
extensive description of the apparatus.

6.3.1

Rutherford Backscattering Spectrometry (RBS)

Rutherford Backscattering Spectrometry (RBS) provides atomic and elemental concentrations as a function of the depth below the surface. It is a direct technique which does
not require the use of standardized samples for calibration. It can be used to detect trace
elements heavier than the major constituents of the substrate. The maximum depth is
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Figure 6.4: Typical RBS measurement on a thick bone target. Ion beam: 1.7 MeV 4 He+
ions, Q = 30 µC, θin = 0◦ , θout = 170◦ .

usually about 1 mm and the depth resolution is approximatively 20 Å. A detailed description of the technique is given in [130] and the appendix A at the end of this thesis. The
reader is referred to this appendix for the definitions of the terms and different notations
employed in the formulae given below.
When two particles having given nuclei and energies are put into presence of each
other, they exchange momentum and energy. If the internal energy of the particles are
conserved, then the collision is said to be elastic. RBS is working on the principle of
elastic collisions. An ion beam of diameter ranging from 0.5 to 2 mm is sent onto the
surface to analyze. Some ions are directly reflected (scattered) by the surface atoms, but
some manage to penetrate inside the sample and reach internal atomic layers. Before they
reach the nucleus which will scatter them, they experience energy losses (∆in ) which are
dependent on the material stopping power S(E)=(dE/dx). The energy they loose in the
last collision is specific of the nucleus they collide with and is related to the kinematic
factor KM2 . After the collision, the ions are reflected towards the surface. On their way
out, they experience new energy losses (∆out ) due to the stopping power of the material.
The number of backscattered ions which effectively manage to exit the surface and their
energy is a signature for the material composition (concentration of elements).
If a probing ion of initial energy E0 , enters the surface at an angle θin with respect to
the normal to the surface and is detected at an angle θout with respect to the normal to
the surface, then the energy E3 of the ion after interaction with the material up to the
depth x is given by:
·

KM2
E3 = KM2 E0 − [S]x = KM2 E0 −
cos θin

µ

dE
dx

¶

1
+
cos θout
in

µ

dE
dx

¶

¸
x

(6.1)

out

where [S] is the loss factor.
When x = 0, the elements at the surface can be completely determined by the kinematic
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factor. For other depths, a linear relation can be obtained between the energy loss and
the path of the ion in the material. In other words, a measured energy for a 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 and allows depth profile
determination for the different elements present in the sample.
At Rossendorf, the incident beam was a 1.7 MeV 4 He+ ion beam generated by a van de
Graff accelerator. A typical RBS measurement on a thick bone target is shown in figure
6.4. The spectrum consists of a continuum with multiple steps. From the position of the
steps (energies) and using equation A.4, the nature of the elements can be determined.
By comparing the heights of the steps, it is also possible to determine the atomic ratio
between different atoms (see equation A.12). Equation 6.1 shows that the energy detected
is function of the distance x. Therefore, depth profiles can be obtained. By measuring the
elemental composition of the surface layers of untreated samples and comparing it with
the one obtained for treated samples, it is possible to determine the plasma penetration
depth. For that given depth, the stoichiometric composition is similar to the one of
untreated samples.

6.3.2

Elastic Recoil Detection Analysis (ERDA)

ERDA provides information on the elemental composition of a sample, but does not
provide any depth resolution. The results are integrated over a distance which is in
general previously determined by RBS depth profiling. The great advantage of ERDA
over RBS is that it gives access to light particles such as hydrogen. The energetic probing
ions are chosen with a mass higher than the target elements (for this experiment we used
5 MeV Cl7+ ions incident beam, produced by a 5 MV tandem accelerator).
Though ERDA is also working on the principle of elastic collisions between an incoming
ion beam and the atoms of a specified target, the particles detected are the recoiled target
particles and not the original ions. The reader will find in the appendix A the definitions
and notations given in this section. With a similar approach to the one observed in the
case of RBS, it is possible to define the total energy loss on both the inward and outward
path due to stopping in the material by:
"
#
µ ¶
µ ¶
K2
dE
1
dE
∆E = ∆Ein + ∆Eout =
+
x = [S]x
(6.2)
cos θin dx in
cos θout dx recoil,out
where K2 is the kinematic factor for the recoil, ¡defined
A.13. The angles θin
¢ in equation
¡ dE ¢
and θout are defined in figure A.3. The factors dE
and
are the stopping
dx in
dx recoil,out
powers of the target material for the incident ion and recoil respectively. The remaining
energy loss due to the collision is described by the kinematic factor, K2 in equation A.13. It
is used to identify the different elements at the sample surface (x=0) from the measured
ERDA spectrum, similar to the element identification in RBS. The energy loss due to
stopping, described in equation 6.2 is used in the energy to depth conversion in the ERDA
spectrum, similar to the energy to depth conversion in RBS. The main difficulty in an
ERDA experiment is the fact that not only recoils, 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 discrimination, which means that a dedicated detector
is needed. At the Rossendorf Institute where the experiments were conducted, the ERDA
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beam line is equipped with a semiconductor detector with an aluminum stopper foil for
H detection and a Bragg Ionization Chamber (BIC) for detection of other elements. In
an ERDA measurement (concerning elements other than hydrogen) both the Bragg peak
intensity and the total energy are measured and plotted. An typical ERDA measurement
made during this study is shown in figure 6.5.
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Figure 6.5: Example of an ERDA measurement on a bone sample. Ion beam: 35 MeV
Cl7+ ions, θin = 15◦ , θout = 15◦ Q = 3.4 µC
The different branches in figure 6.5 can be identified, from the Bragg-peak heights, as
different elements. Especially the light elements C, N and O are well resolved. For heavier
elements the mass separation becomes smaller. However, the signal from Ca recoils can
still be distinguished from the Cl signal. The P signal is overlapping with the Cl signal
and can not be resolved. Each branch gives access to the depth profile of the concentration
of the given element.

6.3.3

Fourier Transform Infrared spectrocopic ellipsometry

Ellipsometry is a powerful technique for the investigation of the optical properties of
surfaces [131, 132] up to the first hundreds nanometers under the surface. It is based on
the change of the polarization state of light when reflecting from a surface (see figure 6.6).
This change is expressed by determining the ratio of complex Fresnel coefficients rp and
rs , in a direction respectively parallel and perpendicular to the plane of incidence [131]:
rp
= tan Ψei∆
(6.3)
ρ=
rs
The ratio ρ is the complex reflectance ratio of a surface and the ellipsometric angles Ψ
and ∆ are the ratio of the magnitudes of rp and rs and the phase difference between
the coefficients, respectively. In practice, Ψ and ∆ are measured instead of rp and rs .
Their variations are representative of the properties of the studied surface and enable
to determine for example the refractive index, the dielectric functions and thicknesses of
the surface layers. Ellipsometry can be used with a single-wavelength light source (for
example a Helium-Neon laser), but the information is then rather limited. Nowadays, the
technique has been developed to enable measurements on spectroscopic ranges. However,
it is only recently (1990’s), with the advent of Fourier transform techniques, that measurements in the infrared range are available. The advantage of infrared spectroscopic

136

Chapter 6: Interactions of a low pressure RF ICP with bone tissue
A

4 5

D
o

Y

rs

rp

Figure 6.6: Reflection of a beam of linearly polarized light from a surface A. The plane of
incidence is defined by the incident and the reflected beam. The reflection coefficients (rp
and rs ) and the ellipsometric angles (Ψ and ∆) are indicated in the figure.

ellipsometry over visible spectroscopic ellipsometry is to provide the molecular composition of a surface, derived from the analysis of absorption resonance bands in the infrared
and makes it particularly attractive for the study of oxides or organic materials. Fourier
Transform Infrared (FTIR) spectrometry has already been successfully used on bone tissue [133–135], dental tissue [136, 137] or synthesized tissue with close properties to those
of bone [138] and measurements have already been performed on organic components
such as collagen [139]. It has demonstrated its capabilities of showing the effect of some
bone diseases such as osteoporosis [140, 141]. These techniques, sometimes adapted to
micro-spectroscopy with an area of analysis of up to 50 × 50 µm2 , provide information
on mineral (hydroxyapatite) and organic compounds (collagen). However the drawback
of all these studies is that the measurements are performed by transmission, giving thus
a line of sight measurement, along the whole thickness of the sample. These techniques
are thus not well adapted to our purpose since we expect modification in the tissue over
only few hundreds nanometers in depth. Ellipsometry which only investigates the first
hundreds of nanometers under the surface should thus provide a better measuring tool
for our plasma treatments. The full description of the infrared spectroscopic ellipsometer
P ol a riz er

S a m p le
C om p en s a tor

FTIR

A n a l y z er

Detector

Mirror

Figure 6.7: Representation of the infrared spectroscopic ellipsometer, after [41].

arrangement used for the measurements of this thesis is given in [41]. In short, the configuration adopted (figure 6.7) consists of the coupling of the signal of a Fourier Transform
interferometer (Bruker IFS66) into a rotating compensator ellipsometer. The signal is
detected by a Mercury Cadmium Telluride detector, Graseby, MCT-M16. Figure 6.7 also

6.4 Description of the experiments
represents the major optical components of the ellipsometer: the polarizer, the analyzer
and the rotaing compensator. The polarizer imposes a polarization to the incoming light
while the analyzer fixes the polarization of the light impinging on the detector. The last
element is a rotating compensator (or retarder) which induces a sinusoidal variation of
the intensity of the detected signal. The analysis of the signal leads to the determination
of the polarization induced by the sample. The first measurements on bone samples with
the FTIR spectroscopic ellipsometer at an incident beam angle of 70◦ showed that the
bone is highly transparent in the infrared range. This is a major problem as ellipsometry
is based on reflection. The problem was overcome by taking a larger angle of incidence.
Because of the weak intensity of the source and its non-punctual nature, the infrared
beam hitting the sample has a diameter of around 1 cm. Consequently a larger angle of
incidence enlarges the surface necessary to accommodate the totality of the beam. A good
compromise was found for an angle of incidence of 80◦ and samples of 2 cm × 2 cm. A
preliminary study [41] showed that in the case of bone tissue samples, relevant information
is obtained mainly on the ∆ spectrum because, except on the absorption spectral areas,
∆ has a low and rather constant value. A typical ∆ spectrum can be found on figure
6.11. On that figure, the main absorption bands are indicated (an extensive description
is given further in this chapter). In a general point of view, a change in amplitude in an
infrared peak corresponds to a bond density change, while a shift of the peak corresponds
to a change in the chemical structure of a bond.

6.4

Description of the experiments

Bovine bone tissue samples have been submitted to various plasma treatments in a low
pressure RF Inductively Coupled Plasma source described in chapter 2. The source,(setup 2) has been studied in chapter 5 with argon as feed gas. A schematic drawing of the
source can be found in figure 3.5 in chapter 2 of this thesis. WHere, we are interested in
the possible interactions between the plasma and the surface. For that purpose, different
gases were used. We distinguish the inert gases, argon, helium and krypton who can not
react chemically with the surface and the chemically active gases, oxygen and a mixture
of argon and oxygen. Using these different gases for identical conditions of power supplied
by the RF generator and of pressure, we want to investigate the possible differences in
surface modifications between these different plasmas. Also the influence of the RF power
is studied by ranging power values from 400 W to 800 W, at a fixed pressure of 50 mTorr.
These latter measurements were made in argon and oxygen. Finally the influence of the
pressure was investigated by varying the pressure inside the chamber from 5 to 50 mTorr
while keeping the supplied RF power at a fixed value of 400 W. Table 6.4 summarizes the
experiments.
Besides the samples which were put into the plasma, we also had a set of untreated
samples. They were investigated by ion beam analysis (RBS and ERDA) to establish the
atomic ratios characteristic of a typical untreated sample. Comparing these ratios with the
ones obtained from the treated samples enabled us to determine the modifications induced
by the plasma treatments. FTIR ellipsometry was also conducted to determine changes in
chemical bonds. Finally, during each plasma treatment, mass spectra of ions and neutrals
were recorded to analyze the possible products in the plasma phase originating from the
interaction of the plasma ions and neutrals with the surface.

137

138

Chapter 6: Interactions of a low pressure RF ICP with bone tissue

Name of bone
tissue sample
A1
A2
A3
A4
A5
A6
A7
A8
O2
O3
O4
O5
Kr1
He1
AO1

Gas

Power Pressure
(W) (mTorr)
Ar
800
50
Ar
600
50
Ar
400
50
Ar
400
50
Ar
400
50
Ar
400
35
Ar
400
20
Ar
400
5
O2
800
50
O2
600
50
O2
400
50
O2
400
50
Kr
400
50
He
400
50
Ar/O2 (50/50)
400
50

Time
(min)
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Table 6.2: Experimental conditions of plasma treatments. The left column gives the names
attributed to various bone tissue samples. The other colums give the corresponding gas
mixture, power, pressure and treatment time.

m ass spectrom eter
entrance hole

clam p to the electrode

Ny lon tubes for
water cooling

bone
Teflon block

electrode

Figure 6.8: Schematic representation of the sample holder. The samples are clamped on
a water cooled stainless steel plate positioned at approximatively 1 cm from the entrance
hole of the mass spectrometer.

6.5 Study of untreated samples

6.4.1

Samples preparation

To accommodate the size of the sampling infrared beam required for the Fourier Transformed Infrared Ellipsometry the size of the samples had to be a least 1 cm × 2 cm.
Bovine bones were preliminary cut with a coarse saw and a refine cut was obtained with
a diamond saw (to prevent possible contamination by oil, water was used as the cooling
agent for the diamond saw blade). The samples were cut from the dense cortical part of
the bone along its longitudinal direction. The thickness was fixed to 2 mm. Preceding the
preparation, bones were stored into a freezer. Following the final cut with the diamond
saw, the samples were submersed in distillated water overnight to remove any leftover soft
tissues. They were then allowed to first dry in the open air and then were stored into a
vacuum chamber (vacuum = 10−4 mbar) before processing.

