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1. Introduetion 

1.1 Optical Glass Fibres 

In modern day society optical glass fibres are used tor a multitude of applications. The best 
known application is their use in telecommunication, where they now form the standard point to 
point conneetion between telephone substations. They are also used in computer networks, cable 
tv networks, closed circuit television security systems and optical fibre sensors. For many of 
these applications they serve as a replacement of copper cables. The advantages of optical fibres 
over copper cables are their greater capacity (higher bandwidth and less energy loss), smaller 
size and weight, higher security (more ditticuit to tap) and lower running costs (copper wires have 
a higher power consumption). Disadvantages are the 
high costs of sourees and detectors and the 
requirement of special skills. For instance, it is more 
ditticuit to join two optical fibres together, compared to 
two copper cables [1]. 

The main ditterenee between optical glass fibres and 
copper cables is that optical fibres use optical signals to 
transmit data, while copper cables use electrical 
signals. 

For an ettective transmission through an optical glass 
fibre, the refractive index of the fibre has to have a 
certain cross sectional profile (see Figure 1.1 tor an 
example). The main requirement of this profile is that 
the core (centre) has a higher refractive index than the 
cladding (outer layer). By having this profile, the signal 
is confined to the core of the fibre. Therefore, there are 
no losses due to light escaping through the sides of the 
cable. 
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Figure 1. 1: Cross sectionat profile 
of the refractive index in a step 
index optica/ fibre. 

Manufacturing Optical Glass Fibres at Draka Comteq (Eindhoven) 

The main ingredient of an optical glass fibre is silica (Si02). To achieve a higher refractive index 
of the core, germanium dioxide (Ge02) is added to the core. At Draka Comteq (Eindhoven), a 
Plasma-enhanced Chemica! Vapour Deposition (PCVD) process is used to achieve this. In this 
process, a gas mixture (SiCI4, GeCI4 and 02) is supplied to a tube made of quartz (pure silica) . 
lnside this tube a microwave plasma is created, which breaks up the molecules into reactive 
species. These species react to form Si02 and Ge02, which is deposited at the inner surface of 
the tube, and Cl2, which leaves the tube on the other side, along with excess 0 2 (Figure 1.2). By 
cantrolling the composition of the mixture, the refractive index of the deposited material is 
determined so that the desired profile can be achieved. 

Figure 1.2: An illustration of the PCVD process. 
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After the deposition process the tube is put into a turnace 
in which it is collapsed into a so-called care rad. On the 
outside of this care rad additional glass is added by a 
process called over-cladding. After this process, the rad is 
called a preform. Subsequently, a glass fibre is made trom 
this preform. This is done by melting it at one side and 
drawing the fibre trom it in a drawing-tower (Figure 1.3). By 
doing this correctly, the fibre has the same refractive index 
profile as the care rad. To proteet the glass fibre a coating 
is applied during the drawing process. To ensure a good 
quality, the diameter of the fibre is also measured during 
this process. After this, the optical fibre is complete. 

To be able to make more care rods using the same 
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machinery, the deposition rate has to be higher. To Figure 1.3: Overview of the 
achieve this, more power has to be put into the plasma. In drawing process. 
the current situation, this means that the plasma will 
become hotter. But, if it bacomes toa hot, the machinery will be damaged. A possible salution to 
this problem is to drive the plasma in a pulsed mode instead of a continuous mode. This will 
prevent the plasma trom becoming toa hot, by maintaining a lower average power, while still the 
deposition rate could be increased by using a high peak power. However, it is uncertain how the 
properties of the deposition and the plasma will change by using a pulsed mode. 

1.2 Goal 

The goal of the research described in this report is to investigate how the properties of a plasma 
change when it is pulsed. This is investigated on microwave driven argon and oxygen plasmas in 
various set-ups. The aim of this research is to give predictions tor the plasma used in the PCVD 
process at Draka Comteq as to how it will change if the plasma is pulsed. 

1.3 Outline 

The report is structured as follows. The theory is explained in Chapter 2. Chapter 3 presents the 
results of a fiterafure study on pulsed plasmas. The experiments are described in Chapters 4 to 9, 
where Chapter 4 deals with the principles behind the measurements, Chapter 5 gives the 
experimental set-up tor the resonator plasma, Chapter 6 describes the experiments on this set
up, Chapter 7 deals with the experimental set-up tor the surfatron plasma, Chapter 8 describes 
the experiments on that set-up and Chapter 9 gives a comparative study and discussion of the 
results of all the experiments. The final conclusions and recommendations tor future 
measurements are given in Chapter 1 0. 
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2. Theory 

In this chapter, some theory is given about plasmas. The chapter is structured as follows. In 
Section 2.1, some basic theory is given on the plasma state. Section 2.2 describes plasma 
emission. Section 2.3 deals with equilibria in a plasma. 

2.1 The plasma state 

There are three classica! states of matter: the solid, fluid, and gaseous state. Nowadays, the 
plasma state is often added to these as being the fourth state of matter. In this section, some 
properties of this state are described. 

This section is structured as follows. Subsectien 2.1.1 gives a global description of the plasma 
state. In Subsectien 2.1.2 one specific type of plasma is examined: the microwave induced 
plasma. In Subsectien 2.1.3 the term "pulsed plasma" is explained. 

2.1.1 General 

Macroscopically, the plasma state has much in common with the gaseous state in the sense that 
tor both states the inter-partiele distances are relatively large. The main ditterenee is that a 
plasma contains charged particles, electrens and ions. These charged particles give the plasma 
some of its characteristic and striking properties, like the ability to conduct electricity. 

For the formation of the charged particles, neutral particles have to be ionized. This means that 
the electrens have to be separated trom the nuclei. To achieve this, a certain amount of energy 
has to be provided to these electrons. This can be done in many ways, e.g. by creating an (AC or 
DC) electromagnetic field or by absorbing laser-light. The electrens absorb this energy. lf the 
energy absorbed by a bound electron is sufficient, it can escape trom the nucleus rasuiting in a 
tree electron and a (positively charged) ion. 

Subsequently, the tree electrens can absorb more energy causing them to be accelerated. lf a 
tree electron collides with another neutral partiele it can transfer some of its kinetic energy and, if 
this energy is sufficient, ionize this partiele as well. 

lf a neutral partiele absorbs less energy than required tor ionization, the partiele can be excited. 
For an atom, this means that the so-called electron-contiguration is changed. For instance, the 
outer electron is moved trom its ground-state orbit to another orbit. The electron-contiguration of 
atoms will be discussed in Section 2.2.1. In case the excited partiele is a molecule, the energy 
can also be stored in other ways, e.g. as vibrational or rotational energy. 

Excited atoms/molecules cause a plasma to emit radiation. The emission of radiation by a plasma 
will be discussed in section 2.2. 

2.1.2 Microwave lnduced Plasma 

The term microwave induced plasma is used tor a plasma generated by a microwave plasma 
source. These sourees come in many shapes and sizes, but they have one thing in common: the 
plasma is the result of a gas discharge sustained by an electromagnetic field. The same can be 
said tor many other plasma sources. What distinguishes the microwave plasma souree trom 
these other sourees is the frequency of the electromagnetic field. The microwave frequency range 
is trom about 300 MHz up to about 3 GHz. 

The high frequency of the electromagnetic field has some consequences tor the plasma. Due to 
their large mass, the ions respond slowly to an electromagnetic field. Consequently, they remain 
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practically unaffected by the field at this frequency and can be considered as motionless. The 
electrons, however, respond more quickly to the field and are accelerated by it. 

lf the movement of the electrons was only determined by the electromagnetic field, they wouldn't 
build up much (kinetic) energy. The reason is that before the electrons have built up a 
considerable speed, the direction of the field changes and the electrons are accelerated in the 
opposite direction. However, due to elastic collisions, the electrons will change direction. This 
enables them to build up more kinetic energy. Their energy steadily increases up to a point at 
which they have enough energy to excite or ionize an atom through an inelastic collision. In this 
collision they lose their energy and the process of building energy starts again. 

2.1.3 Pulsed Plasma 

In this report, the term "pulsed plasma" is used tor a plasma driven by a pulsed power supply. 
This means that the power is supplied in pulses instead of a continuous wave (CW). In 
Figure 2.1, some possible waveforms are shown. Figure 2.1 (a) shows a continuous wave, 
Figures 2.1 (b) and (c) show square waves with different duty-cycles (50 % and 10 %) and 
Figure 2.1 (d) shows a triangular waveform. The duty-cycle is defined as the fraction of one 
period during which the power is high. This means that a CW plasma can be said to have a duty
cycle of 1 00 %. In the experiments described in this report, all pulsed plasmas make use of 
square wave forms (as depicted in Figure 2.1 (b) and (c)). The duty-cycle is varied between 10% 
and 50% tor the pulsed plasmas (and 100% tor the CW plasmas). 

Besides the waveform, the pulse frequency can be varied. The pulse frequency is defined as the 
number of pulses per unit of time and thus determines the duration of one period. In the 
experiments described in this report, the pulse frequency is varied trom 500 Hz up to 25 kHz. 

a: 100

% I 
~ 50% +· ------------1 
Q. 

0% +---,----------r------.----1 

b: 100% I 

~ 50% 
Q. 

0% I ' I ' I I I 
0 0.5 1.5 2 0 0.5 1.5 

time (periods) time (periods) 

time (periods) time (periods) 

Figure 2. 1: various wave forms. a) Continuous Wave (CW), b) square wave (50 %), 
c) square wave (1 0 %), d) triangular wave. 