6.4.2

Sample holder

To prevent thermal heating of the plasma, a water cooled sample holder was designed
(figure 6.8). It consists of an internally cooled 2 cm × 4 cm plate. The cooling water
is brought to the plate by two stainless steel pipes. The sample holder is clamped on
the side of the electrode and brings the sample to 1 cm from the entrance hole of the
mass spectrometer. To prevent any electrical loop into the chamber, the two pipes were
connected by a teflon block. The samples are held in place by two small clamps.

6.5
6.5.1

Study of untreated samples
Atomic ratios

To analyze and expose modifications in the surface layers of the bones samples after plasma
treatments, it is necessary to establish the initial compositions of these surface layers. This
is a time-consuming and costly procedure to conduct for all samples. To reduce this pretreatment time, we decided to analyze with ERDA and RBS a random set of untreated
samples. The results for both ion beam analysis techniques are given in ratios of atomic
concentrations. RBS and ERDA are in principle capable of giving absolute quantitative
results, but due to the surface roughness (∼ 0.5 µm) and the inaccurate measurement of
the total charge Q on the sample (problem of electrically insulating bone sample), this
was not possible in our case. However, the atomic ratios characterizing the stoichiometry
of the bone are commonly used in literature to investigate bone diseases [142], aging of
bone [143] and characterization of synthetic bone-like materials [144].
As Ca and O can be detected by ERDA and RBS, it is possible to verify the consistency of both techniques. However, care should be taken that the concentration of atoms
determined by RBS is obtained after an integration of the depth profile from the surface
to the detection limit depth of ERDA, that is smaller than that of RBS [41, 145].
Figure 6.9 shows the measured ratios of Ca/P measured with RBS and of Ca/O measured
with RBS and ERDA. For each concerned element, the ratios were similar for all samples
(samples S1 , S2 , S3 , S4 , S5 ). We also tested the reproducibility of the analysis on one
single sample by testing two different areas (samples S2 and S2 ’) on figure 6.9. There
again, ratios were found consistent with each others. The differences between the RBS
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Figure 6.9: Measurements with RBS and ERDA of Ca/P (only RBS) and Ca/O ratios of
untreated samples S1, S2, S2’, S3, S4 and S5. S2 and S2’ represent two measurements
on different spots on the same sample.

and ERDA measurements of the Ca/O ratios lie within the errors bars (9 % of the average
value), therefore demonstrating the good agreement between the two methods and comforting us in the reliability of the results of each method taken individually. The average
values for various ratios between calcium and other atomic elements obtained with ERDA
are given in table 6.3. The ratios were obtained with an accuracy of 10 %. Thus, a characteristic composition representative of any untreated sample could be further assumed
for comparison with plasma treated samples. Looking at the quantitative values of the
Atomic ratio
Ca/P
1.63
Ca/O
0.33
Ca/C
1.62
Ca/N
4.94
Ca/H
2.54
Table 6.3: Average atomic ratios for untreated samples.
atomic ratios, the only atomic ratio value which can be compared with the literature is
the Ca/P ratio as calcium and phosphore are only present in hydroxyapatite. The value
of 1.63 agrees reasonably well with the expected value of 1.667 from the stoichiometric
composition of pure hydroxyapatite and from the value measured in [142]. For the other
elements (C,H,O and N), it is not possible to establish theoretical values for the ratios
because their amount is also dependent on the quantity present in the organic matrix
which highly depends on the exact function and provenance of the bone.

6.5.2

Infrared signature

The infrared spectroscopic ellipsometer described in section 6.3.3 has been used to determine the infrared signature of a typical bone sample in the wavenumber range 1000 - 4000
cm−1 . The spectra were obtained with a resolution of 4 cm−1 . The main difficulty is that
bone tissue is transparent to infrared so that for grazing incidence (80◦ ), only a small part
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of the light beam is reflected. During an ellipsometric scan, two spectra are measured
showing the Ψ and ∆ variations as a function of the wavenumber. As little information
can be extracted from the Ψ spectrum, only the phase shift ∆ spectrum was used for the
bones analysis. A typical ∆ spectrum is shown in figure 6.11. Peaks associated with the
mineral phosphate, carbonate or proteins present in the bones were identified in correlation with former studies using FTIR transmission absorption spectroscopy [127, 136]. For

28
PO4

3-

Delta (deg)

21

14
Amide II
CO2

7

Amide I

CO3

2-

Amide A Amide B
Amide III

OH (water)
0
4000

3500

3000

2500
2000
-1
wave number (cm )

1500

1000

Figure 6.10: Ellipsometric parameter ∆ as a function of wavelength in the IR range. The
sample has been under vacuum conditions for 24 h before the measurements. The main
features of the mineral and organic components are indicated.
the mineral signature, the most intense feature is associated with the ν1 ν3 phosphate absorption bands (900-1200 cm−1 ). In reality it is composed of 11 sub-bands including PO3−
4
and HPO2−
4 absorptions depending on the stoichiometry [134,135]. Carbonate absorption
band ν2 CO32− is visible on the region 850 to 890 cm−1 . It is representative of the nature
of the carbonate substitution in the apatite latice. It can be subdivided into three bands
corresponding to OH− substitution, PO3−
4 substitution and unstable carbonate [140]. Besides the features related to the mineral matrix of the bone, organic components also have
a signature in this spectrum. In particular bands related to the various amides have been
identified:
• Amides A and B have absorption bands situated between 3200 and 3500 cm−1 .
unfortunately the intensity of these bands are small and perturbated by the presence
of water (3400 -3800 cm−1 ). Though they could provide useful information on
hydrogen bonding in collagen (N -H stretch), they were not studied in this work.
• Amide I (1620 to 1680 cm−1 ) corresponds mainly to a peptide C=O stretch. Its contour can be deconvoluted into three sub-bands characterizing the collagen secondary
structure, so as to say the collagen helix and cross-linking nature [140].
• Amide II spectral band (1530 to 1560 cm−1 ) is due to a combination of C-N stretch
and N -H bending. The contour is centered around 1550 cm−1 .
• Amide III band (1200 to 1300 cm−1 ) has the weakest signal of the three amides. It
corresponds to a complex in-plane mode.

142

Chapter 6: Interactions of a low pressure RF ICP with bone tissue
If these IR peaks (mineral or organic related) are modified in position or amplitude, a
direct relation can be found with the plasma treatment. A shifted peak will correspond
to a change in the chemical structure of the bond while a change in the amplitude is
associated with a bond density change. To enable a quantitative analysis, a complex
model for the bone would be required involving porosity, anisotropy (a bone is quite
inhomogeneous with sites as osteons). Such quantitative results have not be done and
only qualitative results have been taken into consideration

6.5.3

Vacuum effect

Samples are cut in the open air and are cleaned with distilled water before being dried
in the open air. No further precautions are taken to prevent water contamination and
the samples are thus impregnated with an adsorbed water layer on the surface. Before
the plasma treatment starts, the vacuum chamber is evacuated to a base pressure of
10−5 − 10−6 mbar. Consequently, the water content will be already modified before the
plasma treatment starts treatment. To investigate this “vacuum effect”, a test sample
was put in a moderate vacuum (10−3 to 10−4 mbar) and compared with a sample kept
in open air. The comparison was made with the FTIR ellipsometer on the ∆ spectrum.
A higher background linked to a higher water content was observed on the sample not
subjected to vacuum. Also, the region where the phosphate absorption band and a water
absorption band are coinciding was slightly modified from the sample left in open air to the
sample subjected to vacuum. Further, no dramatic discrepancies between the two spectra
were found. This indicates that vacuum has a minor effect on bone tissue which consists
mainly into drying the samples. No modification of the mineral or organic components is
observed.
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Figure 6.11: Ellipsometer parameter ∆ spectra of a sample left in ambient air (”untreated”) and of a sample subjected to vacuum conditions.
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Bone tissue samples have been subjected to various plasma treatments summarized in
table 6.4. In this section we investigate the possible modifications brought by the plasma
treatments to the surface of the samples. In particular, the results of surface analysis
measurements are discussed and related to the plasma phase properties. We focused in
particular on the modifications brought to the three main “components” of the bone, its
mineral and organic parts and its water content.

6.6.1

Plasma properties

Prior to the investigation of the effect of the plasma treatments on the surface of the
bone samples, we have determined the plasma parameters (electron temperature Te and
electron density ne ) of the various discharges used into this study. These measurements
were made with a Langmuir probe. Conjointly, the average energy < Ei > of the ions
impinging on the electrode against which the sample holder is placed, are measured with
an energy resolved mass spectrometer. Descriptions of both the Langmuir probe and
of the mass spectrometer can be found in chapter 3 and further explanations on the
obtention of the plasma parameters can be found in chapter 5. Using the experimentally
determined values of Te , ne and < Ei >, the power available for ion bombardment P(i,t)
is also estimated. To calculate P(i,t) , we use the same procedure which was previously
introduced in chapter 5. The main equations are repeated here. To start with, we assume
that for all the powers and pressures considered, the sheaths in front of the walls are
collisionless (this particular point has been investigated by measuring the Ion Energy
Distribution Functions at the pressure and power of interest. For all the gases, analysis
of the shape of the distributions revealed a collisionless behavior of the ions inside the
sheath [146]). Consequently the flux of ions Γi across the sheath can be considered
constant. If ns and uB are the ion density at the presheath-sheath edge and the Bohm
velocity (see equation 3.19)respectively, then the ion flux is expressed as the product of
these two quantities:
Γi = ns · uB .
(6.4)
The density at the presheath-sheath edge ns , is estimated from the bulk density value of
the ion (electron) density using equation 5.15:
ns ≈ 0.61ni,bulk = 0.61ne,bulk

(6.5)

The total power (in W) available in the form of ion kinetic energy is then given by:
Pi,t = Γi e < Ei > As ,

(6.6)

with As , the surface of the walls of the reactor and < Ei > in eV. Regardless of the surface
of the reactor which is the same for all the plasmas, we can compare the power per surface
s
=Pi,t /As . The values of the electron temperatures, densities, energies and subseunit Pi,t
quent Γi and Pi,t obtained for the different plasmas are given in table 6.4 together with
their respective units. Unfortunately, at that stage of the research, technical problems
were experienced with the Langmuir probe and no electron density and/or electron temperature measurements could be done in the argon-oxygen mixture, therefore no results
are given in table 6.4 for that particular plasma. The first series consists in the study of
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Serie

Gas

Gas

Power

Pressure

He
O2
Ar
Kr
Ar
Ar
Ar
O2
O2
O2
Ar
Ar
Ar
Ar

Pressure Power

Psi,t

Te

ne,bulk

Γi

< Ei >

(eV)

(1020 m2 ·s−1 )

(W·m−2 )

2.65
0.73
8.52
7.14
8.52
12.68
15.77
0.73
1.21
1.50
3.74
4.86
6.43
8.63

24.0
17.6
8.0
6.5
8.0
8.1
7.8
17.6
13.5
12.6
19.2
12.5
9.9
8.0

1020
206
1090
743
1090
1644
1968
206
262
303
1148
972
1020
1104

(mTorr)

(W)

(eV)

(1017 m−3 )

50
50
50
50
50
50
50
50
50
50
5
20
35
50

400
400
400
400
400
600
800
400
600
800
400
600
600
600

6.10
3.93
2.44
2.39
2.44
2.77
2.65
3.93
3.05
3.35
4.51
3.28
2.91
2.62

0.36
0.35
5.8
7.1
5.8
8.1
10.3
0.35
0.66
0.78
1.87
2.87
4.02
5.64

Table 6.4: Plasma series used in this study: gas, power and pressure dependence. The
corresponding plasma parameters obtained with a Langmuir probe (Te , ne ) are given with
an accuracy of ± 0.2 eV for the former and of ± 0.05 × 1017 m−3 for the latter. Also the
average ion bombarding energy (± 0.5 eV) of the majoritary plasma ion measured with
an energy resolved mass spectrometer is indicated. The last column represents the power
available for ion bombardment per surface unit.

the effect of different feed gases at a fixed pressure of 50 mTorr and a fixed supplied RF
s
power. Comparing the values of Pi,t
, they are the highest for the rare gases. For oxygen,
the value is pretty low. Consequently, we can expect the etching of the surfaces due to
physical transfer of kinetic energy from the ions to the surface to be more efficient with
helium, argon or krypton discharges, than in an oxygen plasma. The pressure series in ars
gon plasma shows rather stable Pi,t
. Therefore relatively few changes should be expected
within this series. On the contrary, the argon and oxygen power series shows that in that
case, the values of Psi,t increase with the power. Consequently there again, variations in
the surface modifications can be expected.

6.6.2

Plasma penetration depth

For all plasma treatments, we have estimated the depth on which the plasma has induced
changes. To this end, we assumed for the plasma-modified bone a simple model consisting
of a bulk volume of fixed composition, with a top layer of variable thickness and composition. The bulk volume composition is assumed to have kept the stoichiometry measured
for the surface layers of untreated samples. The concentrations of the elements in the
modified top layer are assumed to follow a linear gradient from the top surface layer to
the bulk. ERDA, using grazing incidence was only able to provide information for an
average of 350 nm for the calcium element. RBS allows a larger penetration depth into
the material and was therefore used to estimate the plasma penetration depth. From the
fits made of the experimental RBS spectra, the plasma penetration depth was estimated
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Plasma penetration depth (nm)

to vary from 400 nm to 700 nm [145]. The penetration depth values obtained for the experimental conditions of table 6.4 are given in figure 6.12. These depths are much larger
than what the ERDA technique is probing. Consequently, as was previously mentioned
in section 6.5, the comparison of the measurements of RBS and ERDA for the Ca/O ratio
can be done only if the integration of the concentration of atoms is done over the same
thicknesses, thus 350 nm. In figure 6.12 the variations observed for the different plasma
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Figure 6.12: Estimated plasma penetration depth in different samples. The plasma conditions corresponding to the sample names can be found in table 6.2.
conditions are rather small with respect to the accuracy of the calculation. Moreover,
the porosity and the roughness of the bones can also be responsible for the differences
encountered [41]. Only in the case of the samples A1 and A2 , corresponding to the high
power argon plasmas, slightly higher values are observed. An average value of 500 nm for
all the treatments is taken to be a rather good approximation of the plasma penetration
depth.