2 

The effect of driving a plasma with a pulsed power is that tast processes in the plasma are able to 
follow the pulses, while the slower processes are more or less unaffected. This means they will 
occur continuously, i.e. both during and between the pulses. For example: tor the plasma 
deposition of silicon dioxide, oxygen-radicals are required. The formation of these radicals in the 
plasma is a tast process. This means that it occurs during the pulses, when the power is high 
enough. The actual deposition, however, is a slower process and the recombination time of the 
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oxygen radicals is relatively long. Therefore, the deposition occurs continuously, as long as the 
pulse frequency is high enough. 

2.2 Plasma Emission 

In Subsection 2.1 .1 it was stated that a plasma can emit radiation, due to the excitation of atoms 
and/or molecules. This type of radiation is called line emission. Besides this type, a plasma can 
emit continuurn emission, which is caused by the tree electrans in the plasma. Both types of 
emission will be discussed in this chapter. 

In this section, gas-particles will in generalbe referred to as atoms, but these may be replaced by 
molecules in case of a molecular gas like oxygen. 

This section is structured as follows. In Subsection 2.2.1 line emission is discussed, while 
Subsection 2.2.2 deals with continuurn emission. 

2.2.1 Line Emission 

To explain the theory of line emission, a brief introduetion is given on a representation of an atom: 
the Bohr model [2]. This representation is used to illustrate the excited states that are required for 
line emission. ----- _ 

Bohr Model 

In the Bohr model, the neutrons and protons make up the so
called nucleus of the atom, which is located at the centre and the 
electrans orbit around this nucleus. Figure 2.2 gives a graphical 
representation of this model. This can be compared to the 
planets orbiting the sun in our solar system. 

Another similarity between our solar system and the Bohr model 
is the presence of an attractive force, which keeps the planets, 
respectively electrons, in their orbits. In our solar system, this is 
the gravitational force and in the Bohr Model, it is the Coulomb 
force. However, there is a fundamental ditterenee between these 
forces. The gravitational force is always attractive, while the 

I 
I 

I 
I 

, , 
, 

Figure 2.2: Graphical 
representation of the Bohr 
model. Note that dimensions 
are not to sca/e. 

Coulomb force can be both attractive and repulsive, depending on the electrical polarities of the 
particles in question, being attractive if they are opposite and repulsive if they are the same. 
Since electrans are negatively charged and protons are positively charged, the electrans are 
attracted by the nucleus. 

A big ditterenee between the planetary model and the Bohr model is that in the Bohr model the 
electrans can only occupy orbits with certain radii. This is due to a basic feature of quantum 
mechanics incorporated in the Bohr model, namely that the energy of the particles is quantized. 

Excited Atoms 

The result of this quantization is that the atom as a whole can attain certain discrete energy 
levels, determined by the orbits occupied by the electrons. The lowest level is referred to as the 
ground-state. lf one of the electrans is raised to a higher orbit, the energy level of the atom is 
raised. The atom is then called an excited atom. 

lf no more energy is added to an excited atom, it will eventually fall back to its ground-state. This 
means that an electron that was raised to a higher orbit, falls back to its original orbit in one or 
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more steps. With each of these steps, the atom emits a photon. The energy of this photon is 
equal to the energy-difference between the two levels. 

Photons emitted this way can only have certain energies that correspond to the energy 
ditterences between the levels of the atoms. This results in more or less discrete frequency 
values. This is because the frequency of a photon is directly related to its energy. Now, when this 
radiation is diffracted, e.g. by a prism, it farms a pattem of lines, corresponding to the separate 
frequencies. Therefore, this type of emission is called line emission. 

Because the electrans that make the transitions leading to line emission are bound to the atom, 
both befare and after the transition, such a transition is called a bound-bound transition. 

Line emission can occur spontaneously, without any external cause tor the transition in the atom, 
or it may be stimulated by a photon with the same energy. The probability of a certain 
spontaneous transition occurring is a constant, given per second (s·\ Literature values can be 
found tor many of these probabilities [3). 

2.2.2 Continuurn Emission 

As we have seen, line emission is the result of a bound-bound transition. Besides bound-bound 
transitions, there are two other types of transitions that may occur in a plasma. These are free
bound transitions and tree-free transitions. Both result in continuurn emission. 

Free-bound transitions occur when an ion recombines with a tree electron to forma neutral atom. 
Therefore, the continuurn radiation resulting trom this transition is called recombination-radiation. 
Prior to the recombination, the electron has a certain kinatic energy. In the transition, the sum of 
the kinetic energy and binding energy is emitted as one single photon. 

Free-free transitions occur when an electron is "slowed down" in an elastic collision. Therefore, 
the continuum-radiation resulting trom this transition is called bremsstrahlung, trom the German 
words tor "to brake" and "radiation". Due to the mechanism the electron remains tree. Therefore, 
only part of the initia! kinetic energy is emitted in the form of a photon. 

Both recombination-radiation and bremsstrahlung are farms of continuurn radiation, because the 
kinetic energy of the tree electron is not restricted to certain levels. 

2.3 Equilibrium in a Plasma 

In a plasma, many elementary processes happen at a microscopie scale. The particles collide 
with each other, emit radiation, etc. In a pure atomie plasma these processes can be ordered by a 
set of 4 so-called balance-types: 

the Maxwell balance orders elastic collisions 
the Boltzmann balance orders excitation and de-excitation processas 
the Saha balance orders ionization and recombination reactions 
the Planck balance orders emission and absorption reactions 

lf a plasma is in Thermadynamie Equilibrium (TE), all balances of all these types equilibrate. This 
means that all microscopie processes compensate each other, so that no net efflux of photons or 
radicals is generated by the plasma. This is a consequence of the principle of Detailed Balancing 
(DB). In Subsection 2.3.1, the tour balance types mentioned above are described in more detail. 
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Departures trom equilibrium often occur in a plasma. When they do, tast processes may still 
equilibrate with their corresponding reverse processes. This means that the system is in a partial 
equilibrium state. In Subsectien 2.3.2, departures trom equilibrium are discussed. 

2.3.1 Balances 

This paragraph describes the balances that govern the microscopie processes in a plasma. 

Maxwell Balance 

In an elastic collision, the individual kinetic 
energies of the colliding particles change, while 
the total kinetic energy is conserved. The 
Maxwell balance describing this exchange and 
conservalion of kinetic energy is given by 

(2.1) 

where Xp(E1) represents a partiele X in internal 
energy state p, with kinetic energy E1 and so on. 
Since the kinetic energy is conserved in elastic 
collisions (E1 + Ez = E1' + E2'), the internal states 
(internal energies) of the particles remain 
unchanged. When the Maxwell balance is valid 
tor a certain partiele type, the kinetic energies of 
the individual particles are distributed according 
to the Maxwell distribution [4] 

fx(E)= 
2..JE -E 

exp( -kB_T_x_ ), 

~ ...... 

--T=0.5eV 

0.8 -1-l,--------------1--T = 1.0 eV 

T= 2.0 eV 

0.4 -ff--~--------------1 

0 2 4 6 8 10 
E [eV] 

Figure 2.2: The Maxwell distributions at 
three temperatures, typically found tor 
the electron-temperature. 

(2.2) 

where fis defined such that fx(E)dE is the traction of particles of species X with a kinetic energy 
between E and E +dE, k8 is Boltzmann's constant and Tx is the temperature of the particles of 
species X. Only the temperature Tx determines this distribution. A graphical representation of the 
Maxwell distributions for temperatures of 0.5 eV, 1.0 eV and 2.0 eV (1 eV - 11600 K) is given in 
Figure 2.2. These are typical values tor the electron-temperature tor the plasmas under 
investigation. 

Boltzmann Balance 

In an inelastic collision, the total kinetic energy of the colliding particles is not conserved. This is 
due to changes in the internal energies of the colliding particles. These changes may lead to an 
increase or decrease of the kinetic energy. 

A ground state atom may reach an excited state if it collides with another partiele (usually an 
electron). A subsequent callision might bring the atom into an even higher excited state. In these 
collisions, the total kinetic energy is reduced by an amount that equals the energy-difference 
between the states of the atom before and after the collision. The inverse process, in which the 
internal energy of the partiele is reduced, is also possible. The total kinetic energy is then 
increased. These processes are governed by the Boltzmann balance, given by 

(2.3) 

where Ap(E1) is the atom in state p, with kinetic energy E1. The energy-balance now reads 
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(2.4) 

where Epq is the energy-difference between states q and p of atom A. When the system is in TE, 
all balances are of the Boltzmann type. This leads to a population of the atomie states according 
to the Boltzmann distribution tunetion [4] 

(2.5) 

where Y/q is the atomie state density of upper state q and Te is the electron-temperature. The 
atomie state density (Y/ = n/g) is equal to the number density (n) of an atom in a particular energy 
level, divided by the statistica! weight (g) of that 
level (statistica! weight = number of states in a 
level). As can be seen trom Equation (2.5), the 
state density of state q is related to the state 
density of state p. In Figure 2.3, the fraction of 
particles in the upper state is shown as a 
tunetion of the electron temperature tor a two 
state system. 

0.75 +-----------------1 

~ 0.5 +-----/""------::::;"""""------! 
0.25 -1-------/..;..--------j 

0~--~~--~-~-~ 

The tigure shows that the fraction of particles in 
the upper level is 0.5 at maximum, so both 
states are equally occupied. In general, there 
are more than two available states. Still, at the 
high temperature limit (k8 Te » Epq). all states 
are equally occupied. 