6.6.3

Plasma treatment effect on the mineral matrix

The effect of plasma treatments on the mineral matrix of the samples was examined for
the various plasma treatments. Figure 6.13 shows the Ca/P atomic ratios obtained with
the RBS technique for all the treated samples and untreated samples. We assume here
that the values obtained for the untreated samples are representative of the ratios of an
unvaried bulk volume in the treated samples [145]. No remarkable differences can be
observed between the Ca/P ratios of untreated and treated samples. Also, the variations
observed between the ratio values obtained for the various plasma treatments are not really
significative and are not showing any specific trend. For example, although the samples
A4 and A5 have been submitted to identical plasma conditions, they show small variations
in the values of their Ca/P ratio. The stability of the Ca/P atomic ratio has two possible
explanations: on the first hand, it is possible that the plasma treatments have no effect
on the mineral component of the bone. On the second hand, calcium and phosphorus
might be etched from the surface but in such a way that the Ca/P stoichiometry remains
unvaried. RBS analysis technique alone is not capable of distinguishing between the two
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Figure 6.13: Ca/P ratios for untreated and plasma treated bone samples, obtained from
RBS measurements. Measurements S2 and S2’ are performed on the same sample.

possibilities.
FTIR ellipsometry was also employed to give further insight on the possible changes
of the mineral component of the bone tissue. For that purpose, the spectrum of the
ellipsometric parameter ∆ obtained for a sample, untreated, but pre-dried in moderate
vacuum was compared with that one of a sample treated by an oxygen plasma. The two
3−
spectra are represented in figure 6.14 Decreases in the signal of the ν3 PO3−
4 and ν1 PO4
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Figure 6.14: Typical example of the effect of a plasma treatment on the FTIR ellipsometric
Delta parameter. The comparison is made between a sample untreated but subjected to
vacuum and a sample subjected to an oxygen plasma.
peaks of the spectrum of the treated sample indicate that the amount of phosphore has
been modified. This effect was observed for all other treatments (not represented here).
−1
seems less affected. Modifications of ν3 CO−
Carbonate ν2 CO−
3 around
3 at 860-880 cm
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1450 cm−1 can be observed but their interpretation is rather difficult, since in that spectral
region, overlapping with organic components (such as -CH2 - and -CH3 -) occurs [136].
Therefore, the results from the ellipsometry study suggest that the mineral component of
the bone tissue is modified during a plasma treatment. Unfortunately no quantification
of the calcium and phosphorus content can be estimated from the spectra. We can also
point out that on figure 6.14, the spectrum of the treated sample appears less noisy than
that of the untreated one. Cigal [41] has attributed this improvement of the signal to a
smoothing of the surface following the plasma treatment. Such effect had already been
observed in earlier experiments [147] where Environmental Scanning Electron Microscopy
(ESEM) pictures were taken of surfaces before and after treatment. A smoothing effect
of the surface was found at the scale of several microns indicating that both mineral and
organic materials were etched: if only the organic part of the material was removed, the
surface would become more porous.
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Figure 6.15: Extract of mass scans of a) neutrals and b) ions with (line) and without
(dashed line) bone sample. Plasma treatment conditions: oxygen, 400 W, 50 mTorr, 20
min.
Also during the plasma treatments, an attempt to detect etched products related to
calcium or phosphorus was made with the mass spectrometer. To this end, we measured
the ion and mass spectra obtained for an oxygen plasma at 50 mTorr and a supplied RF
power of 400 W when no sample was present in the chamber. The same measurements
were made with as sample inside the chamber (sample O5 ). The comparison of the spectra
obtained without and with samples allow to determine which species have been reduced
or produced in the plasma in presence of the bone sample. The mass spectra comprised
between 35 a.m.u and 50 a.m.u. are given in figures 6.15(a) and 6.15(b) for the neutrals
and the ions, respectively without and with bone sample. It is to be noted that the
comparison is not made with an argon or a krypton plasma. Indeed, according to the
isotopic abundances of Ca, P, Ar and Kr which can be found in table 6.5, the detection
of calcium peaks would be rather difficult as the main calcium peak at mass 40 a.m.u.
overlaps with the intense argon and krypton signals (singly ionized ions for argon and
doubly ionized ions for krypton).
Figures 6.15(a) and 6.15(b) show strong oxygen peaks at masses 32, 33 and 34 (O2 )
and at mass 48 (ozone O3 ). In table 6.5, the most abundant peaks of calcium are at the
masses 40, 42 and 44 a.m.u.. On the ions and neutrals spectra, peaks are present at masses
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Element
H
D
He
C
N
O

F
Na
Mg

Al
Si

P
S

Cl
Ar

K

mass
Relative isotopic
(a.m.u.) abundance (%)
1
100
2
0.015
3
0.000137
4
100
12
100
13
1.112
14
100
15
0.37
16
100
17
0.04
18
0.20
19
100
23
100
24
100
25
12.66
26
13.94
27
100
28
100
29
5.065
30
3.336
31
100
32
100
33
0.789
34
4.44
36
0.021
35
100
37
31.98
36
0.338
38
0.0633
40
100
39
100
40
0.0125
41
7.22

Element
Ca

V
Cr

Mn
Fe

Ni

Kr

Sr

mass
Relative isotopic
(a.m.u.) abundance (%)
40
100
42
0.66742
43
0.139
44
2.152
46
0.004
48
0.193
50
0.251
51
100
50
5.185
52
100
53
11.34
54
2.82
55
100
54
6.43
56
100
57
2.29
58
0.305
58
100
60
38.23
61
1.66
62
5.26
64
1.33
78
0.614
80
3.947
82
20.35
83
20.175
84
100
86
30.35
84
0.68
86
11.94
87
8.5
88
100

Table 6.5: In this table, are given the isotopic abundances in % of the principal elements
which can be expected to be present in a bone sample such as: H, C, N, O, Ca, P and in a
lower extent Cl, Na, K, F, Mg and Sr (see section 6). Also elements with a mass inferior
to 90 a.m.u. which might be etched from the stainless steel electrode such as Fe, Al, Si,
S, Cr, Mn Ni and V are given. Finally one can find the isotopic abundances of atomic
He, Ar and Kr.
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40 and 44 but the peak at mass 42 is missing. We can thus conclude that these peaks are
not calcium peaks but most probably peaks of compounds related to oxygen such as C2 O,
and CO2 (see next section). Consequently, calcium appears to be non-detectable with the
mass spectrometer in the gas phase. Among the possible reasons: calcium forms solid
elements which stick to the surface of the walls of the chamber and render their detection
impossible. Calcium can also react with oxygen to form anions which we can not detect.
Also it is likely that the signal is simply too low to be detected compared to the large
signals of C2 O and CO2 .
Concerning the detection of phosphorus (mass 31 a.m.u.), it is also not possible to make
real conclusions, as its signal is overlapping with the strong signal of the Ox Hy -type
molecules. Also for other gases, no clear evidence of a phosphorus peak was found (see
section 6.6.4). However, phosphorus is also a solid element which at the instar of calcium will form elements sticking to the walls. The detection of phosphorus with mass
spectrometry is therefore probably rather difficult. Therefore, mass spectrometry seems
inadequate to detect the presence of either calcium or phosphorus inside the plasma phase.
In conclusion, although no strong evidence of the presence of calcium or phosphorus was
found in the gas phase, FTIR ellipsometry proved that the etching of phosphorus was occuring. The constant Ca/P atomic ratio obtained with the elemental analysis technique
RBS indicates that also calcium is etched and that calcium is etched at a similar rate
than phosphorus. In other words, during a plasma treatment, the mineral component of
bone tissue is etched non-selectively.

6.6.4

Plasma treatment effect on water content

The removal of water from the surface of untreated bone tissue samples submitted to
moderate vacuum has been reported earlier in section 6.5. When the samples are surrounded anew by ambient air (during the transport from the storage vacuum chamber to
the plasma chamber), they reabsorb water. However, this water content is assumed to be
smaller than the one prior to drying in the vacuum chamber.
When the samples are submitted to a plasma treatment, besides the drying process
related to the vacuum conditions, they are also submitted to the bombardment of energetic
particles. Molecules or atoms (and a fortiori water radicals) can be dislodged from the
surface by physical etching: under the impact of the energetic ions, transfer of energy
between the energetic ions and the target atoms occurs. Bonds which link the molecular
groups or atoms to the surface are subsequently broken and the “free” species can leave
the surface.
In the studied plasmas, the bombarding energies of the ions are fairly low (below
30 eV). Therefore, etching by sputtering can be considered as a rather limited process in
these plasmas as the sputtering yield is largely below 1. Argon, krypton and helium are
inert gases, so they do not react chemically with the surface. The etching will occur preferentially by transfer of energy between the bombarding ions and the atoms or molecules
of the surface. In the case of the oxygen and argon/oxygen plasmas, there is a possibility
of an extra chemical reaction between the reactive species of oxygen which are created in
the discharge and the bone tissue surface elements such as carbon or nitrogen. In that
case, volatile compounds such as for example CO, CO2 , NO or NO2 can be formed. This
type of etching is in general referred as chemical etching.
The study of the water removal from the bone tissue samples is a rather complex
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study as oxygen and hydrogen atoms are present in the mineral (phosphate and hydroxide
groups) as well as in the organic part of the bone (O-H groups and C=O bonds of the
amino acids of the collagen).
ERDA ion beam analysis was used to investigate the variation of oxygen and hydrogen
contents in the sample surfaces for the various plasma treatments. To this end, the atomic
ratios involving Ca, O, N, C and H were calculated. The results obtained for different
gas feed are given in figure 6.16. A comparison is made between the ratios obtained for
untreated samples and for plasma treated samples by including on the left of each graph
of figure 6.16, the values obtained for two untreated samples. In section 6.6.3, we have
shown that calcium is etched in a non selective way. Consequently, an increasing Ca/X
ratio (with X = O, N, C or H) will indicate that the concentration of the element X has
decreased further than the one of calcium. This can be traduced by a faster removal of
the X element from the surface and a selective etching of this element with respect to the
mineral part of the bone. In this section, we only study the Ca/O and Ca/H ratios (the
other ratios are studied later in section 6.6.5, related to the modification of the organic
component of the bone.)
In figure 6.20(a), the variations of the Ca/O ratio values between the different plasma
treatments are fairly small, with a maximum for the argon/oxygen mixture. Also the
Ca/O ratio values stay comparable to the ones of the untreated samples. Therefore,
the element oxygen does not appear to be etched in a more selective manner than the
element calcium. A conclusion could be that only the oxygen from the mineral component
of the bone is etched. However, these relatively stable values could also be explained by a
combination of a low content of oxygen in the organic component of the bone (C=O bonds
and O-H bonds) compared to its large presence in the mineral component (carbonate ions
and hydroxyapatite) and the larger quantity of mineral (65 %) tissue compared to the
organic tissue (35 % with water and cells). Consequently, a change of stoichiometry of
the oxygen contained in the organic material would not appear clearly on the Ca/O ratio.
Concerning the hydrogen, figure 6.20(d) shows that the Ca/H ratio values of plasma
treated samples are slightly higher than the ones obtained for the untreated samples. The
highest values are obtained for the argon and the argon/oxygen mixtures. The higher
Ca/H ratios for the plasma treated samples suggest that hydrogen it etched not only
from the mineral component of the bone but also from its organic component.
The conclusion of the results obtained from the ERDA analysis is that hydrogen and
oxygen are removed from the surface by the plasma treatments. For oxygen, at this point
of the analysis no conclusions can be made concerning an eventual etching of the element
contained in the organic component of the bone. For hydrogen however, the element is
shown to be originating not only from the mineral component of the bone but also from
the organic component of the bone.
During the plasma treatments, mass spectrometry has been used to investigate the production of water-based compounds or of other compounds also containing hydrogen or
oxygen. For that purpose, mass scans of neutrals and ions were recorded for plasmas
of argon, krypton, oxygen and argon/oxygen for identical conditions of pressure and RF
source power (50 mTorr, 400 W). The spectra were measured with and without bone tissue
samples in the plasma chamber to find which species are reduced or produced following
the plasma treatment. Unfortunately no scans were recorded in the case of the helium
treatment and can thus not be discussed. Also because the scans have been recorded at
different detector voltages, there is no comparison possible between the intensities of the
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Figure 6.16: Atomic ratios plasma treated bone samples obtained from ERDA measurements. 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.
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signals for each gas. The results are given in figures 6.17 and 6.18. For each plasma,
a list of potential candidates are attributed to the ion and “neutral ions” peaks using
the isotopic abundances of table 6.5.It should be here pointed out that this attribution
should not be considered as final as many uncertainties about the exact nature of some
compounds is unknown. Indeed the surface analysis techniques which were employed
together with the study of the plasma phase can not determine the concentration of a
typical bond (such as C −H for example) at the surface of the sample. This information is
unfortunately crucial to the determination of the nature of the etched compounds. Consequently the peak attribution which is given below and summarized in tables 6.6, 6.7, 6.8
and 6.9 is essentially not exhaustive. A list of all the possible Cx Hy Oz Nv compounds for
a given mass in a.m.u. can be found in [66]. However we believe that the present analysis
is sufficient to the understanding of the plasma etching mechanisms.
Figures 6.18 and
6.17 are characterized by several production and reduction groups for each plasma. An
attempt to describe these different groups is now given.
1 to 3 a.m.u
The first group appears at the light masses of 1 to 3 a.m.u. for the ions and of 1 to 2 a.m.u.
for the neutrals. The peaks can be attributed without ambiguities to the hydrogen ions
+
H+ , H+
2 and H3 and neutrals H and H2 . For all gases the proportion of molecular neutral
hydrogen is always slightly higher than the atomic neutral hydrogen. Some discrepancies
are observed concerning the ions spectra. In the case of the krypton plasma, only an
increase of the H+
3 ion is observed, whereas in the case of argon which is also an inert
gas, a production is observed for the three hydrogen ions. An oxygen plasma does not
provoke the production of any hydrogen ions, indicating that oxygen reacts with the
hydrogen ions to form more elaborated compounds like for example water compounds. In
+
the argon plasma, the production of the H+
3 and of the H ions are similar whereas in the
+
argon/oxygen plasma, the H3 is smaller in comparison with the H+ signal. Consequently
the addition of oxygen to an argon plasma has the effect of reducing the production of
H+
3 ions.
12 to 22 a.m.u
The next group is located between 12 and 22 a.m.u.. For the argon and krypton plasmas,
there is a strong production of ions from 12 to 21 a.m.u.. In the case of the oxygen plasma,
there is a production of ions at the masses 12, 14, and from 17 to 21 and a reduction
at mass 16. Except for the 12 and 14 a.m.u. signals which are then non existing, the
same description applies to the argon/oxygen spectra. The peaks at 12, 13, 14 and 15
a.m.u. are attributed to 12 C + , 12 CH + , (12 CH2+ ,14 N + ) and (12 CH3+ ,14 N H + ) ions. From
16 to 21, the peaks are attributed to 16 O+ , 16 OH + , 16 OH2+ , H316 O+ , H218 O+ , and H318 O+
ions (in particular, the attribution of the last four peaks is done by considering that the
variation between the masses 18 and 19 is identical to the one between the masses 20 and
21). A production of water-related ions (16 to 21) is found for all the discharges. Only
in the case of the oxygen and argon/oxygen discharge, the signal of the atomic oxygen
decreases and indicates that these ions are involved in reactions with other species. In
the krypton and argon plasmas, there is no decrease of oxygen-related peaks either in
the ion or in the neutral spectra. Consequently, the ions detected which are containing
oxygen have been produced during the interaction of the plasma and the bone sample.
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Figure 6.17: Increase (upward scales) and Reduction (downwards scales) of the counts
number (signal with bone - without bone) for the ion species in krypton (Kr), argon (Ar),
argon/oxygen (Ar/O2 ), oxygen (O2 ) plasmas. The mixture of argon and oxygen is a 1:1
mixture. Plasma conditions are pressure: 50 mTorr, RF power: 400 W.
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Figure 6.18: Increase (upward scales) and Reduction (downwards scales) of the counts
number (signal with bone - without bone) for the neutral species in krypton (Kr), argon
(Ar), argon/oxygen (Ar/O2 ), oxygen (O2 ) plasmas. The mixture of argon and oxygen is
a 1:1 mixture. Plasma conditions are pressure: 50 mTorr, RF power: 400 W.
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Mass
Possible
a.m.u. candidate ions
1
2
3
12
13
14
15
16
17
18
19
20
21
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
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Most likely ions
Ar
Ar/O2

Kr

H+
H+
2
H+
3
C+
(CH)+

n
n
H+
3
C+
(CH)+

H+
H+
2
H+
3
C+
(CH)+

(CH2 )+ ,N+

(CH2 )+ ,N+

(CH2 )+ ,N+

O2

O
(OH)+
(H2 O)+
(H3 O)+
(H2 O)+
(H3 O)+
(CO)+ ,(N2 )+

O
(OH)+
(H2 O)+
(H3 O)+
(H2 O)+
(H3 O)+
(CO)+ ,(N2 )+

O
(OH)+
(H2 O)+
(H3 O)+
(H2 O)+
(H3 O)+
(CO)+ ,(N2 )+

H+
H+
2
H+
3
n
n
n
n
O+
(OH)+
(H2 O)+
(H3 O)+
(H2 O)+
(H3 O)+
(CO)+ ,(N2 )+

(COH)+ ,(N2 H)+

(COH)+ ,(N2 H)+

(COH)+ ,(N2 H)+

(COH)+ ,(N2 H)+

(COH)+ ,(N2 H)+

(NO)+
(NOH)+
O+
2
(O2 H)+
O+
2
(O2 H)+
Ar+ ,(H2 O2 )+
(ArH)+
Ar+
(ArH)+
Ar+ ,(C2 O)+
(ArH)+
(C2 OH2 )+
(C2 OH3 )+
(CO2 )+
(CO2 H)+
(NO2 )+
(NO2 H)+
O+
3

(NO)+
(NOH)+
O+
2
(O2 H)+
O+
2
(O2 H)+
(H2 O2 )+
n
n
n
n
n
n
n
(CO2 )+
(CO2 H)+
(NO2 )+
(NO2 H)+
O+
3
n
n

(NO)+
(NOH)+
O+
2
(O2 H)+
O+
2
(O2 H)+
Ar+
(ArH)+
Ar+
(ArH)+
Ar+
(ArH)+
(C2 OH2 )+
(C2 OH3 )+
(CO2 )+
(CO2 H)+
(NO2 )+
(NO2 H)+
O+
3

(NO)+
(NOH)+
O+
2
(O2 H)+
O+
2
(O2 H)+
(H2 O2 )+
n
n
n
+
Ar , (C2 O)+
(ArH)+
n
n
(CO2 )+
(CO2 H)+
(NO2 )+
(NO2 H)+
O+
3

(HO3 )+ ,(H3 NO2 )+

(HO3 )+ ,(H3 NO2 )+

(NO)+
(NOH)+
O+
2
(O2 H)+
O+
2
(O2 H)+
(H2 O2 )+
n
n
n
(C2 O)+
n
n
n
(CO2 )+
(CO2 H)+
(NO2 )+
(NO2 H)+
O+
3
n
n

(CH3

)+ ,(NH)+
+

(HO3 )+ ,(H3 NO2 )+

(H2 O3 )

+

(CH3

)+ ,(NH)+
+

(CH3

)+ ,(NH)+
+

+

(H2 O3 )

(H2 O3 )+

n
n
n
C+
n
(CH2 )+ ,N+

n
O+
(OH)+
(H2 O)+
(H3 O)+
(H2 O)+
(H3 O)+
(CO)+ ,(N2 )+

Table 6.6: Possible candidate ions for the increased and reduced signals of figures 6.17,
(1 to 50 a.m.u.). The most probable ions from the list of the candidate ions of the first
column is given for each plasma (krypton, argon, argon/oxygen and oxygen) in the last
four columns. The letter n indicates that no ion is found (no increase or decrease) for the
given plasma.
.
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Mass
Possible
a.m.u. candidate ions
51
52
53
54
56
57
64
78
79
80
81
82
83
84
85
86
87

+

V
Cr+
Cr+
Fe+
Fe+
Fe+
O+
4
Kr+
Kr1 H+
Kr+ , Ar2+
KrH+
Kr+
Kr+
Kr+
KrH+
Kr+
KrH+

Kr
+

V
n
n
n
n
n
n
Kr+
Kr1 H+
Kr+
KrH+
Kr+
Kr+
Kr+
KrH+
Kr+
KrH+

Most likely ions
Ar
Ar/O2
+

V
Cr+
Cr+
Fe+
Fe+
Fe+
n
n
n
Ar+
2
n
n
n
n
n
n
n

n
n
n
n
Fe+
n
n
n
n
n
n
n
n
n
n
n
n

O2
n
n
n
n
n
n
O+
4
n
n
n
n
n
n

?
?
n
n

Table 6.7: Possible candidate ions for the increased and reduced signals of figures 6.17
(51 to 87 a.m.u.). The most probable ion from the list of candidate ions of the first
column is given for each plasma (krypton, argon, argon/oxygen and oxygen) in the last
four columns.The letter n indicates that no ion is found (no increase or decrease) for the
given plasma.
.

In the oxygen plasma, the signals at masses 12 and 14 are relatively small compared to
the ones of masses 18 and 19. The comparatively higher signals obtained for argon and
krypton plasmas, indicate that the presence of oxygen has a direct influence on these
ions. The relatively easy oxidation of carbon and nitrogen by oxygen is likely to be the
reason of these small signals. If argon is mixed with oxygen, no production of carbon or
nitrogen ions is found. The recombination of the carbon and nitrogen ion with oxygen
is thus enhanced by the gas mixture. For the neutrals signals, similar conclusions are
drawn. However, in the case of the argon plasma, a large decrease of the neutral signal is
found at mass 20. This corresponds to the doubly ionized (in the ion source of the mass
spectrometer) Ar2+ ion of the argon neutral at mass 40. No signal reduction is observed
on the masses 18 and 19 (corresponding to the doubly ionized isotopes of argon 36 and
38) as it is probably hindered by the large production of water ions. The isolated peak at
mass 22 a.m.u. present on the neutral spectra is attributed to the doubly ionized (CO2 )2+
ion (originally neutral).
26 to 36 a.m.u.
The third characteristic group extends from the mass 26 to the mass 36 a.m.u.. For
the argon and krypton plasmas, it corresponds to a strong production of ions (except 35
a.m.u. for argon which corresponds to a signal reduction). In the case of the oxygen, the
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Mass
a.m.u.

Possible
candidate ions

Kr

1
2
12
13
14
15
16
17
18
19
20
22
26
27
28
29
30
31
32
33
34
36
37
38
39
40
41
42
43
44
45
46
47
48
50

H+
H+
2
C+
(CH)+

H+
H+
2
C+
(CH)+

(CH2 )+ , (CH)+ , N+
(CH3 )+ ,(NH)+
+

O
(O H)+ , O+
(OH2 )+ , (OH)+
(OH3 )+ )
(OH2 )+ , Ar2+
CO2+
2
(C2 H2 )+ , CN+
(C2 H3 )+ , CHN+
(CO)+ ,(N2 )+
1

(COH)+ ,(N2 H)+
+

Most likely ionized neutral
Ar
Ar/O2
H+
H+
2
C+
n

H+
H+
2
C+
n

(CH2 )+ , (CH)+ , N+ (CH2 )+ , (CH)+ , N+ (CH2 )+ , (CH)+ , N+
(CH3 )+ ,(NH)+
+

(CH3 )+ ,(NH)+
+

O
O
1
+
(O H)
(O1 H)+
+
(OH2 )
(OH2 )+
(OH3 )+ )
(OH3 )+ )
(OH2 )+
Ar2+
2+
CO2
CO2+
2
(C2 H2 )+ , CN+
n
(C2 H3 )+ , CHN+ (C2 H3 )+ , CHN+
(CO)+ ,(N2 )+
(CO)+ ,(N2 )+
(COH)+ ,(N2 H)+
+

(COH)+ ,(N2 H)+
+

(NO)
(NOH)+
O+
2
(O2 H)+
O+
2
+
Ar , (O2 H2 )+
(Ar1 H)+
Ar+
1
Ar H)+ , Kr2+
Ar+ ,(C2 O)+ ,Kr2+
(ArH)+ ,Kr2+

(NO)
n
O+
2
(O2 H)+
O+
2
(O2 H2 )+
n
n
Kr2+
Kr2+
Kr2+

(NO)
(NOH)+
O+
2
(O2 H)+
O+
2
Ar+
(Ar1 H)+
Ar+
(Ar1 H)+
Ar+
(ArH)+

Kr2+ ,(C2 OH2 )+

Kr2+

(C2 OH2 )+

Kr2+ ,(C2 OH3 )+

Kr2+

+

(CO2 )
(CO2 H)+
(NO2 )+
(NO2 H)+
O+
3
(H2 O3 )+

O2
H+
H+
2
C+
(CH)+

(C2 OH3 )+
+

(CO2 )
(CO2 H)+
(NO2 )+
(NO2 H)+
O+
3
n

+

(CO2 )
(CO2 H)+
(NO2 )+
n
n
n

(CH3 )+ ,(NH)+

(CH3 )+ ,(NH)+

+

O
n
1
+
1
(O H)
(O H)+
+
(OH2 )
(OH2 )+
(OH3 )+ )
(OH3 )+ )
n
(OH2 )+
2+
CO2
CO2+
2
n
n
n
(C2 H3 )+ , CHN+
+
+
(CO) ,(N2 )
(CO)+ ,(N2 )+
(COH)+ ,(N2 H)+
+

(NO)
(NOH)+
O+
2
(O2 H)+
O+
2
n
n
n

n
n
n
n
n
(CO2 )+
n
n
n
n
n

(COH)+ ,(N2 H)+

(NO)+
n
O+
2
(O2 H)+
O+
2
(O2 H2 )+
n
n
n
(C2 O)+
n
n
(C2 OH3 )+

(CO2 )+
(CO2 H)+
n
n
O+
3
(H2 O3 )+

Table 6.8: Neutrals candidates for the produced and reduced signals of figures 6.18. The
most probable neutral for each plasma (krypton, argon, argon/oxygen and oxygen) is given
in the four last columns. The letter n indicates that no neutral is found (no increase or
decrease) for the given plasma.
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Mass
Possible
a.m.u. candidate ions
64
78
80
82
83
84
86