0.01 0.1 100 1000 

Figure 2.3: Fraction of particles in the 
upper state q as a tunetion of the electron
temperafure in a two state system. 

Saha Balance 

When sufficient energy is provided to an atom by means of an inelastic collision, it is possible that 
the atom loses an electron and is ionized. Again, the inverse process of recombination is also 
possible, in which an electron is captured by the ion. For this inverse process, an extra particle, 
called the spectator, is required to tultil momenturn conservation. Therefore, this process is called 
three partiele recombination. The processes of ionization and three partiele recombination are 
governed by the Saha Balance: 

(2.6) 

where X represents the spectator (usually an electron), At represents the (positively charged) 
ion and e· represents the electron. The subscript 1 tor the ion denotes that it is in the ground
state. 

When the Saha Balance is valid, the densities of the atomie 
states are related to the density of the ionic states by means of 
the Saha relation, which reads [4] 

h2 
(2.7) 

where Yfe and Y/i represent the electron density and the ion 
density per state, respectively, h is Planck's constant, me the 
electron mass and lp the ionisation energy, i.e. the energy 
required tor ionisation, of an atom in state p. In Figure 2.4 a 
graphical representation is given of how the ionisation energy is 
related to the excitation energy. In many cases, the term 

0 

Figure 2.4: ionisation energy 
(lp) and excitation energy 
(Ep) of state p. 
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"ionisation energy" is used tor the ionisation energy of the ground-state. 

Plotled on a logarithmic scale against the excitation energy, Equation (2.7) results in a straight 
line, as can be seen in Equation (2.8), where the natural logarithm is taken: 

I 
----,-k~T.=--- + ln ( 11 oo), 

B e 
(2.8) 

where 1f,~, represents the state density at the ionisation energy. lt is not equal to the state density 
of the ionic ground-state (1f;). Both are related toeach-other by the Saha-jump, given by: 

~= ( -1fe 
1f; 

h2 
---- )3/2. 

2nmekBTe 
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When camparing the Saha Relation (2. 7) to the 
Boltzmann Distribution (2.5), it can be seen that 
both give a straight line, with the same slope, in a 
semi-log plot. Thus, when both balances 
equilibrate simultaneously (in TE) they coincide 
within one system. This is shown in Figure 2.5 tor 
an Argon plasma with a ground state density of 
1020 m·3 and an electron temperature of 0.8 eV. 
We call this plot the Atomie State Distribution 
Function (ASDF) of the plasma. 

excitation energy [eV] 

Figure 2.5: Atomie State Distribution 
Function (ASDF) of an oxygen plasma 
in TE, with Te= 0.8 eV. 

Planck Balance 

Besides interaction with other material particles, atoms can also interact with radiation. For 
instance, an atom in an excited energy state can spontaneously emit radiation. This happens 
when it falls back to a lower state. The energy of the emitted photon corresponds to the energy
difference between these states. This process is called spontaneous emission 

(2.1 0) 

where Aq represents an atom in upper state q, AP an atom in lower statepand hv a photon with 
frequency v. The inverseprocessis also possible, in which radiation is absorbed by the atom and 
it reaches a higher excited state. Besides spontaneous emission and absorption, a third process 
is possible, called stimulated emission 

In this process, a photon stimulates an excited atom to 
emit another photon in the same direction, the same 
phase and with the sa me wavelength ( energy) as the 
original photon. 

The combination of the above-mentioned interactions 
form the Planck balance. For transitions tor which 
hv lk8 T » 1, stimulated emission can be neglected. The 
balanceis then called the Wien Balance. 

lf the Planck balance is in equilibrium, the photon energy 
density is distributed according to Planck's distribution 
law[4] 

(2.11) 

0 500 1000 1500 

wavelength [nm] 

Figure 2. 6: Planck Distributions at 
0.6 eV, 0.8 eV and 1.0 eV. 
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8nhv3dv 
Pv( v' 1)dv= -c3"-[ e-x-=-p=(h_::_:_v!-=k::_:_

8 
T.-e-)--1]- (2.12) 

where Pv(v, 1)dv represents the photon energy density and c the speed of light in vacuum. This 
distribution is graphically shown in Figure 2.6 at three different temperatures. 

2.3.2 Departures from equilibrium 

The balances described in the previous paragraph are so-called 
"proper" balances. This means that each forward process is exactly 
balanced by its corresponding backward process, which acts along 
the same channel. Both processes thus form a so-called Bilateral 
Relation (BR). lf there is a departure trom TE, at least one of the 
balances in the plasma is disturbed and a so-called disturbed 
Bilateral Relation (dBR) is formed. 

A system of two levels, forming a BR is illustrated in Figure 2.7. 
Depending on what the levels a and 13 and the arrows represent, 
this BR can illustrate any of the balances described in the previous 
paragraph. lf the balance doesn't equilibrate, the flow in one 
direction is bigger than the opposite flow. For the system to remain 
in a steady state, an inflow and outflow between the system and the 
environment are required, as illustrated in Figure 2.8. For example, 
if the Saha Balance is disturbed, because ions react with the wall of 
the system (outflow), there has to be an inflow of atoms into the 
system. Such an inflow generally comes trom the gasses provided 
to the plasma. In this case, the Saha Balance is not in equilibrium 
and replaced by a so-called "improper" balance. This results in a 
so-called ionising plasma(region), since there is an excess of 
ionisations over recombinations. 

lonising Plasma 

a 
Figure 2. 7: a Bi lateral 
Relation. 

a f3 
Figure 2.8: a disturbed 
Bilateral Relation. 

In Figure 2.5 we gave an ASDF tor a plasma in equilibrium. lt shows an exponential decrease, 
which results in a straight line on a logarithmic scale, and a jump at the ionisation energy (the 
Saha-jump). Departures trom equilibrium cause the ASDF tor that plasma to change. How the 
ASDF changes, depends on the nature and magnitudes of the effluxes generated by the 
plasma(region). Therefore, the ASDF can give us intermation of the state of equilibrium departure 
of the plasma. 

I?' 1.0E+22 

_s 1.0E+20 

~ 1.0E+18 

·~ 1.0E+16 

~ 1.0E+14 

~ 1.0E+12 
ûi 1.0E+ 10 
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~ 
........_, ......... ~ 

.................... ~ ......... 
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.......... 

5 10 

excitation energy [eV] 

'r---. 

15 

Figure 2.9: Example of an ASDF of an 
ionizing oxygen plasma, with Te= 0.8 eV. 

In an ionising plasma, the Saha balance is 
disturbed by a loss of ions to the environment. 
Due to this efflux of electron ion pairs, the ion 
density will decrease. This implies that the 
density of atomie states close to the ionisation 
energy will decrease as well, as is shown in 
Figure 2.9. However, the highest excited states 
may still be in Saha equilibrium with the ionic 
ground-state and therefore the ASDF may still 
show a straight line at the energy levels 
corresponding to these states. The lowest 
excited states can be in Boltzmann equilibrium 
with the atomie ground-state, which would imply 
that they also show a straight line. 
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3. Pulsed Plasmas in Literature 

The purpose of this research is to investigate whether the use of a plasma driven by a pulsed 
power supply (further referred to as: pulsed plasma) gives better results tor the deposition 
process of silicon dioxide (Si02) than the use of a plasma driven by continuous power (further 
referred to as Continuous Wave (CW) plasma). Especially when used in the Plasma-enhanced 
Chemica! Vapour Deposition (PCVD) process at Draka Comteq Fibre. To get insight in this 
matter, the findingsof other researches on pulsed plasmas have been examined. In this chapter 
these findings are given. 

The chapter is structured as follows. In Section 3.1 the findings of researches on pulsed plasma 
deposition are given. In these studies, mainly the changes on the resulting deposition due to 
pulsing have been considered (deposition rate, quality of deposited material etc.). These changes 
are the consequences of changes in plasma properties (electron-density, electron-temperature 
etc.). Therefore, the findings of some researches on pulsed plasmas that were not primarily 
aimed at deposition applications have been examined as well. These are given in Section 3.2. In 
the Section 3.3 an estimation of the effect of pulsing the plasma tor the PCVD process of Si02 is 
given. 

3.1 Pulsed Plasma Deposition 

The studies found in literature on pulsed plasma deposition are mainly devoted to the deposition 
of amorphous silicon, diamond and silicon dioxide. In this Section, the results of some of these 
researches will be discussed, sorted by deposited materiaL From this, some final conclusions are 
drawnon pulsed plasma deposition. 

First we give one general remark. lt is trom a publication regarding the deposition of amorphous 
hydrogenated silicon and silicon carbide [5], but it is also true tor other materials: In general it can 
be said that deposition in a pulsed plasma occurs bath during the on- and off-time of the plasma. 

This can be explained as follows. The active species required tor the deposition are created 
during the plasma on-time. When these species reach the surface of the substrate material the 
deposition occurs. Because the ditfusion of the active species occurs on a larger time-scale, this 
may take place during the plasma on-time as well as during the off-time. 

3.1.1 Diamond 

This subsectionis basedon three publications, (6] (1999), (7] (2001) and (8] (2004), that treat the 
deposition of diamond films using pulsed microwave plasmas. 

Deposition Rate versus Pulse Frequency 

In all three publications, the effect of the pulse-frequency on the deposition rate was studied. In 
(6] and [7], it was found that, using an undiluted mixture of hydragen and methane, the deposition 
rate increases with increasing frequency, reaching a maximum value at high frequency (2 kHz (6] 
or 500 kHz [7]). The maximum deposition rate found in [6] was higher than that found in a 
camparabie CW plasma. In (7] a maximum value equal to that of a CW plasma was found. 
Further increase of the frequency had little effect on the deposition rate in bath cases. 