Kr

O+
4
78
+

O+
4
78
+

80

80

Kr
Kr+
82
Kr+
83
Kr+
84
Kr+
86
Kr+

Kr
Kr+
82
Kr+
83
Kr+
84
Kr+
86
Kr+

Most likely ionized neutral
Ar
Ar/O2
n
n
n
n
n
n
n

n

n
n
n
n
n
n

O2
n
n
n
n
n
n
n

Table 6.9: Ions candidates for the produced and reduced signals of figures 6.18 (51 to
87 a.m.u.). The most probable ion for each plasma (krypton, argon, argon/oxygen and
oxygen) is given in the four last columns.The letter n indicates that no ion is found (no
increase or decrease) for the given plasma.

ions signal are all reduced with the exception of the mass 29 (production). In the case of
the argon/oxygen mixture, ions are produced at the masses 28 to 30 and 33 to 36 and the
signal at the mass 32 is largely reduced. The ion peaks at mass 26 and 27 in the argon
and krypton plasmas are related either to C2 H2 )+ , CN+ or to (C2 H2 )+ , CN+ both related
to the release of organic material in the chamber volume. The peaks at masses 28 to
16
35 are attributed to the following ions: C16 O+ , C16 OH+ , N16 O+ , NOH+ , 16 O+
O2 H+ ,
2,
18 16 + 18 16
+
O O , O OH . There again a strong production of water ions is found when the
sample is introduced inside the chamber in the argon and krypton discharge.
In the case of the oxygen plasma, the production only consists in the C 16 OH + ion. The
decrease of the peaks between 28 and 36 indicate that these peaks were more important
prior to the introduction of the sample. These peaks were thus primarily originating from
the reaction of oxygen with impurities present on the walls or in the gas phase. When
the bone sample is introduced, the oxygen ions react preferentially with the surface of the
bone to produce compounds comprising nitrogen and/or carbon. C −H and N −H bonds
are broken and the etching of the bone surface produces hydrogen ions which can react
with oxygen to produce further water ions. In the oxygen plasma there is no production
of water ions containing two atoms of oxygen. The molecular oxygen is reduced as was
the atomic oxygen at mass 16 in the previous group. Also the peaks at mass 33 and
34 are directly related to the isotopic abundances of the molecular oxygen and are thus
attributed as such (see table 6.6). In the plasmas of krypton, oxygen and argon/oxygen,
the peak at mass 36 is attributed to the 18 O16 OH+
2 ion. In the case of argon the peak
36
corresponds to the isotope Ar of argon and corresponds to a reduced signal.
Concerning the neutrals, a production is observed in general and especially at masses
28 and 32 which probably correspond to N2 and/or CO and O2 , respectively. Only the
oxygen plasma shows a reduced signal at mass 32 and 34 indicating a consumption of
molecular oxygen neutrals when put in presence of the bone sample.
37 to 57 a.m.u.
The decreasing signal observed at mass 36 of the argon isotope is a general remark for the
ions species characteristic of the given plasmas: figure 6.17 shows clear signal reductions
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of the ions and their isotopes, argon (36, 38 and 40), krypton (78, 80, 82, 83, 84 and 86)
+
+
and oxygen compounds (16 (O+ ), 32 (O+
2 ), 48 (O3 ), and 64 (O4 )). This phenomenon
is also observed in the neutrals spectra of argon (additional peak at 20 corresponding to
the doubly ionized Ar2+ ion) and of oxygen. In the case of krypton, only the major peak
of krypton decreases. In the argon/oxygen plasma, there is no reduction of the signal of
any neutrals, whereas the peaks of 16 O+ , 16 O2 and 40 Ar+ are reduced on the ion mass
spectra. For the krypton and the argon plasmas, there is a simultaneous production of
ions with a mass increased of 1 a.m.u.. These ions correspond to ArH + (37, 39 and 41
a.m.u.) and KrH + (79, 81, 85 and 87) ions.
ArH+ ions are formed by interaction of Ar+ ions with hydrogen [148] according to:
Ar+ + H2 → ArH + + H,

(6.7)

or by the interaction of water ions and argon neutrals [149]
H2 O+ + Ar → ArH + + OH.

(6.8)

Both the signals of Ar+ ions and Ar neutrals decrease, indicating that both reactions are
probably involved in the production of ArH+ ions. Similarly krypton ions can react with
hydrogen and water ions. Consequently, the signals of the Kr+ ions diminishes while the
signals of the KrH+ ions increase. In the case of the oxygen plasma, there are no peaks
at the masses 33, 49 or 65 corresponding to the production of an ion resulting from the
association of a molecular oxygen ion with an hydrogen atom. In the neutral spectra,
a peak exists at mass 33. In the case of the argon/oxygen plasma however, peaks are
produced at the masses 33 to 36. The introduction of argon into the oxygen discharge
contributes to the formation of water ions with two oxygen atoms. From the previous
remarks, the peaks at masses 36 to 41 are attributed to Ar and ArH ions in the argon
plasma as well as the peaks 40 and 41 a.m.u. in the argon/oxygen plasma. In the oxygen
plasma, a reduction of signal at 40 a.m.u. is noted on the ion and neutral spectra. This
peak can not be attributed to an argon peak and must be related to an oxygen containing
ion. We have attributed this peak to the C2 O ion and neutral. Indeed, the reduction
shows that this species was already present before the bone was introduced and must be
originating from the impurities at the wall surfaces, from the oil vapors from the pumps
or also from the gas impurities. It is then likely that this peak contains some carbon
component. Also the krypton spectrum exhibits a specific structure at masses 39, 40, 41,
41.5, 42 and 43. It corresponds to the doubly ionized neutrals of krypton (Kr2+ ). The
next group of ions either produced or reduced is then located from the mass 44 to the
mass 48 in the case of the oxygen and krypton plasmas and from the mass 44 to the mass
50 in the case of the argon/oxygen. For argon, the range of produced peaks extends from
42 to 54 a.m.u. and peaks are also found at the masses 56 and 57. The peak at mass
56 is also found in the argon/oxygen ion scan. Because they only appear in the case of
discharges with argon, we attribute the 54, 56 and 57 a.m.u. peaks to the sputtering of
iron atoms from the stainless steel electrode by intense energetic bombardment (see table
6.5). The CO2+ , CO2 H + , N O2+ , N O2 H + and the O3+ ions are attributed to the 44, 45,
46, 47 and 48 a.m.u. peaks respectively. In argon and krypton some peaks are present at
masses 51, 52, 53 and 54 to 57. Of course ions formed of oxygen, carbon, nitrogen and
hydrogen are potential candidates, but because these peaks occur in argon which has the
highest power for ion bombardment and in krypton which has the heaviest ions, we relate
them to the sputtering of elements contained in the stainless steel electrode supporting
the mass spectrometer such as Cr, V and Fe.
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64 to 87 a.m.u.
Besides the signals below 60 a.m.u., a production peak can be seen on the argon and
argon/oxygen plasmas ion spectra at the mass 80 a.m.u.. This peak corresponds to
the molecular argon ion Ar+
2 . The krypton ion spectra exhibit the already mentioned
characteristic peaks of the krypton atomic element at masses 78, 80, 82, 83, 84 and 86. In
the same way that the signal of the argon ions is largely reduced when the bone sample
is introduced, the krypton ions signal at masses 78, 80, 82, 83, 84 and 86 decreases while
it increases at masses 79, 81, 85 and 87 which correspond to KrH+ ions. The signals
observed for the neutrals is a bit puzzling as only the signal of the main isotope at mass
84 a.m.u. decreases while the signals of the rest of the isotopes increase. We do not have
any explanation for this phenomenon. The increased neutral peak at mass 64 is attributed
to O4 . In the case of the oxygen plasma, peaks corresponding to a reduced ion signal are
found at the masses 64, 84 and 85 a.m.u.. The first one is most probably the O+
4 ion. The
two latter ions are relatively difficult to determine as around 15 (CHON) combinations
are possible for each one of these two masses.
One conclusion of the analysis of the mass spectra is that a large production of waterbased ions and neutrals accompanies the plasma treatments. This production is in good
correlation with the results of the ERDA analysis which showed that both hydrogen
and oxygen are etched from the surface. Thus, when samples are submitted to plasma
treatments, we can conclude that water removal occurs. But oxygen and hydrogen are
involved in a large number of other compounds than water which contain carbon and/or
nitrogen elements and which are related to the organic component of the bone. Additional
information on the water removal process should thus be found by studying the effect of
plasmas on the organic material.

6.6.5

Plasma treatment effect on collagen

The last component of the bone tissue on which the effect of the plasma treatments has
not yet been investigated is the organic component of the bone sample. This organic
component of the bone tissue consists mainly of collagen I containing the elements C, H,
O and N. In the previous section, the analysis of the mass spectra of figures 6.18 and
6.17 revealed the production of Cx Hy Oz Nv compounds during the plasma treatments.
Because carbon and nitrogen are only present in the organic component of the bone
tissue, this indicates that the organic structure of the bone must also affected by the
plasma treatments. However the mass spectra alone cannot provide information on a
possible selective etching of the organic material. The results of the ERDA analysis given
in figure 6.16 were used in complement. The Ca/O and Ca/H ratios were studied in the
previous section. Oxygen was shown to originate mainly from the OH groups trapped
in the hygroscopic mineral hydroxyapatite of the bone tissue. Hydrogen was found to
originate from both the mineral and the organic component of the bone. The other ratios
of interest Ca/C and Ca/N show increasing values after plasma treatments and indicate
that carbon and nitrogen are etched more selectively than calcium. It is to be noted that
the variations observed are always the smallest for the krypton discharge and the highest
for the argon/oxygen mixture. It is the Ca/N ratio which is the most modified by the
plasma treatments, followed by the Ca/C ratio and finally the Ca/H ratio. The helium
and argon discharges are responsible for similar increases in these three ratios which are
always higher than the modifications obtained with the krypton discharge but always
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lower than the ones obtained with oxygen or the mixture of argon/oxygen. The atomic
ratios O/N and C/N both show an increase with respect with the values obtained for
the untreated samples. The increase is more pronounced for the O/N ratio. These latter
ratios indicate that nitrogen seems to be more affected by the plasma treatments than
oxygen or carbon.

14

12

Untreated (1)
He (2)
Ar (3)
Kr (4)

Power: 400W
Pressure: 50 mTorr
Exposure time: 20 min

Delta (deg)

10

(3)
8

(2)
6

(1)
4

2

(4)

Amide I
Amide II

0

1800

1600

1400
-1
wave number (cm )

1200

Figure 6.19: Comparative spectra of the amide I and amide II regions for different plasma
treatments.
Conjointly to the ERDA analysis, FTIR ellipsometry spectra were measured for each
gas and compared with the spectrum of an untreated sample. The results for an oxygen
plasma are given in figure 6.14 and for krypton, argon and helium plasmas in figure 6.19.
In this latter, the region concerning the phosphate peak is not represented as the changes
are similar to the ones observed in figure 6.14 for the oxygen plasma. A shift of amide
I is visible for all gases. This shift was previously commented and was assimilated to
a modification of the cross-linking of collagen leaving the C=O bond unvaried. Also
the amide II peak is shifted towards lower frequencies. This implies a modification of
C − N and N − H bonds. Amide I and amide II peaks are characteristic of the collagen
structure. Their shifts to lower frequencies confirm the results of the ERDA analysis
concerning a modification of the collagen structure. For all plasma treatments, nitrogen
appears to be the element removed at the highest rate from the surface and this even for
the inert gases helium, argon and krypton. Because no reaction can happen between the
rare gases ions and nitrogen, the etching of nitrogen must occur only by physical etching.
The energies of the impinging ions are too low to consider etching to be governed by a
sputtering behavior. Consequently, the removal of nitrogen must occur by the rupture
of nitrogen bonds at the surface by transfer of energy from the energetic impinging ions
to the bounded surface. Bombarding ions carry kinetic energy which, once transferred
to the surface atoms of the sample can induce the rupture of the covalent bonds present
in collagen. Table 6.10 gives characteristic average bond enthalpy [150] in eV ranked in
increasing order of enthalpy. From this table arises that the bond with the lowest enthalpy
is the C −N bond. Consequently, we can assume that the peptide functions of the collagen
structure are rather easily broken. Oppositely the C = O bond is the most difficult to
alter. Consequently C − C, N − H, and C − H bonds should be preferentially modified
before the C = O bond, so that nitrogen, carbon and hydrogen will be more easily set
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bonds
N −O
C −N
C −C
C −O
N −H
C −H
O−H
C=O

Average bond
enthalpy (eV)
1.81
3.04
3.60
3.71
4.05
4.28
4.80
8.28

Table 6.10: Average bond enthalpy.

free from the surface than oxygen. These qualitative and intuitive remarks find a good
correspondence in the almost stable Ca/O ratio found with the ERDA analysis. The
increasing C/N ratios (see figure 6.20(f)), reveal that the nitrogen has been removed from
the surface at a higher rate than the carbon element and this though the stoichiometric
abundance of carbon is larger. Table 6.10 shows that the energy necessary to form a N −O
bond is half the one necessary to form a C − O bond. Consequently, for a given amount
of O atoms present in the plasma, a higher reactivity towards nitrogen is expected and
explains the observed large C/N ratios of plasma treated samples of figure 6.20(f).
Etching selectivity
From the results of the ERDA analysis of figure 6.16, we can conclude to a selective
etching of the organic material of the bone with respect to the mineral component as
in general the ratios Ca/X (with X=O, C, N and H) are increasing following a plasma
treatment. Some trends concerning this selective etching can be established in connection
with the use of different feed gases.
If we compare the atomic ratios obtained for the plasma treatments with the different
rare gases, the krypton plasma seems a priori to have the lowest effect on the surface.
On one hand, from table 6.4, the total power available for kinetic bombardment is lower
for krypton than for helium and argon, consequently krypton should be less effective than
the other rare gases in etching. Also the average bombarding energy of the krypton ions
(6.5 eV) is lower than the C = O enthalpy bond and modifications of the C = O bonds
should be scarcely observed. On the other hand, by comparing the relative heights of
the amide I and the amide II peaks for all the different plasma treatments, it appears
that the krypton discharge was the most efficient in etching the amide I: for an untreated
sample, the amide I peak is relatively higher than the amide II peak whereas for the
sample treated in the krypton discharge, these two peaks are almost at the same height.
This implies that krypton is able to break high energy bonds. We think that this effect
is related to the high mass of krypton particles (∼ 84 a.m.u.). Though their bombarding
energy is relatively lower than for the other particles in the other plasmas (see table 6.4),
krypton ions are heavier than argon, oxygen or helium ions and are able to penetrate
the surface and break indifferently low and high energy bonds. Therefore, the effect of a
krypton plasma is a non-selective etching of both the mineral and the organic components
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of the bone tissue, which leads to the smallest variations in the Ca/X ratios. There are
no large differences observed between the atomic ratios obtained for samples treated with
an argon or an helium plasma. Only for the removal of hydrogen, argon seems to be a bit
more efficient. Table 6.4 indicates that the powers available for kinetic bombardment are
similar for both gases. Consequently, the etching of bone tissue with inert gases seems
to be related to the amount of power available for kinetic bombardment. This is further
confirmed by the pressure series made in argon. For that series the bombarding energies
are decreasing but the ion flux is oppositely rising, leading to a final power available
for kinetic bombardment similar for all pressures (see table 6.4). No differences between
the ellipsometric spectra for the different pressures were observed [41]. Also the atomic

Argon
400 W
20 min

pressure (mTorr)
50
35
20
5

Ca/O
Ca/N
Ca/C
Ca/H
0.36 ± 0.04 8.16 ± 0.82 2.60 ± 0.26 3.23 ± 0.32
0.39 ± 0.04 10.34 ± 1 3.15 ± 0.30 3.03 ± 0.30
0.42 ± 0.04 8.54 ± 0.85 2.77 ± 0.28 3.91 ± 0.39
0.38 ± 0.04 9.58 ± 0.87 2.94 ± 0.25 3.84 ± 0.30

Table 6.11: Atomic ratios for various pressures in an argon plasma at 400 W.
ratios obtained with ERDA analysis given in table 6.11 showed no remarkable differences
between their respective values for the various pressures. This proves that in case of
etching with an inert gas, the etching process is governed by the power available for
kinetic bombardment.
The ratios obtained for the oxygen plasma are always higher than the ones obtained for
the rare gases and that, though the power available for kinetic bombardment is lower in
the oxygen case (see table 6.4). Therefore the etching of the surface by the oxygen plasma
can not be related to the only transfer of energy from the impacting ions of the discharge
to the bounded surface. In the case of the oxygen plasma, chemical etching is also to be
taken into consideration: oxygen atoms and ions are expected to react chemically with the
carbon and the nitrogen contained in the surface to produce volatile neutral compounds
such as NO, CO, NO2 or CO2 . The ratios obtained for the argon/oxygen mixture are
always the highest compared to all the gases. In this case, the discharge is able to etch
chemically with the chemically active ions from the oxygen feed gas and by breaking
bonds by ion bombardment with the energetic argon ions. There is question of synergism
between the two processes. Therefore argon/oxygen discharges are the most effective
discharges in etching the organic component of the bone. The etching selectivity can be
further controlled by varying the amount of RF power to the discharge. A study has been
done in argon and in oxygen. When the power is increased from 400 W to 800 W in a 50
mTorr argon plasma, the bombarding energies stay stable (see table 6.4 and chapter 5 of
this thesis) while the ion flux increases. In oxygen, the energies of the bombarding ions
are found to decrease while the ion flux increases. For both gases, the resulting power
available for kinetic bombardment increases with the power. The atomic ratios obtained
with ERDA analysis of treated and untreated samples are given in figure 6.20. The Ca/C
ratio is stable for all powers for both gases. Also the Ca/O ratio is rather stable except
for the 800 W power case in argon which is characterized by a slightly higher value. The
Ca/N ratio is stable in case of argon plasmas but show a large increase when the power is
increased for an oxygen discharge. The Ca/H ratio shows an increase in both argon and
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oxygen plasmas with higher values for the argon plasma.
Clearly the selectivity of nitrogen etching is enhanced by increasing the power in an
oxygen discharge and can be linked to the increasing kinetic power for bombardment. We
have seen previously that oxygen reacts preferentially with nitrogen instead of carbon.
This explains the stable Ca/C ratio obtained for the oxygen plasma. Also, as we already
mentioned, changes in the oxygen stoichiometry of organic component are hardly visible
in the Ca/O ratio and explain the stable Ca/O ratio. The increasing Ca/H ratio is related
to the removal of hydrogen involved in C − H and N − H bonds as well as OH groups.
The effect of the power dependence in the argon discharges on the sample surfaces
has also been studied with ellipsometry [41]. An important result from that study (not
represented here) was that the amide II peak was more affected for an increasing power.
The peak visible at 1550 cm−1 on an untreated sample became a plateau at 400 W (see
figure 6.19) and 600 W. For 800 W the plateau disappeared. Also the peak of amide III
was strongly reduced. Finally the peak of amide I was slightly shifted to lower frequencies
(from 1645 cm−1 to 1630 cm−1 .) The shift of the amide I when the power is increased
corresponds to an attenuation of the 1660 cm−1 sub-band assumed to be linked to the
secondary structure of collagen. Consequently, when the power increases, the cross-linking
of the collagen is first affected and is then followed by a modification of the secondary
structure of collagen. In other words, the C = O bond is modified only for the higher
power of 800 W. This effect is correlated by the results of the ERDA analysis of figure
6.20 which show a slightly higher Ca/O ratio for the 800 W power case. The variations of
the spectral bands of amide II suggest that C − N and N − H bonds have been modified
by the plasma etching. Because the C/N atomic ratio remains rather stable for all the
different powers, we can conclude that the modification of the amide II band is mainly
due to the break of N − H bonds leading to the removal of hydrogen. Also we think that
thermal heating plays a role in the removal of hydrogen at high powers. When the power
is increased from 400 to 800 W, the temperature of the heavy particles can easily increase
by 200 K [42]. Therefore, the temperature of the samples can correspondingly increase.
Although we used a water-cooled substrate holder to minimize thermal heating of the
sample, in the high density argon plasmas, that process appears to be non negligible.
Figure 6.12 showed that the largest penetration depths were obtained for the 600 W and
800 W argon plasmas. This suggest that heat is transferred to the bulk of the sample
where water evaporates from. Consequently, in the high power argon plasmas, the removal
of the hydroxyl radicals can be linked to an evaporation of water more than to a physical
etching of the surface. In the case of the oxygen discharge, when the power is increased,
dissociation of the molecular oxygen is also expected to increase. Consequently, the
number of oxygen atoms susceptible to react with the surface correspondingly increases.
Previously we have seen that the oxygen reacts preferentially with nitrogen with respect
to carbon. Consequently, the Ca/N ratio increases whereas the Ca/C ratio in unchanged.
This series shows that in the case of an oxygen plasma a high selectivity concerning
nitrogen etching can be achieved when the input power to the discharge is increased.

6.7

Conclusion

Bovine bone tissue samples were subjected to various plasma treatments in order to
investigate the possible effects of a plasma on the surface of bone tissue samples. When
the samples were put into a vacuum chamber without adding a feed gas, no remarkable
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Figure 6.20: Atomic ratios plasma treated bone samples obtained from ERDA measurements. Study of the influence of the power. Samples S4 and S5 are untreated samples.
Plasma treatment conditions: argon, 50 mTorr and 20 min.
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changes were found in their chemical structure. Only a drying process of the sample
was observed. When the samples were subjected to the different plasma treatments, an
average value of 500 nm was found for the plasma penetration depth using Rutherford
Backscattering Spectroscopy.
The samples have been treated with inert and reactive gases to establish possible
selectivity rules for the various elements present in the samples. From the analysis of
FTIR ellipsometry spectra it was deduced that phosphorus is removed from the surface
during plasma treatment. Conversely, the Ca/P atomic ratios of the ERDA analysis
were found constant and equal to those of untreated samples, for all plasma conditions.
This indicated that also calcium is removed and at the same rate that phosphorus. No
selectivity concerning the etching of the mineral part of the bone (mainly hydroxyapatite)
was found. Variations were observed between the Ca/N, Ca/C and Ca/H atomic ratios
of untreated and treated samples. The Ca/O ratio remained constant suggesting that
oxygen is not removed much faster than calcium. In contrast, nitrogen, carbon and
hydrogen were found to be more etched than calcium which can be traduced into a
selective etching of the organic component with respect to the mineral component of the
sample. From these three elements, it is nitrogen that is mostly removed out of the
surface, followed by the carbon and the hydrogen elements. Mass spectrometry confirmed
that organic Cx Hy Oz Nw components are present in the plasma phase which correspond
to organic material removed from the surface. Also a large production of water ions and
neutrals was observed showing an important drying process of the sample. From all gases
the highest selectivity is obtained with the mixture of argon/oxygen and the lowest with
krypton. It is believed that the association of the physical ion bombardment and chemical
etching is responsible for the high selectivity of the argon/oxygen mixture.
The influence of the RF power supplied to an argon and an oxygen discharge with
respect to the surface modifications was also investigated. In the case of the argon discharge, when the power is increased a strong augmentation in the Ca/H ratio suggests
that hydrogen is removed in larger quantities at higher powers. The study of the plasma
properties showed that bombarding energy is constant but that the ion flux towards the
surface increases with the power. For argon, increasing the power does not increase the
selectivity of elements others than hydrogen. Consequently the increased Ca/H ratio is
attributed to water evaporation of OH radicals from the surface by thermal heating. For
oxygen, a net increase in the Ca/N ratio is found indicating an increased selectivity towards nitrogen. The increased selectivity can be linked with a higher power available
for bombardment when the RF power increases. Both series indicate that provided that
the bombarding energy is high enough (around 8 eV) to break most of the bonds, the
modification of the surface is primarily linked to the power available for ion bombardment
(or the ion flux), while chemical reactivity enhances the etching selectivity.
In a last series, samples were submitted to argon plasmas at various pressures and a
fixed power of 400 W. The modifications brought to the surface show no real variations
from one pressure condition to the other. As previously mentioned above, the element
which is the most removed is nitrogen, then carbon and hydrogen. In an argon plasma, at
400 W, the power available for ion bombardment is almost constant for the pressure range
investigated. Consequently, we can deduce here again that material removal is dependent
on the power delivered for ion bombardment.
To summarize, a higher etching selectivity towards the organic component of bone tissue with respect to its mineral component has been shown. Appropriate choices of gases,

6.7 Conclusion
powers and pressures to control the ion and radical fluxes towards the surface as well as
the ion bombardment energies should allow for a refined plasma etching process. These
are promising results regarding the etching of organic material in a highly mineralized
environment. In the future, knowledge acquired with our low pressure ICP source could
be transferred to the atmospheric plasma needle [36] and hopefully lead to advances in
the research of tissue treated by plasma. For example, the killing of organic bacteria in
teeth cavities by etching of the organic material could be envisaged with a low damage of
the mineral part of the tooth.
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7.1

Concluding remarks

The first topic of this work has been a comparative study of two low pressure RF Inductively Coupled Plasma (ICP) sources, set-up 1 and set-up 2. A short list of concluding
remarks concerning this study is given:
• Set-up 2, benefiting of a new geometrical design for the plasma chamber (chapter
2) has allowed for a better reproducibility of the measured experimental data in
comparison with set-up 1.
• By using a new optical arrangement (chapter 3), the quality of the Doppler shifted
laser induced fluorescence spectra has been significantly improved in set-up 2 in
comparison with set-up 1. The detection efficiency is increased more than three
times, and the spatial resolution has also improved by a factor of three.
• While a Langmuir probe was used to obtain the bulk plasma parameters values,
the Doppler Shifted Laser Induced Fluorescence (DSLIF) technique gave the ion
velocity distribution functions (IVDFs) of argon metastable ions from the center of
the plasma to a region close to the edge of the sheaths. Finally, an energy resolved
mass spectrometer measured the ion energy distribution functions (IEDFs) at the
surface of the electrode and revealed the ion dynamics inside the sheath. The results
obtained with the various diagnostics were consistent with respect to each others and
in both set-ups, the combination of these three techniques has successfully captured
the ion transport properties through the complete plasma.
• In set-up 2 where the discharge length is short compared to that one of set-up 1,
axial particle losses to the walls are too important to allow diffusion to displace the
maximum of density on the axis of the discharge. In set-up 2, the plasma density
peaks where the power absorption is maximum which corresponds to a toroidal
profile. In set-up 1, diffusion is achieved and the plasma is radially uniform.
• The study of the heating processes in set-up 1 and set-up 2 has revealed that in
set-up 1, for all pressures collisional heating dominates. In set-up 1 for pressures
below 20 mTorr, collisionless heating was found to be the main heating process in
the discharge. Also the transformer formalism proved to simplify the calculation of
the total effective collision frequency.
• The investigation of the (IVDFs) of argon metastable ions at different plasma conditions of pressure when the plasma is in the mainly inductive mode, showed that
the concept of three separate regions, namely the bulk, presheath and sheath is not
correct for pressure lower than 20 mTorr: the axial acceleration of the ions towards
the sheaths already starts in the center of the plasma and the plasma acts a continuous presheath. Above 20 mTorr, a presheath different from the bulk plasma is
visible. For the pressure range of the measurements, the acceleration of the ions
was found symmetric towards the quartz plate and the metallic electrode.
• The electron temperature in an ICP only depends on the geometry of a setup, and
the global model of Lieberman could predict relatively well the temperature in the
discharge. Concerning the density, the global model is not adequate to determine
radial nonuniformity. In contrast, the HPEM gave very close estimations of the
experimental datas and did reproduce the plasma density profiles.