In [8], it was found that, using a diluted mixture, containing argon (96 %), hydragen (3 %) and 
methane (1 %), the deposition rate was highest at low repetition frequency (50 Hz) (8]. At this 
frequency it was higher than that found in a CW plasma. 
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Apparently, it can not simply be stated, whether or not pulsing a plasma will result in higher 
deposition rates. However, it is clear that at the optimum pulse-frequency, the deposition rate will 
at least be equal to that of a camparabie CW plasma. 

Material Quality versus Pulse Frequency 

In [6] and [7] the quality of the deposited material was studied, expressed as a factor of merit, 
which is the ratio of diamond over non-diamond carbon. For this factor of merit, conflicting results 
are found with respect to pulse-frequency dependance. In [6] it is found that the factor of merit 
increases with increasing pulse frequency, but never exceeds that tor deposition in a CW plasma. 
In [7], however, it is found that the factor of merit is higher at all pulse frequencies, with a 
maximum value that is al most three times as high as that found tor deposition in a CW plasma. 

In [8] it was found that pulsinga plasma leadstosmaller crystallite size and a smoother surface, 
especially at a low frequency (50Hz), which is probably due to an enhancement of the secondary 
nucleation rate in a pulsed plasma. 

Deposition Rate versus Duty Cycle 

In [6], a series of experiments is described in 
which the duty-cycle of the pulse modulation was 
varied, while the total exposure time to the 
plasma was held constant. This means that if the 
duty-cycle is decreased, the duration of the 
experiment has to be increased. In these 
experiments it was found that variatien of the 
duty-cycle had no effect on the deposition rate. 

In [7] an experiment is done in which the duty
cycle was varied, while the average power was 
held constant. This means that if the duty cycle is 
decreased, the pulse power has to be increased. 
The substrata temperature during this experiment 
was also held constant. For these conditions, it 
was found that the deposition rate increased 
linearly with the duty cycle, as shown in 
Figure 3.1.a. 

The results of both [6] and [7] imply that the 
deposition occurs mainly during plasma on-time. 
They also show that, tor the deposition rate, the 
total exposure time is of more importance than 
the pulse power. 

Material Quality versus Duty Cycle 

In [6] (constant exposure time), it was found that 
the quality (factor of merit) of the deposited 
material increases with increasing duty cycle. 
However, the substrata temperature was found 
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Figure 3.1: a) Thickness (deposition rate) 
versus duty cycle, b) factor of merit 
versus duty cycle [7]. 

to be dependent on the duty-cycle and this probably played a bigger role than the duty-cycle 
itself. lf the temperature was held constant, which was done in the experiment described in [7], 
the factor of merit showed a maximum value at a duty-cycle of 50 %, as shown in Figure 3.1.b. 
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Dust Formation 

Besides the effects on the deposition rate and the quality of the deposited material, the use of 
pulsed mode could also be an efficient way to limit the formation of large unwanted particles 
(soot/dust). This can be concluded trom qualitative observations of the deposition plasma using a 
diluted mixture [8). In this experiment, no incandescent particles were visible and no black deposit 
was observed after the deposition, in case of a pulsed discharge. Bath of these phenomena 
would have been present in case of dust formation. 

3.1.2 Amorphous (Hydrogenated) Silicon (and Silicon Carbide) 

This subsectien is basedon three publications, (9] (1990), (10) (1995) and [5] (1999), regarding 
the deposition of amorphous (hydrogenated) silicon. In (5] the deposition of bath amorphous 
hydrogenated silicon and silicon carbide is investigated. 

Electron Density 

In [9], where a plasma in a parallel plate reactor is investigated, the electron-density was 
measured by microwave interferometry tor bath CW plasmas and pulsed plasmas. In the 
experiments, the pulse power was equal to the CW power (18 W). 

For one of the experiments, the electron density 
is shown in Figure 3.2. The tigure corresponds 
to a discharge in helium (He), with a small 
addition of silane (SiH4) resulting in a mixture of 
99.5 % He and 0.5 % SiH4. As the tigure shows, 
the electron-density during a pulse (1 0 - 60 ms) 
is substantially higher than the CW value. 
Therefore, the average electron-density is 
increased by pulsing. 

In a pure helium discharge a different behaviour 
was found. In this case the electron density 
simply foliowed the pulse farm and rose to about 
the CW value during the on-time and dropped to 
zero during the aft-time. This means that no 
slow processes (which are more prominent in a 
CW plasma) influence the electron-density 
significantly. Consequently, the average 
electron- density was nat increased by pulsing. 
Actually, it was about 50 %of the CW value. 

---pulsed ------- cw 

\ 
\ 

--- _________________ J _____________ _ 

0 1 0 20 30 40 50 60 70 80 90 1 00 
time (ms) 

Figure 3.2: The time evafution of the 
spatially averaged electron density for a 
CW and a pulsed discharge with a duty
cycle of 50% (9]. 

This shows that pulsing a plasma may have completely different effects on plasmas of which the 
components are different (1 00 % He versus 99.5 % He and 0.5 % SiH4). lt may result in an 
increase in the average electron-density (99.5 % He and 0.5% SiH4), but this is nat always the 
case. 

Deposition Rate 

In (1 0) and (5], deposition rates were measured tor CW plasmas and pulsed plasmas. In [5], the 
pulsed plasma yields higher deposition rates, compared to a CW plasma at equal average power. 
This is probably due to the tact that the heating of the substrate by the plasma is reduced so that 
the substrate temperature is lower. This lower substrate temperature leads to a higher deposition 
ra te. 
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In [1 0], different results were found tor different power levels. In these experiments, the power in 
between two pulses was not reduced to zero, buttoa low level of 5 W. The average power of the 
pulsed plasma was always higher than that of the CW plasma. Below a certain threshold value tor 
the pulse power, the deposition rate was lower than that found in the CW plasma, despita the 
increased average power. Above the threshold value, however, the deposition rate was higher. 
This threshold value was dependent of the duty-cycle used in the pulsed plasma. 

This shows it can not simply be stated whether or not pulsing a plasma leads to higher deposition 
rates. At high power it seems to be the case, yet only due to less heating of the substrate. By 
actively cooling the substrate, the same effect may be achieved tor a CW plasma. 

Powder Formation 

Above the threshold value in [1 0], powder formation occurred in the plasma, which is unwanted in 
most deposition plasmas. In the CW plasma, this powder formation did nat occur. This suggests 
that powder formation is increased by pulsing a plasma. However, the pulse power was higher 
than the CW power, so this is not a fair comparison. 

In [9], powder formation also occurred. In these experiments, the pulse power was equal to the 
CW power. lt was found that below a certain threshold power, powder formation is actually 
reduced by pulsing a plasma. Above the threshold value, powder formation is again higher tor the 
pulsed plasma than tor the CW plasma. 

3.1.3 Silicon Dioxide 

Th is subsection is based on three publications: [11) (1995), [12) (2002) and [13) (2003). Two of 
these deal with the deposition of silicon dioxide (Si02) in a helicon ditfusion reactor [11, 13). The 
other one describes a remote deposition plasma (Si02) and the modeling of an oxygen plasma 
[12]. 

Deposition Rate 

In [11] it was found that pulsed plasma deposition of silicon dioxide in an oxygen silane plasma 
(in a helicon ditfusion reactor) has a maximum deposition rate at high frequencies (> 100 Hz). 
This rateis equal to that of a CW plasma. At low frequencies (< 0.01 Hz) it is about 50% of this 
value. This is shown in Figure 3.3. 

The pulsed plasma used in this experiment had a duty cycle of 50 % and the peak power was 
equal to the power used in the continuous deposition. This means that, using a pulsed deposition, 
the same deposition rate is achieved with only half of the average power. This suggests that 
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Figure 3.3: Deposition rate versus pulse frequency [11 ). 

deposition continues in the post 
discharge, long after the plasma 
decays, which was also found tor 
the deposition of amorphous 
silicon [5]. 

Comparison of the measured 
deposition rates toa model, gave 
the best results when a time 
constant of 200 ms was used tor 
the deposition in the post
discharge [11) (Figure 3.3). This 
is probably because the 
residence time of the particles in 
the reactor is also about 200 ms. 

14 



In [12], another model concerning remote deposition is used. This showed that oeP) and 
0 2(a \~~). which are formed in the plasma, are present in the afterglow. Since this applies to 
remote deposition, these are considered the 
reactive species in the plasma. 

This model also shows that in a pure 0 2 plasma 
the concentratien of oeP) increases with 
increasing microwave power, while that of 
0 2(a 1.1) decreases. With increasing pressure the 
concentratien of oeP) shows a moderate 
increase, while that of 0 2(a1.1) shows a 
significant increase. This is shown in Figure 3.4. 

The deposition rate in an oxygen silane plasma, 
using remote deposition, increases with 
increasing microwave power and is nearly 
constant with increasing pressure. Therefore, it 
is likely that oeP) is the reactive species that 
determines deposition rate and nat the 
metastable 0 2(a .1). 
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Figure 3.4: O(P) and 02{a7!J.) concentrations 
versus power and pressure [12]. 

As a measure of the quality of deposited silicon dioxide layers, wet etch rates can be used. This 
etch rate was determined using the "p-etch" solution. Basically, lower etch rates mean films of 
higher quality. In [11 ], tor a pulsed plasma at low frequency, an etch rate was found that is equal 
to that found with a CW plasma (3 - 4 Ä/s). At high frequency, the etch rate found tor the pulsed 
plasma is higher (5 - 6 Äls). 