7.2 Further improvements
• Results from Mass Spectrometry showed that at low pressures and low powers,
the collisions in the sheath can not be neglected (charge exchange and momentum
transfer). Energies are low and can not produce extensive damage to the surface.
Depending on the operating mode of the discharge, energies vary.
• The material of the electrode is of large importance when recording IEDFs as the
energies can get lowered by a few eV simply by using an aluminum electrode instead
of a stainless steel one.
• The simple power partition presented in chapter 5 appeared to be rather exact for
set-up 2. For set-up 1 however, it was rather incomplete suggesting that extra
processes need to be included in the simple model.
The second topic of this thesis concerned the application of a low pressure non thermal
plasma to the surface treatment of bone tissue roughly composed of a mineral, an organic
part and of some water. The plasma was created in set-up 2, previously studied in that
thesis. The most important conclusions concerning this work are now given:
• The plasma was proven to have an effect on the mineral, the organic part of the
bone and the water using a combination of complementary diagnostics such as RBS,
ERDA , ellispometry and Mass Spectrometry.
• Independently of the plasma treatment used to modify the surface of the bones,
an average plasma penetration depth of 500 nm was found for all the bone tissue
samples treated. Only for high power argon plasma, this depth was found slightly
larger.
• All plasma treatments were found to selectively etch the organic component of
the bone. This selective etching was enhanced when oxygen or a mixture of argon/oxygen was used as feed gas, provoking chemical reactivity between the oxygen
ions and radicals and the carbon and nitrogen elements present at the surface of
the bone. For rare gases, such as argon, helium or krypton, surface etching seemed
to occur principally by transfer of energy from the bombarding ions to the surface
atoms.
• For high RF power, in argon plasma, thermal heating occurs leading to the selective
removal of hydrogen from the bone surface.

7.2

Further improvements

Finally some suggestions are given for the continuity of this work:
• During the measurements performed in this study, the gas temperature was assumed
to be roughly equal to 600 K. That value is used for both the study of the plasma
discharge and of the bone application. However this temperature is susceptible to
vary with the RF power or the pressure and to reach higher values. Absorption
measurements could be done to investigate such temperature variations.
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• To estimate the effect of thermal heating on the bone tissue samples during the
plasma treatments, a temperature sensor could be incorporated in the sample holder
to record the temperature of the bone sample in relation with the gas temperature
and other plasma parameters. Care should be taken that the measuring system is
not influenced by the plasma.
• To improve the actual analysis of the measured ion and mass spectra recorded
during the plasma treatment of bone tissue samples, an additional surface analysis
technique, X-Ray Photoelectron Spectroscopy (XPS), could be used. XPS analysis
allows for the determination of the chemical bonds typical of molecular structures
present at the surface. Surface modifications would appear as a modification of the
chemical bonds repartition. Combined with the other surface diagnostic techniques
available, XPS could help in the identification of the peaks of the mass spectra and
in giving a more complete model of the interaction between the plasma and the
bone tissue surface.
• A drawback of the XPS analysis is the requirement for a high vacuum. The actual
setup configuration requires to bring the chamber to atmospheric pressure in order
to retrieve the samples for further surface analysis. Such procedure contributes to
reintroduce some water layer on the surface and makes analysis with XPS difficult
because of the long pumping times prior to analysis. A possibility would be to connect the plasma chamber to an analysis chamber always kept under high vacuum
conditions by its own vacuum system. After transfer of the samples to the analysis
chamber, analysis could thus occur in-situ, reducing manipulation time and preventing the sample surface from external contamination. Also the IR spectroscopic
ellipsometer should be integrated to the ICP chamber to provide direct analysis.

Appendix A
Rutherford Backscattering
Spectrometry (RBS) and Elastic
Recoil Detection Analysis (ERDA)
formulae
A.1

Rutherford Backscattering Spectrometry

Rutherford Backscattering Spectrometry (RBS) is an ion beam analysis providing atomic
and elemental concentrations as a function of depth below the surface. The principle is
based on the backscattering of light ions at the surface or in the material to investigate.
Fig A.1 represents the general experimental configuration for RBS experiments. The
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Figure A.1: Geometry of a RBS experiment.
probing ions of the incoming beam of energy E0 impinge on the surface at a angle of
incidence θin with respect to the normal to the sample. At a depth x in the sample, an
ion issued from the ion beam collides with an atom of the sample and is scattered over
an angle θs . The scattered ion leaves the sample at an angle θout and with an energy
E3 and is further collected by a semiconductor detector. To obtain a scattered particle
in the backward direction (θs > 90◦ ), from the laws of conservation of momentum in a
two-body collision, where the incident particle of mass M1 collides with the static particle
of mass M2 , it is necessary that M2 > M1 . To obtain the largest range of mass detection

174

Appendix A: RBS and ERDA formulae
as possible, light bombarding particles are used. For these experiments we used a beam of
1.7 MeV of 4 He+ (M1 = 4 a.m.u) produced by a Van de Graaff accelerator. Theoretically,
all particles with masses above M = 4 a.m.u. can be detected while it is not possible to
measure the hydrogen concentration (M2 = 1 a.m.u). The impinging ion beam is directed
perpendicularly to the surface ions to the surface (θin = 0◦ ), and the backscattered ions
are detected for a back scattered angle θs = 170◦ (θout = 10◦ ).

A.1.1

Stopping power

When incident ions enter a material, they dissipate energy in interactions with the electron
clouds (electron stopping) and the nuclei of the atoms of the target (nuclear stopping).
Nuclear stopping contributes to significant energy losses only at low incident particle
energies (small velocities) and the largest part of the energy loss is then only related to
electronic stopping. The amount of energy a projectile loses per distance travelled in
the sample depends on the projectile, its velocity, the elements in the sample, and the
density of the sample material. Typical energy losses for 2 MeV He range between 100
and 800 eV/nm. It is this energy loss dependence on sample composition and density
which enables the determination of layer thicknesses. For the high velocity particles limit,
corresponding to incident ions fully stripped from their electrons, Hans Bethe [151] has
derived in 1930 formula A.1, for the so-called stopping power S(E) = dE
using quantum
dx
mechanics principles:
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where Z1 and Z2 are the atomic numbers of the incident ion and target atom respectively.
vion is the velocity of the incident ion, N is the atomic density of the target, me the
mass of the electron and c the speed of light. I can be derived from quantum mechanics
and represents the mean excitation energy of the electrons. This calculation is valid for
monoelemental targets. In our particular case, the projectile ions (4 He+ ) are not fully
stripped. The Bethe formula can be however applied, by introducing the effect of an
effective charge [152]. The stopping cross section ² (eV. cm−1 per atom) is also used to
describe the energy losses and is defined as:
1 dE
²(E) =
(A.2)
N dx
To calculate the stopping power of compound materials, one uses Bragg’s rule, stating that
the stopping contributions of all elements in the target can be linearly added. The loss of
energy on a distance x is obtained by integrating the stopping power on this distance:
Z x
dE
loss =
dx.
(A.3)
0 dx

A.1.2

Kinematic factor for RBS

The ratio of energy of a probing ion of mass M1 before and after the elastic collision with
a target element of mass M2 is called the kinematic factor KM2 . It is established from the
laws of conservation of momentum and energy and is given by A.4
#2
"p
(M22 − M12 sin2 θs ) + M1 cosθs
,
(A.4)
KM2 = E2 /E1 =
M1 + M2
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where E1 and E2 are the energies before and after the collision respectively, and θs is the
scattering angle defined in figure A.1. If the parameters M1 , E1 and θs are known, M2 can
be determined with equation A.4 by measuring the energy E2 of the backscattered ion.
From its mass M2 , the target element can further be identified. Over the small distance
of penetration x in the material, the stopping power is assumed to be constant and the
so called surface approximation is used:
µ ¶
µ ¶
dE
dE
=
,
(A.5)
dx in
dx E0
and

µ
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¶
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KM2

After the stopping on the inward path, the energy of the probing ions has been reduced
by ∆Ein and is equal to E1 given by:
µ ¶
x
dE
E1 = E0 − ∆Ein = E0 −
(A.7)
cosθin dx in
In a similar way, after the backscattering on a target element, during which process the
energy of the ions become E2 = KM2 E1 , the energy is further reduced by ∆Eout so that:
µ ¶
x
dE
E3 = E2 − ∆Eout = KM2 E1 −
(A.8)
cosθout dx out
A particle which backscatters from an element at a given depth in a sample will have
measurably less energy than a particle which backscatters from the same element on the
sample surface and the difference in energy is directly a measure for the energy loss in
the surface. The loss factor [S] can be expressed by:
·
µ ¶
µ ¶ ¸
1
KM2 dE
dE
+
[S]x = KM2 E0 − E3 =
x
(A.9)
cosθin dx in cosθout dx out
When x = 0, the elements at the surface can be completely determined by the kinematic
factor. For other depths, a linear relation can be obtained between the energy loss and
the path of the ion in the material. In other words, a measured energy for a 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 and allows depth profile
determination for the different elements present in the sample.

A.1.3

Differential scattering cross section for Rutherford scattering and depth profiling.

A typical RBS measurement on a thick bone target is shown in figure A.2. The normalized
yield of the detected signal is plotted against the channel number of a multichannel
analyzer. The channel number corresponds to the energy. The spectrum corresponds to a
continuum with multiple steps. The first step at the energy ECa in figure A.2 corresponds
to ions backscattered from Ca atoms at the surface of the sample. These scattered ions
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Figure A.2: Typical RBS measurement on a thick bone target. Ion beam: 1.7 MeV 4 He+
ions, Q = 30 µC, θin = 0◦ , θs = 170◦ .

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 Ca atoms at a certain depth in the sample. These scattered ions lost
energy in the collision, but also from the stopping effect in the material. Because a thick
sample (± 2 mm) is used, backscattered ions are detected at energies ranging from the
maximum ECa to very low energies (in that case the ions have lost almost totally their
initial energy at large depths in the sample). Superimposed on the Ca plateau similar
step-plateau features for P and O can be observed. The lighter elements C and N 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 in the bones like Mg
and Na 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 A.2.
The measured signal height of the step for element i, Hi , can be expressed as [153]
µ ¶
dσ
∂E 1
Hi = Q
ΩNi
(A.10)
dΩ i
[S]i cosθin
where Q is the total number of incident
ions, Ω the detector solid angle, ∂E the width of a
¡ dσ ¢
detector measurement channel, dΩ
the
differential scattering cross section for element i,
i
[S]i the energy loss factor of the target element and Ni the atomic concentration of element
i at the sample surface. Ω, θin and ∂E are properties of the setup, which can be determined
before the experiments. [S]i can be calculated from equation A.9. In the energy range
used in our experiments, the scattering is assumed to be pure Coulomb scattering, also
known as Rutherford scattering. Rutherford [154] derived an theoretical expression for
dσ
, for the case of Coulomb scattering, given by
the differential scattering cross section, dΩ
³p
´2
µ
¶
2
2
2 θ + M cosθ
2 2
M
−
M
sin
s
2
s
2
1
Z 1 Z2 e
dσ
4
p
.
(A.11)
=
dΩ
4E0
M2 sin4 θs
M22 − M12 sin2 θs

A.2 Elastic Recoil Detection Analysis

By measuring Q and Hi and with equation A.10, the absolute atomic concentration at the
surface can be calculated. However, in practise the quantity Q is hard to measure, making
it difficult to obtain accurate absolute atomic concentrations. Stoichiometric ratios for
different elements in the sample are usually determined instead. Such stoichiometric ratio
between element n and m in the sample is given by
¡ dσ ¢
Nn
m [Sn ] Hn
¢
= ¡dΩ
(A.12)
dσ
Nm
[S
]
H
m
m
dΩ n
in which the quantities Q and Ω of equation A.10 cancel. From equation A.12, the
composition of the immediate surface can be calculated by measuring the step heights Hi .
Similarly, the absolute concentrations at different depths can be calculated by measuring
the signal Hi for different energies. With equation A.10 the atomic concentration for
this energy can be calculated. The energy to depth conversion is then done with equation
A.9. This procedure only works if there 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 of backscattered ions, using experimental 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 (in our case a typical bulk volume covered with a gradient layer) and
recalculate the simulated spectrum until it is best matched with the measured spectrum.
The backscattering analysis program used is the RUMP program [155, 156].

A.2

Elastic Recoil Detection Analysis

Elastic Recoil Detection Analysis (ERDA) is in general used in association with RBS. It
also provides information on the elemental composition of a sample, but does not provide
any depth resolution. The results are integrated over a distance which is in general
previously determined by RBS depth profiling. The great advantage of ERDA over RBS
is that it gives access to light particles such as hydrogen. Similarly to RBS, ERDA is
works on the principle of elastic collisions between an incoming ion beam and the atoms
of a specified target. However, the particles detected are the recoiled target particles
and not the original ions. From the law of momentum conservation, it appears that the
maximum angle for a scattered recoil is 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, a part of the recoiled atoms will be scattered out of the target and
can be detected. The ERDA measurement principle is schematically drawn in figure A.3.
The incident ion comes in with an energy E0 , under an angle θin . On its inward path,
the ion loses energy, ∆Ein , due to stopping (defined in the RBS section). The incident
ion is scattered over an angle θs , while the recoil is scattered at an angle φr out of the
sample. On its outward path, the recoil loses energy ∆Eout due to stopping. Finally the
recoil leaves the sample at an angle θout , with an energy E at which it is collected by a
detector. The ERDA setup at the Rossendorf institute uses 35 MeV Cl7+ ions from a 5
MV tandem accelerator. The geometry is such that the incident ions come in at an angle
θin of 15◦ with respect to the sample surface and exit at an angle θout = 15◦ .
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Figure A.3: Geometry of an ERDA experiment.