Sputtering 

In [13] a deposition experiment in a helicon ditfusion reactor is described. In this experiment it 
was found that physical sputtering of the sidewalls occurred when using a pulsed plasma instead 
of a CW plasma. This is an unwanted effect. In a CW plasma the sheath potential at the chamber 
walls is only a tew volts. Therefore, no physical sputtering trom the plasma is present. In a pulsed 
plasma it was found that the ion bombardment energy is at a maximum during the plasma 
breakdown and corresponds to the ditterenee between the plasma potential during breakdown 
(beginning of a pulse) and the plasma potential at the end of the post-discharge (between two 
pulses). This explains the physical sputtering in the pulsed plasma. 

3.1.4 Conclusions 

From these results, three general conclusions can be drawn on pulsed plasma deposition: 
- First, pulsing at a high frequency (> 1 kHz) gives a deposition process that is similar to that of 
continuous plasma deposition, while it uses less power (depending on duty cycle). This is 
because reactive species, that are responsible tor the deposition and that are generated in the 
plasma, remain present in the afterglow. 
- Second, the influence on the quality of the deposited material is smal! (or none) at high 
frequency. 
- Third, since less power is used tor a similar deposition process, it should be possible to get 
higher deposition rates at the same temperature, using a pulsed plasma insteadof a CW plasma. 
This could be achieved by raising the peak power tor the pulsed plasma above the power level of 
the CW plasma. 
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3.2 Changes to Plasma Properties due to Pulsing 

In this section, the findingsof some studies on pulsed microwave plasmas are given, that are nat 
directly related to deposition processes. Three publications are used: [14] (2002), [15] (2004) and 
[16] (2004). In [14] the density of atomie oxygen has been measured in a pulsed microwave 
discharge in oxygen. In [15] the rotational temperature has been measured in a pulsed 
microwave discharge in nitrogen. In [16] the electron density has been measured in the afterglow 
of high power pulsed microwave discharges in bath oxygen and nitrogen. The publications are 
discussed in Subsectiens 3.2.1, 3.2.2 and 3.2.3, respectively. 

3.2.1 Atomie Oxygen Density 

In [14] a pulsed oxygen plasma is investigated. 
The plasma is generated by a 2.45 GHz 
microwave plasma souree of the SLAN type. This 
plasma souree is connected to a cubic vacuum 
vessel made of stainless steel. In this system the 
atomie oxygen density is investigated. lt is found, 
that the rise in density during the pulse is taster 
than the decay after the pulse. This is shown in 
tigure 3.5 tor a plasma with a pressure of 50 Pa, 
an average microwave power of 1 kW and a 
pulse frequency of 20 Hz. 

For these conditions a characteristic rise time of 
5.8 ms and a characteristic decay time of 27 ms 
are found. This decay time increases with 
increasing pressure. Decay times of 55.5 ms and 
74.4 ms are found tor 100 Pa and 150 Pa 
respectively. 
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Figure 3.5: Atomie oxygen density versus 
time [14]. 

The major loss mechanism tor atomie oxygen in the afterglow is probably ditfusion to the walls. 
This explains the pressure dependenee of the decay time. lt is also found, that the average 
atomie oxygen density in a pulsed plasma can be 60 % higher than that in a CW plasma, by 
choosing the optimum pulse frequency. This optimum pulse frequency depends on the pressure. 
lt is about 100 Hz at 50 Pa and decreasas with increasing pressure. At high frequencies 
(> 300 Hz at 50 Pa), the average atomie oxygen density dropped below the CW value. This was 
probably due to non-optimum impedance matching. 
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3.2.2 Rotational Tempersture 

In [15] a pulsed nitrogen plasma 
is investigated. The microwave 
power is injected into the plasma 
via a surfaguide. A pulse 
frequency of 75 Hz is used, with 
a pulse power of 1500 W. The 
duty cycle was set to 3. 75 %, 
which corresponds to a pulse 
duration of 500 IJS. 

The rotational spectra of the 
second positive system of N2 are 
measured at different pressures. 
These measurements yield the 
rotational temperature of the 
excited state C3nu, which is 
supposed to be a measure for 
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Figure 3.6: Gas temperafure versus timeduringa putse at 
different pressures in a pulsed nitrogen plasma. Bath 
measured values and calculated lines are shown [15]. 

the gas temperature. Figure 3.6 shows, for different pressures, the measured gas temperature 
versus time during a pulse. The gas temperature increases to a maximum during the first stage of 
the pulse. During the second stage it remains at this maximum value. 

Also the power absorption by the plasma was investigated in [15], which showed that at a low 
pressure (1.3 mbar) the absorbed power was al most 100 %, while at a higher pressure (1 00 
mbar) it was about 50 %. Using this information to calculate the gas temperature at 1.3 mbar 
gave a much higher value than the temperature that foliowed trom the experiment. This indicates 
that only a small fraction of the absorbed power goes into heating the gas. At higher pressures 
however, this fraction increases, because the discharge bacomes constricted. Therefore, the rate 
at which the gas temperature rises, changes only a little with pressure. As can be seen in tigure 
3.6, the characteristic time tor gas heating is in the order of 1 00 IJS in the investigated pressure
range. 

In tigure 3.6, besides the measured temperatures, the calculated temperatures are shown as 
wel I. At a pressure of 100 mbar two lines are shown for the calculated temperature. The first line 
is calculated assuming that cooling of the gas is only due to diffusion. This is also the case tor the 
lines at other pressures. The second line takes extra cooling due to turbulence into account. As 
can be seen, this line fits the results more accurately. From this it can be concluded that in the 
pulsed constricted discharge turbulence may be the probable mechanism of effective gas cooling. 

3.2.3 Electron Density 

In [16] high power microwave pulsed discharges in nitrogen and oxygen are investigated. The 
plasma is produced in a large spherical glass vessel with an inner diameter of 0.5 m. The 
microwave power is coupled in by a horn antenna with a lens, which focuses the microwaves into 
the centre of the vessel. Therefore, the plasma is formed at that position and the interactions with 
the walls can be neglected. A pulse frequency of 400 Hz is used, with a pulse power of 100 kW (9 
GHz microwaves). The duty cycle was set to 0.1 %, which corresponds to a pulse duration of 2.5 
IJS. The electron density is measured by microwave interferometry at different pressures. The 
results tor the density during the pulse are shown in Figure 3.7 tor bath nitrogen and oxygen. In 
Figure 3.8 the results are shown tor the density during the afterglow. 
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Figure 3.8: Reciprocal value of the electron 
density during the afterglow in a pulsed 
discharge in a) nitrogen and b) oxygen [16]. 

From Figure 3.7 we see that the maximum electron density decreases with increasing pressure. 
The pressure needs to have a certain minimum value for the microwave to ignite the discharge. 
For nitrogen this minimum value is 50 Pa. For oxygen it is 70 Pa. As we see in Figure 3.7.b there 
is an observable lag between plasma development and the rising edge of the microwave pulse in 
oxygen at 70 Pa. 

In Figure 3.8 the reciprocal value of the electron density is plotled versus time. This shows a 
linear behaviour. From this it can be concluded that recombination is the dominating loss process, 
so wall interactions can indeed be neglected. The slopes of the lines in this tigure give the values 
of the recombination coefficients. These increase with increasing pressure. This is caused by the 
formation of large positive ions at higher pressures, which have large ion recombination 
coefficients. In the nitrogen discharge, a recombination coefficient of 2-10-7 cm3/s is found at 
pressures below 400 Pa, which corresponds to the ion recombination coefficient of N2 +_ Above 
700 Pa a recombination coefficient of about 1·1 o·6 cm3/s is found, which corresponds to the ion 
recombination coefficients of N3 + and N/. Between 400 Pa and 700 Pa an intermediate value is 
found. In the oxygen discharge, a recombination coefficient of 3·1 o·7 cm3/s is found at pressures 
below 200 Paandabout 3-10-6 cm3/s at pressures above 1000 Pa, due to the formation of 0/ at 
high pressures. 
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3.3 Possible Consequences of Pulsing for the PCVD Process at Draka Comteq 
Fibre 

In the PCVD process at Draka Fibre Technology, mainly silicon dioxide is deposited. In [12] it was 
found that tor the remote deposition of silicon dioxide (Si02) using oxygen (02) and silane (SiH4), 

the density of atomie oxygen is an important parameter tor the deposition rate. This is probably 
also the case tor the PCVD process. For the average density of atomie oxygen it was found that it 
can be higher in a pulsed plasma, provided that optimal pulse conditions are chosen [12]. lt is 
also found, that in a pulsed plasma, deposition continues during the time between pulses [5, 11], 
which is probably due to the tact that the recombination of the active species is a slow process 
(compared to the generation) [14]. This would mean that high deposition rates could be possible 
when the plasma is pulsed. 

Not only the rate of the deposition, but also the quality of the deposited material should be high. 
For the PCVD process this means the purity should be high and that there should be no formation 
of bubbles in the deposited materiaL For the deposition of diamond it is found that using a pulsed 
plasma can lead to a higher factor of merit [7] or a smoother surface [8]. However, it is ditticuit to 
translate this to the deposition of Si02. Therefore, no conclusions can be drawn trom this. 

For the deposition of Si02, lower quality material was found, when compared to thermally grown 
Si02, by measure of the p-etch rates. However, a comparison should be made with material that 
is deposited in a CW plasma. This means that again no conclusions can be drawn trom this. 

Both, tor the deposition of amorphous silicon [9] and tor the deposition of diamond less powder 
formation is found in a pulsed plasma, which could mean higher quality if this effect also occurred 
in the PCVD process. 

Finally, the main reason tor choosing a pulsed plasma, is to reduce the heat generation of the 
process. This will be dependent on the duty cycle used tor the pulsed plasma, but, since less 
average power is used in a pulsed plasma, heat generation should be reduced. This was also 
found tor the deposition of amorphous silicon in [1 0]. 

In conclusion, using a pulsed plasma instead of a CW plasma, it is likely that higher deposition 
rates are possible at the same heat generation. The effect on the quality of the deposited material 
is uncertain, yet by choosing correct pulse parameters, a quality that is at least comparable to 
that found in a CW plasma should be possible. 
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4. Diagnostic Methods 

In Section 2.3, we introduced the Atomie State Density Function (ASDF). As was mentioned, this 
ASDF can teil us much about the plasma, e.g. what the electron-temperature is in the plasma. A 
method todetermine an ASDF is by measuring Absolute Line lntensities (ALl) of a pre-selected 
group of atomie transitions. In this chapter, it is described how the ASDF can be constructed trom 
the results of the ALI-measurements and how the electron-temperature and electron-density can 
be determined trom the ASDF. 

As the name of the measurement suggests, the line intensities of the various atomie transitions 
have to be determined in an absolute way. This means that a calibration of the plasma emission 
with a standard, well known, light souree is required. From the line intensities, the atomie state 
densities, trom which the ASDF is constructed, have to be calculated. 

The chapter is structured as follows. Section 4.1 describes how the atomie state densities can be 
calculated trom the line intensities, while Section 4.2 gives the relation between the line 
intensities and the emission-measurements. In Section 4.3, some methods to determine the 
electron-density and electron-temperature trom the ASDF are discussed. 

4.1 Atomie State Densities from Line lntensities 

As described in Section 5.1, plasmas emit line radiation due to the radiative decay of excited 
atoms. lt is possible to determine the state density of an excited atom by measuring the emitted 
line radiation, because the probability A [s-1

] of spontaneous emission is anatomie constant. 

To determine the atomie state densities trom the line intensities, the plasma has to be optically 
thin tor these lines. Otherwise, the reduction of the intensity due to absorption has to be taken 
into account. The plasmas investigated in this report are intermediate-pressure plasmas 
(pressures of about 10 mBar). This implies that absorption should be negligible tor al most any 
transition. lf this is the case tor the line emission of the transition trom excited state q to state p, 
the corresponding speetral emission coefficientjv(v) [Wm-3sr"1Hz-1

], at a certain frequency v [Hz] 
and per unit frequency, is given by [17] 

"qJv(v), (4.1) 

where nq [m-3
] is the population density of the upper state, Aqp [s-1

] the probability corresponding 
to the transition trom state q to state p, Epq [J] the energy ditterenee between the statesp and q 
and q_~v(v) the line shape of the transition. The energy ditterenee Epq determines the frequency of 
the radiation according to Epq = hvpq• as mentioned in Subsectien 2.2.1. The line shape q_~v(v) is 
defined in such a way that integration over the line profile gives unity: fq_~v(v)dv = 1. The transition 
integrated emission coetticientjpq [Wm-3sr"1

] is defined as 

(4.2) 

As mentioned in Section 2.2.1, the relation between the density of an atomie state 17 and an 
atomie level n is given by 

(4.3) 

20 



where g is the statistica! weight of the level. 

When measuring the line intensity of a certain transition, the 
radialion generaled by a column of the plasma is measured as 
shown in Figure 4.1 . This results in a certain speetral intensity 
/v(v) [Wm.2sr"1Hz.1

] for this column, which is related tojv(v). For 
an optically thin transition, this relation is given by 

(4.4) 

where L [m] is the depthof the plasma column. 

Assuming thatjv(v) is constant along the column, which is true 
in case of a homogeneaus plasma, this relation simplifies to 

which leads to 

-to detector - -
(spectrometer) 

Figure 4. 1: Selected column 
of plasma being measured. 

(4.5) 

(4.6) 

where lpq is the transition integrated intensity. Now, combining (4.2), (4.3) and (4.6) we arrive at 
the following equation for the atomie state density 

). ____bg_ 
L ' (4.7) 

The part of this equation between brackets consists of atomie constants determined by the 
transition under examination, while the last part (lpqiL) is determined by the plasma properties. 
The factor 47t is introduced by integrating over the complete solid angle. 

lf transitions can not be resolved, because they are close tagether in wavelength, it is not 
possible to calculate the corresponding state densities. In our experiments, this was the case for 
most of the oxygen transitions. These transitions, however, were between similar atomie states. 
Therefore, they can be combined into so-called unresolved transition arrays [18] and pseudo 
atomie state densities can be found by altering Equation (4.7) in the following way. 

The product of the transition probability and statistica! weight is replaced by a summation of these 
products over the transitionsin a single array (Lgq·Aqp)· For the transition energy (Epq), an average 
value is used and the intensity of a single transition is replaced by the intensity of the array (/array). 
This results in Equation (4.8). 

]· I array 

L 
(4.8) 

These pseudo atomie state densities can be included in the ASDF at the average transition 
energy of the transitions included in the array. 
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4.2 Line lntensity 

Photons emitted due to a bound-bound transition have a certain energy, which corresponds to a 
certain frequency, as described in Subsection 2.2.1. This results in line radiation. ldeally, the 
emitted lines would be infinitesimally thin. In practice, however, these lines are broadened by 
various mechanisms. This results in a certain frequency distribution, as described by the shape
function cpv(v). For the transitions under investigation, cpv(v) is aso
called Voigt profile, which is a combination of a Gauss profile and 
a Lorentz profile [19]. For the purpose of ALI-measurements, the 
transition integrated emission coefficientjpq has to be determined. 
This means that the measured intensity /v(v) has to be integrated 
over the frequency-range over which the line is broadened. 
Therefore, the shape of the line is not important. 

To measure the speetral lines, the intensity of the light emitted by 
the plasma has to be measured as a tunetion of frequency. This 
can be done using a spectrometer, which consists of a 
monochromator to select a certain frequency-range and a CCD
chip to measure the signal. The CCD-chip is divided into pixels, 
which detect the incoming photons and give a corresponding 
electrical signal. The monochromator contains a grating, which 
dittracts the light. Because of this, horizontally separated pixels 
detect photons of different frequencies, as shown in Figure 4.2. 
So, different pixel-columns correspond to different frequencies. 

Vertically separated pixels correspond to spatially separated parts 
of the entrance-slit of the monochromator. This gives us no 
additional information about the plasma. Only a selected area of 
the CCD-chip is used, containing the central part of the entrance 
slit. The signals of the separate pixels in a column-part inside this 
selected area are summed. This way, the signal is measured as a 
tunetion of frequency, but spatial information is lost. 

Broadening 

In the simplest case, all the photons of a transition are detected by 
the same pixel-column of the detector, as depicted in Figure 4.3.a. 
In this figure, the pixel nr (horizontal axis) corresponds to a pixel
column and thus toa certain frequency(-interval). In this ideal case 
the radiant intensity of the line can immediately be derived trom 
the height of the signal. Due to broadening of the line, however, 
this is not the case. The signal will be spread out over several 
pixel-columns, as depicted in Figure 4.3.b. Now the signal has to 
be integrated over the width of the line. In practice, this means that 
the total signal can then be calculated by summing the signals at 
the individual pixel-columns. From the resulting sum, the intensity 
is calculated using a calibration, according to 

(4.9) 

where l pq [Wm.2sr"1
] is the transition integrated intensity, in (counts) 

is the measured signal at pixel n and C [Wm-2sr"1counf1
) is a 

calibration factor. 

~5D-chip 

9::EEt 
. / light-beam 1. diffracted 

Figure 4.2: diffracted light
beam falling onto CCD-chip. 

a) 120 -.-----------, 

100 +------,..-------! 

;- 80 +----!lt-----1 

.!. 
iii 60 +----lll-----l 
c 
~ 40 +----!tt-----1 

20 +------ltt-----1 

0 f-...,....-..,....-..,_...,....-....,...--1 

b) 80 

;- 60 
ai 
i 40 
c 
~ 20 
111 

0 

0 5 10 15 20 25 30 

pixel nr. 

n 
)I 
ll 

0 5 10 15 20 25 30 

pixel nr. 
c) 80 -.-----------, 

~ 60 +-- --lnll-------1 
ai 11 
i 40 +--- + ,Jf--1---1 

i 20 +--.z:.._ ll...___-+ 
0 -j--.,---.,--,-----,--1 

0 5 10 15 20 25 30 

pixel nr_ 

Figure 4.3: speetral fine: 
a) ideal; b) broadened; 
c) broadened, including 
continuous background. 
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Background Signal 

In Equation (4.7), any background signal is neglected. In practice, however, dark current, 
continuurn radiation and stray light will cause a background signal. The part of this background 
signal generated by the dark current will also be present if the entrance slit is closed. This means 
that it can be corrected tor by performing a so-called dark measurement. Most software-packages 
that are used to read the data trom a spectrometer can make this correction automatically. lt is 
nothing more than subtracting the result of the dark measurement trom the actual measurement. 
For the remaining part of the background signal, the correction has to be made by hand. 