A.2.1

Kinematic factor for ERDA

From the laws of conservation of momentum in a two-body collision, one finds that the
recoil will have an energy E2 = K2 Ec after the collision, if Ec is the energy of the incoming
ion just before the collision, and K2 is the kinematic factor, given by [130]
K2 =

4M1 M2 cos2 φr
.
(M1 + M2 )2

(A.13)

M1 and M2 are the masses of the incident ion and recoil atom respectively and φr is the
scattering angle of the recoil, defined in figure A.3.

A.2.2

Energy loss in the material

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

∆E = ∆Ein + ∆Eout

K2
=
cosθin

µ

dE
dx

¶

1
+
cosθout
in

µ

dE
dx

¶

#
x = [S]x

(A.14)

recoil,out

where K2 is the kinematic factor for the recoil, ¡defined
in equation
A.13, The angles θin
¢
¡ dE ¢
dE
and θout are defined in figure A.3. The factors dx in and dx recoil,out are the stopping
powers of the target material for the incident ion and recoil respectively. The energy loss
due to the collision described by the kinematic factor, K2 in equation A.13 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 stopping, described
in equation A.14 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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A.2.3
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detection

The main difficulty in an ERDA experiment is the fact that not only recoils, 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 discrimination, which means
that a dedicated detector is needed. At the Rossendorf institute where the experiments
were conducted, the ERDA beam line is equipped with a semiconductor detector with an
aluminum stooper foil for H detection at an angle of 38◦ and a Bragg Ionization Chamber
(BIC) at an angle 30◦ for detection of other elements. The detector for H detection works
on the principle that heavy atoms experience more stopping in a material than light ions.
From equation A.1 it is clear that the stopping dE
is proportional to Z12 , the square of
dx
the atomic number of the incident ion. The H detector consists of a simple semiconductor
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
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 atomic
concentration using a special computer code described in [157] using the stopping power
data tables from Ziegler et al. [158]. The Bragg Ionization Chamber is also based on the
fact that ions with different atomic masses have different stopping profiles in a material,
in this case a gas chamber. The energy deposition as function of depth in the chamber
for two ions with different atomic numbers, calculated using equation A.1, is shown in
figure A.4. Equation A.1 is valid in the high velocity limit (high velocity incoming ions).

e n e rg y d e p o s itio n

Z

h ig h

Z

lo w

d e p th

Figure A.4: Bragg ionization curve: Energy deposition as a function of depth for different
ions.
Through the chamber ions loose energy continuously and finally reach a point where
they are neutralized. At these small velocities the particles can no longer be considered
as having a charge Z1 and Bethe’s formulation breaks down. It is clear from equation
A.1 that the stopping power is proportional to Z12 and (1/vion 2 ). This means that ions
entering the detector with the same energy will have a higher stopping the larger their
atomic number is. The higher stopping leads to a higher velocity loss and so 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 A.4 correspond to the
total energy losses in the target for the element of atomic number Zhigh and respectively
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Zlow . 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. The Bragg Ionization
Chamber uses these properties. 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 atomic number.
A schematic of the Bragg Ionization Chamber (BIC) is given in figure A.5. The BIC
B r a g g Io n is a tio n C h a m b e r
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Figure A.5: Bragg Ionization Chamber, used in ERDA experiment.
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 a fast
moving ion passes through the gas of the detector, atoms are 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 a 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 electronion pairs. This implies that the electrons created closest to the anode, will reach the
anode first. Therefore the anode current pulse corresponds to the energy deposition curve
of figure A.4. A typical anode current versus time measurement is shown in figure A.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 A.5.
The anode current pulse is divided after the preamplifier (PA). One part goes to a main
amplifier with a long shaping time (3 µs) providing the total energy signal. The other part
goes 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
atomic number Z. In an ERDA measurement both the Bragg peak intensity and the total
energy are measured and plotted in a graph. An example of an ERDA measurement
is shown in figure A.6. The different branches in figure A.6 can be identified, from the
Bragg-peak heights, as different elements. Especially the light elements C, N and O are
well resolved. For heavier elements the mass separation becomes less. The largest signal
is the Cl signal from scattered 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
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Figure A.6: Example of an ERDA measurement on a bone sample. Ion beam: 35 MeV
Cl7+ ions, θin = 15◦ , θout = 15◦ Q = 3.4 µC.

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. This
gives a total energy versus intensity graph for each selected element. Depth profiles of
the absolute atomic concentration for each element are obtained using a special computer
code described in [157] using the stopping power data from Ziegler er al. [158].
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Summary
Low pressure RF Inductively Coupled Plasma (ICP) sources are commonly used in semiconductor industry for surface modification processes. The RF power is transferred from
an excited external coil to the plasma via a dielectric window. In the case of an electropositive discharge, the plasma is characterized by a central (bulk) region where ion
and electron density are assumed to be equal. The bulk region is surrounded by space
charge regions (sheaths) where electrons are repelled and ions accelerated. It is the energy that ions possess when they hit a substrate which determines the nature of the
surface modification of this substrate. A good description of the acceleration of the ions
inside the discharge up to the substrate is thus desirable. In this thesis we have studied
such ion dynamics using a combination of several diagnostics. Firstly, a Langmuir probe
was employed to measure the plasma parameters in the bulk discharge while Doppler
Shifted Laser Induced Fluorescence was used to measure the Ion Velocity Distribution
Functions of metastable argon ions. At the surface, an energy resolved mass spectrometer measured the Ion Energy Distribution Functions of the argon ions. The existence of
a pre-acceleration region, the presheath, between the bulk plasma and the sheaths was
investigated. The IVDF’s measurements showed that ions are accelerated already from
the center of the discharge towards the walls, suggesting that the bulk plasma consists
in fact of a large presheath. The analysis of the IEDF’s provided information of the ion
dynamics in the sheath. In particular the RF modulation of the sheaths at low RF powers
and high pressures was revealed by the presence of secondary maxima in the ion energy
distributions. These secondary peaks were attributed to charge exchange processes occurring in a time and space dependent sheath. The effect of a superimposed capacitive
coupling on the mean ion energies is discussed.
All the measurements were made in two low pressure ICP’s exhibiting geometrical and
electrical differences. The coupling of the power was found to highly depend on the design
of the exciting coil and the geometrical dimensions of the chamber. Experimental plasma
parameters were compared with the results of a simple global model and of an hybrid
model. In an pure inductively coupled discharge, neglecting possible capacitive coupling,
a rather good agreement was found between the experimental and simulated values for
both models. Finally an analysis of the RF power distribution into the discharge was
given for the two sources studied.
Besides their almost exclusive application to microelectronics, plasmas have proven
that they can also been employed for environmental remediation or biomaterials modification. Recent developments indicate that direct treatments of living tissue by non
thermal atmospheric plasmas could be envisaged. In this study, the effect of different
gas mixture plasmas (inert or chemically reactive), at various powers and pressures, on
bovine cortical tissue has been investigated. The samples were placed in one of the plasma
chambers previously studied. Using ion beam surface analysis techniques such as Ruther-

ford backscattering or elastic recoil detection analysis and IR spectroscopic ellipsometry,
the surface modifications brought by the plasmas were investigated. In particular, we
showed the existence of selective etching of the organic material (mainly collagen) from
the highly mineralized matrix. This effect was enhanced by the presence of reactive gas
such as oxygen. The results were related with the plasma parameters measured with the
Langmuir probe and the analysis of the plasma phase with the mass spectrometer. A
preliminary model is given for the interaction plasma-bone tissue.

Samenvatting
Inductief gekoppelde plasma’s worden binnen de halfgeleider-industrie vaak gebruikt voor
het modificeren van oppervlakken. Het radiofrequente vermogen wordt vanuit een spoel
door een diëlectrisch venster in het plasma geı̈njecteerd. Het plasma wordt gekarakteriseerd door een centraal gebied (bulk), waar de dichtheden van electronen en ionen
gelijk verdondersteld kunnen worden. Het centrale gebied wordt begrensd door ruimteladingsgebieden (de zgn. ”sheath”), waarin ionen worden versneld en electronen worden
geweerd. De energieverdeling die de ionen hebben als ze een oppervlak raken bepaalt
de werkingsgraad van de processen waarmee dat oppervlak gemodificeerd wordt. In dit
proefschrift is de dynamica van de ionen in het plasma bestudeerd middels een aantal
diagnostische technieken. Met een Langmuir-sonde zijn de electronenparameters bepaald,
terwijl Doppler-verschoven laser-geı̈nduceerde fluorescentie gebruikt is voor het bepalen
van de ionensnelheidsverdeling van metastabiele argon-atomen. Met een energie-opgeloste
massaspectrometer is de ionenenergieverdeling aan het oppervlak bepaald. De houdbaarheid van het concept van de zogenaamde ”pre-sheath”, een gebied waarin de ionen
worden voor-versneld tot ze de sheath kunnen binnentreden, is onderzocht. De gemeten
ionensnelheidverdelingen hebben uitgewezen dat er sprake is van een constante versnelling
vanuit het midden van het plasma in de richting van de wand. Dit resultaat suggereert dat
het plasma in feite bestaat uit n grote pre-sheath. De bepaalde ionenenergieverdelingen
tonen aan dat de sheath een radiofrequente modulatie vertoont: de aanwezigheid van secundaire maxima in het energie-spectrum van de ionen zoals die optreden bij hoge drukken
en hoger radiofrequente vermogens wijzen hierop. Deze vorm van deze secundaire maxima
worden toegeschreven aan ladingswisseling is een tijds- en ruimte-afhankelijke sheath.
De metingen zijn uitgevoerd in twee verschillende reactoren. De efficiëntie van de vermogensinkoppeling hangt sterk af van de vorm van de gebruikte spoel en van de geometrie
van de ontladingskamer. De experimentele gegevens zijn vergeleken met een globaal model
en ook met een hybride model. In een puur inductief gekoppeld plasma stemmen de metingen goed overeen met de resultaten van beide modellen. Er is een analyse gemaakt van
de manier waarop het radiofrequente vermogen verdeeld wordt over de verschillende delen
van het plasma.
Naast de al genoemde toepassing van plasma’s binnen de halfgeleidertechnologie is
recentelijk gedemonstreerd dat plasma’s ook met succes kunnen worden ingezet voor
toepassingen binnen de milieu-technologie en voor het bewerken van oppervlakken van
bio-materialen. Er zijn aanwijzingen dat ook toepassing mogelijk is voor het modificeren
van levend weefsel binnen de medische technologie. In dit werk is, als modelsysteem,
het effect bestudeerd van de blootstelling van botweefsel aan een inductief gekoppeld
plasma. De substraten zijn in de plasmareactor geplaatst, dicht bij een electrode die van
een electrische voorspanning kan worden voorzien. Ionenbundeltechnieken zoals Rutherford backscattering en elastic recoil detection, alsmede spectroscopische ellipsometrie in

het infrarood zijn gebruikt om de plasma-geı̈nduceerde modificaties in kaart te brengen.
Er is aangetoond dat het oppervlak selectief getst kan worden: het organische materiaal
(voornamelijk collageen) kan worden verwijderd terwijl het minerale skelet intact blijft.
Dit effect kan worden gestimuleerd door het gebruik van reactieve gassen zoals zuurstof.
De resultaten zijn gecorrelleerd met de plasma-parameters, wat in een nulde-orde model
voor de wisselwerking tussen plasma en botweefsel heeft geresulteerd.
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pendant ces quatre années (Cyrille, JC, Karine, Stéphane, Alain, Jérôme et tous les
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Inductively Coupled Plasmas: Ion dynamics and
interactions with bone tissue
door

Carole Yvette Monique Maurice

1. In an inductively coupled plasma at low pressures, the classical concept of three
distinct discharge regions (“bulk”, “presheath” and “sheath”) does not hold. The
plasma is one large presheath where ions are continuously accelerated towards the
walls.
(this thesis)

2. The plasma treatment of bone tissue in a low pressure inductively coupled plasma
source allows selective etching of the organic compounds.
(this thesis)

3. It is good to think about the “technology of tomorrow”. It is better to do it while
taking into account the continuously aging population.
4. It is useless to try to motivate young women to go into physics if there are no old
women in physics.
5. Entertaining contacts by means of the Internet is often mistaken for an improvement
of social life.
6. The Israeli-Palestinian conflict is a good example of : “these men who fight so willingly for their religion and live so little according to its principles.”
(after Georg Christoph Lichtenberg, German physicist and author (1742-1799))

7. The fact that education does not always give you what you need has been well phrased
by Fats Domino: “A lot of fellows nowadays have a B.A., M.D., or Ph.D. Unfortunately,
they don’t have a J.O.B.”
8. Broadcasting cultural programs late at night, i.e. at the same time as adult programs,
illustrates the TV stations appreciation of culture.
9. Frederico Mayor was absolutely right when he stated that : “Appliquée sans objectifs
humains, la technologie est une perfection sans but.”
(Frederico Mayor, General director of the UNESCO 1992-98 )
10. “The opposite of a correct statement is a false statement. The opposite of a profound
truth may well be another profound truth”. This is true for war and for peace.
(after Niels Bohr, Danish physicist(1885-1962))
11. In the aftermath of the “Erika” oil tanker disaster (December 12th , 1999), the European
Maritime Safety Agency1 was instated by the European Commission to help reducing
the risks of maritime pollution. Oil disasters like the one of the tanker “Prestige” on
November 13th , 2002, demonstrate that in matter of protection of European citizens, the
European commission has better intentions that its Member States.
1- European Maritime Safety Agency was created by the European Parliament and Council
regulation n◦ 1406