In general, the remaining part of the background signal will not vary strongly in the frequency
interval measured by the detector. This means that the line signal will simply be raised, as 
depicted in Figure 4.3.c. Therefore, the correction can be made by subtracting the background 
signal trom the measured signal, befare summation: 

(4.1 0) 

where bn is the measured background signal at pixel n in counts. For this background, the signal 
at slightly lower or higher frequency than the line can be used. For instanee in Figure 4.3.c this 
could be the signal at pixel nr. 5. This figure, however, shows a situation without random noise. In 
practice an average of the signal should be used to cancel random noise, tor example over pixel 
nr. 1 to 1 0 or pixel nr. 20 to 30. 

Calibration 

Todetermine the calibration factor C, the set-up has to be calibrated with a light-souree of which 
the output is accurately known as a tunetion of frequency. An example of such a light souree is a 
ribbon lamp. The ribbon of such a lamp is usually made of tungsten, because it provides long 
term stability in the light-output of the lamp. This output depends on the temperature of the 
ribbon, which is determined by the electrical current running through it. Therefore, the relation 
between the temperature and the current has to be known, to be able to use the ribbon lamp tor 
calibration purposes and the current has to be measured accurately during calibration. 

The output of a ribbon lamp is given as its speetral intensity lv [Wm-2s(1Hz-1
]. From this we can 

construct a practical quantity by multiplying lv by the dispersion d [Hz/pixel] of the spectrometer, 
which determines the frequency-range that falls onto a single pixel-column: 

( 4.11) 

where /pix [Wm-2s(1pix-1
] is the intensity per pixel(-column). The calibration factor C is simply the 

ratio of this intensity (/pix) and the intensity measured in counts (in) 

(4.12) 

The sensitivity of the spectrometer is frequency-dependent. This is due to the effectiveness of the 
monochromator and the sensitivity of the CCD-chip, which are both frequency-dependent. As a 
consequence the calibration factor is also frequency-dependent and tor each line a separate 
calibration factor has to be determined. 
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4.3 Electron Density and Electron Temperature 

Depending on the state of equilibrium-departure, there are several ways to determine the 
electron-density and electron-temperature from the atomie state densities. The simplest condition 
is that for which we can assume that the lowest excited states of the atom are in Boltzmann
equilibrium with the ground state and the highest excited states are in Saha-equilibrium with the 
ion state. lt is then possible to determine the electron-density and electron-temperature from 
exponential fits through the ASDF's. This method will be referred to as the Exponential Fits 
method. More complex methods take a departure from equilibrium into account. They include the 
use of a Collisional Radiative Model (CRM). 

Exponential Fits method 

lf the lowest excited states are in Boltzmann equilibrium with the ground state, a straight line can 
be fitted through these points in the ASDF, as shown in Figure 6.4. This line obeys the Boltzmann 
equation (2.5) 

(2.5) 

This implies that the electron-temperature can be found from the slope (-1/k:sTe) on a semi-log 
plot. In general, this would give an excitation-temperature. Only if these excited states are in 
Boltzmann equilibrium with the ground-state, this excitation-temperature equals the electron
temperature. 

lf the highest excited states are in Saha equilibrium with the ion state, the electron density can be 
calculated from the atomie state density close to the ionization energy by rewriting Equation (2.9) 

h2 
---- )3/2. 

21tmekBTe 
(2.9) 

Assuming that the electron-density equals the ion-density (ne = ni) we get 

h2 
____ r3'2 

21tmekBTe 
(4.13) 

and for a plasma containing multiple ionic components (ne = L ni) we get 

h2 
[ "'( ) ( ----- )-3/2 11/2. ne = ge"L- g;"1Joo • 2 k T. 1tme B e 

(4.14) 

To use Equation (4.13) or (4.14) 
the electron temperature and the 
atomie state density at the 
ionization energy (l1oo) have to be 
known. For the electron
temperature the value determined 
trom the slope of the ASDF can 
be used. For the atomie state 
density at the ionization energy 
an extrapolated value can be 
used, as shown in Figure 4.4. 
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Figure 4.4: ASDF showing exponential fits tor the lowest 
and highest excited states tor argon. The fit tor the highest 
excited statesis extrapolated todetermine l1oc· 
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Collisional Radiative Model (CRM) 

A second method to determine the electron-temperature and electron-density uses a so-called 
Collisional Radiative Model (CRM) [20). Usually, a CRM requires the ground-state density (na), 
electron-density (ne), heavy-partiele temperature (Ta) and electron-temperature (Te) as input
parameters. From these parameters, it calculates the atomie state densities tor the excited states, 
by using a so-called r 1-coetticient method [21). These densities can then be used to construct the 
ASDF. 

We use a modified model, in which the atomie state density of an excited level (nx) is also 
provided as an input-parameter [22]. This level has to be as close to the ground-state as possible. 
The model then calculates the r-coetticient tor this level. From this r-coetticient, the density of 
that level according to Boltzmann equilibrium is determined, which is used to determine a new 
value tor the electron-temperature Te. new· 

The quantities that have to be provided to the model, i.e. Ta. Te, na, ne and nx. are obtained in the 
following ways. For Ta, an estimated value is used. From this Ta and the measured pressure (p), 
na is determined, using the ideal gas law. The value tor nx is provided by the ALI-measurement. 
For Te and ne. the values determined by the Exponential Fits method are used. 

Since the value tor Te is determined trom the 
Exponential Fits method, it is likely that Te, new 
differs trom it. This means that the model was 
using an incorrect input-parameter. 
Therefore, the model is run again using Te, new 
as the input-parameter. This results in a new 
value tor the electron-temperature (Te, new2) 

that may ditter trom the old one (Te, new). The 
difference, however, should be smaller than 
the ditterenee after the first run, since we 
should be getting closer to the correct value. 
Otherwise, the method does not work. This 
process is repeated until the ditterenee is 
sutticiently small and a satisfying value tor the 
electron-temperature is found. 

The value tor ne we provided to the CRM, was 
determined trom Equation (4.13). For this 
equation, we need Te and the atomie state 
density at the ionization energy ('loo), which 
follow trom the ASDF. Since the initial Te is 
incorrect, ne is also incorrect. Therefore, a 
new value tor ne is determined using the new 
Te. After this, the entire process of 
determining Te is started again, using this 
new value tor ne. Just as tor Te, this is 
repeated a tew times, until the ditterenee 
between the old and new ne is sutticiently 
small. In practice, this means repeating the 
process about three times. 

In Figure 4.5, a flow-chart is given, 
representing the process described above. 

Figure 4.5: Flow-chart representation of the 
CRM-method. 
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5. Experimental Set-up for the Resonator Plasma 

At Draka Comteq Fibre, experiments were performed on a Plasma-enhanced Chemica! Vapour 
Deposition (PCVD) -lathe. This lathe uses a microwave resonator to create the plasma. 
Therefore, we refer to this plasma as the resonator plasma. This chapter describes the set-up for 
the experiments on this plasma. 

This chapter is structured as follows: Section 5.1 describes the set-up in general, Section 5.2 
gives the microwave circuit, Section 5.3 deals with the diagnostics and Section 5.4 describes the 
calibration of the set-up. 

5.1 General Set-up 

The experiments with the resonator plasma are done on two similar PCVD-Iathes, namely 
lathe 92 and lathe L. A schematic overview of such a lathe is shown in Figure 5.1. The plasma is 
generated by coupling microwaves via a resonator into a substrate tube. The resonator moves 
back and forth along the tube. The resonator and substrate tube are positioned inside a furnace, 
which can be used to keep the substrate tube at a constant, elevated temperature and which also 
functions as a barrier for the leakage of microwave radiation. 

The mixture of gasses is supplied to the plasma from one side of the substrate tube. This side will 
be referred to as the Gas Side (GS). At the other side, the gasses exit the substrate tube. A pump 
is connected to this side to create the gas-flow. Therefore, this side will be referred to as the 
Pump Side (PS). In this way, a constant flow from GS to PS is created. The pressure inside the 
tube is kept at a constant value, measured at the PS. This value is changed between the different 
experiments, but it is always in the order of 10 mbar. 

To measure the spectrum emitted by the plasma a spectrometer is used, which is placed at the 
GS. At this side a T-bend is builtinto the set-up. One end of this T-bend is connected to the gas
supply, one end is connected to the substrate tube and one end is closed by a quartz window. 
This window transmits the light coming from the plasma to the spectrometer. 

Figure 5. 1: Schematic overview of a PCVD-Iathe with the spectrometer. 

Differences between lathe 92 and lathe L 

As stated before, the two setups are very similar toeach other. Both are designed for the PCVD
process at Draka Comteq. Actually, lathe L is a predecessor of lathe 92. This means that lathe 92 
is more advanced and most settings on this lathe are set by a computer, while many settings for 
latheL are set manually. In principle, however, they tunetion the same. 

The ditterences between the lathes that are of importance for the experiments are the following: 
the gas-supply of lathe L is able to supply only argon and oxygen, whereas that of lathe 
92 is able to supply all the gasses used in the PCVD-process, but no argon, 
the resonators are slightly different, 
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the substrate tube used in lathe L has a smaller diameter. 

These ditterences have the following consequences: 
the supply gasses determine the chemistry of the plasmas that can be made on the 
lathes, 
using a different resonator and a substrate tube with a smaller diameter means that the 
coupling of the microwave power into the plasma is changed, 
the ditterenee in diameter of the substrate tube also implies, that light is reflected 
differently inside the tube, so that the observations with the spectrometer change; 
therefore, both setups are calibrated separately. 

5.2 Microwave Circuit 

In the PCVD-Iathes, microwave power is coupled into the substrate tube through a resonator to 
create a plasma. A magnetron generates this microwave power with a frequency of about 
2.46 GHz. Due to the high power that can be used, it has to be guided by means of waveguides 
instead of coaxial cables. Between the magnetron and the resonator a circulator, a tuner and a 
reflectometer are placed. 

The coupling of microwave power is not straightforward. lf no extra measures are taken, a 
substantial part of the power can be reflected back. This reflected power can then return into the 
magnetron, which may damage it. Therefore, a circulator is placed in between the magnetron and 
the reflectometer, which deccuples the reflected power. The circulator leads the reflected power 
into a water-load where it is absorbed. The resulting heat is removed by cooling water. 

To minimize the microwave reflection a tuner is placed in the setup, which works by placing so
called stubs into the waveguide. By changing the penetratien of the stubs into the waveguide, the 
reflection is changed. The tuner is controlled by means of a computer. A reflectometer measures 
the ingoing and reflected powers, as well as the phase-difference between the ingoing and 
reflected waves. lt transmits this intermation to the computer, which uses it to adjust the stub 
positions to minimize the reflection. 

In Figure 5.2, a schematic representation is given of the microwave power supply system. On the 
right-hand-side in this tigure the magnetron is shown, where the microwaves are generated. From 
there the microwaves travel to the resonator through the circulator, reflectometer and tuner. In the 
tuner the stubs are shown. The computer is connected to the tuner and the reflectometer. 

Computer 

Circulator 
Magnetron 

Figure 5.2: Microwaves generated by the magnetron are guided by means of waveguides 
via a circulator, reflectometer and tuner to the resonator via waveguides. 
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5.3 Diagnostics 

Two types of measurements are done on the resonator-plasma, namely Absolute Line lntensity 
(All) -measurements and time-resolved measurements. The diagnostics tor these types of 
measurements are described in this section. 

ALI-measurements 

For the ALI-measurements, we have to measure the light that the plasma emits. This is done with 
a spectrometer, positioned at the GS, as shown in Figure 5.1. Between the plasma (in the 
substrate tube) and the spectrometer, there is a quartz window. A schematic overview of the 
spectrometer is shown in Figure 5.3. This tigure shows the optical path trom the entrance slit to 
the CCD-chip: first the light falls onto two mirrors which deflect the light onto a concave mirror. 
This concave mirror works as a lens and makes that the light falls onto a grating as a parallel 
beam. The grating dittracts the light, which means that different wavelengths are deflected over 
different angles. This is due to the surface of the grating, in which grooves (lines) are cut. A 
certain wavelength-interval of the light is deflected towards the second concave mirror. lt is 
possible to change this interval, by rotating the grating. This second concave mirror deflects this 
light onto the CCD-chip. 

The spectrometer at Draka 
Comteq (Acton Spectra Pro 
300i) contains three gratings, of 
which one can be selected. 
These gratings ditter in line 
density: 

150 lines/mm 
300 lines/mm 
1200 lines/mm 

This line density, together with 
the optical path length of the 
spectrometer, determines the 
dispersion of the spectrometer 
[23] 

mf 
d-cos(} 

concave 
mirrors 

entrance slit 
/ 

Figure 5.3: Schematic overview of the spectrometer. 

(5.1) 

where !sf/flJ.. is the linear dispersion, m is the order of diffraction, fis optical path length, d is the 
line density of the grating and (} is the angle of incidence on the grating. All experiments are done 
using the grating with a line density of 1200 lines/mm, since this gives the best resolution. The 
optical path length is a predefined value, which is 300 mm tor this spectrometer. The order of 
diffraction is 1 in our experiments. Assuming an angle of incidence of 60°, this results in a linear 
dispersion of 0. 72 mm/nm. 

The CCD-chip of the spectrometer has a resolution of 1 024 x 256 pixels, with a width of 26 tJm. 
According to Equation (5.1 ), this results in a resolution tor the spectrometer of about 0.04 
nm/pixel. To suppress dark current, and thus increase the signal to noise ratio, an active cooling 
system cools the CCD-chip down to about -6o·c. 
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Apparatus profile 

Line-profiles of measured spectramayalso give some information on the plasma. These profiles, 
however, are not only formed due to the plasma-properties. The spectrometer also has an 
important impact on the line profile. To deduce plasma-information trom the profiles, the 
contribution of the spectrometer has to be known and eliminated. Therefore, the apparatus profile 
is determined using a laser, which is a monochromatic light source. 

For the determination of 
the apparatus profile, a 
setup similar to the one 
shown in Figure 5.1 is 
used. The main 
ditterences are that the 
substrata tube is 
removed and that the 
turnace is placed above 
the resonator. A standard 
HeNe-laser is placed 

Diffusive 
material 

inside the resonator. The 
beam of this laser is 
pointed towards the 

Figure 5.4: Overview of the setup used to determine the apparatus 
profile. 

spectrometer. Some 
diffusive material is placed in the light-path. 
This is to make sure that the entire opening 
slit of the spectrometer is lit by the laser and 
that the beam is not too intense. Otherwise, 
the CCD-chip of the spectrometer might be 
damaged by overflow. An overview of this 
setup is shown in Figure 5.4. 

The first measurements were done while the 
turnace was switched on. Because of this, the 
temperature of the spectrometer was 
increased. Results of these measurements 
are shown in Figure 5.5. The tigure shows a 
double spike profile. This might indicate that 
the system is out of focus, which could be 
caused by the elevated temperature. The 
components of the spectrometer are aligned 
at a temperature of 20 'C. At a higher 
temperature these components may expand, 
causing the alignment to be distorted. As a 
result, the spectrometer will be out of focus. 

Since these apparatus profiles were not 
satisfactory (Figure 5.5), new measurements 
were done with the turnace turned off, so the 
spectrometer would not be heated. 

Results of the second measurements are 
shown in Figure 5.6. They clearly show an 
apparatus profile that is closer to the single 
spike produced by a HeNe-laser. The spike is 
still broadened and it is asymmetrie, which 
points towards a Coma effect (an aberration 
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Figure 5.5: Apparatus profile, measured at 
3 slit widths tor an illumination time of 
0. 05 s, while the turnace was turned on. 
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Figure 5. 6: Apparatus profile, measured 
at 3 slit widths tor an illumination time of 
0. 03 s, while the turnace was turned off. 
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due to the off-axis geometry of a plane grating system [23]). 

The Full Width at Half Maximum (FWHM) of the spike, measured using a slit of 0.03 mm, is about 
0.2 nm. This width is mainly the result of instrumental broadening. lnstrumental broadening of this 
order means that measurements on speetral line broadening are only possible if the broadening 
is of the order of 0.1 nm, which is much larger than what is generally found. Therefore, 
measurements on spectralline broadening are not possible with this set-up. 

Time-resolved measurements 

Time-resolved measurements are meant to give insight into the behaviour of the plasma on a 
small time scale (in the order of i..JS). To be able to measure on such a small time scale, a Photo
Multiplier Tube (PMT; Hamamatsu H6780-04) is used in stead of a CCD-chip. This PMT is 
connected to a monochromator (Orion 7240). This monochromator is positioned at the same 
position where the spectrometer was in the former measurements (Figure 5.1 ). The signal of the 
PMT is analysed using an oscilloscope. 

5.4 Calibration 

As mentioned before, the set-up has to be calibrated in order to measure line intensities in an 
absolute way. For this calibration, a light souree is needed with a known light output, in terms of 
intensity versus wavelength. At the Eindhoven University of Technology (TU/e), a tungsten ribbon 
lamp is available, which suits this purpose. However, due to its size, it is not possible to place 
such a ribbon lamp in the set-up. Therefore, a small commercial lamp tor dornestic purposes is 
used as an intermediate calibration light source. This means that the calibration is done in two 
steps. The first step is to calibrate the commercial lamp with the ribbon lamp. This provides us 
with a light souree that has a known output and is small enough to fit into the set-up. The second 
step is to calibrate the set-up with the commercial lamp. 

Calibration of the commercial lamp 

T o u se the commercial lamp, the light output has 
to be known as a tunetion of wavelength. 
Therefore it is calibrated in a setup at the TU/e. 
This set-up first contains the ribbon lamp and a 
spectrometer (BM 1 00; described in Section 7.3) 
as shown in Figure 5.7. Using the spectrometer, 
the output of the ribbon lamp is measured as a 
tunetion of frequency. When this is done, the 
ribbon lamp is replaced by the commercial lamp 
and the measurements are repeated. 

For the tungsten ribbon lamp, tabulated data of 

field of view tungsten 

to spectrometer __ \----~ ~=~r/-ib-,bon 

/ 
optical libre 

ribbon lamp 

Figure 5. 7: Calibration set-up. 

the intensity are available tor different temperatures and the temperature of the ribbon is known 
as a tunetion of the electrical current through the ribbon [24]. For our calibration the ribbon lamp is 
operated at two temperatures. First, the output was measured at a temperature of 1800 K. 
Afterwards, however, it appeared that the output at lower wavelengths (below 450 nm) was not 
high enough to get an acceptable signal to noise ratio. Therefore, the measurements at these 
wavelengths were repeated at a temperature of 21 00 K, at which the output of the ribbon lamp is 
much higher. 
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In Figure 5.8 the output of the 
ribbon lamp is shown, as 
measured with the spectrometer. 
The output is given in counts per 
pixel( -column) per second. In 
Figure 5.9 the output of the 
commercial lamp is shown. At 
first glance, both figures look 
quite similar. Note, however, that 
the scales on the vertical axes 
are different. Also, the maximum 
in output of the commercial lamp 
is found at a slightly lower 
wavelength. The wavelengths at 
which the maxima are found in 
these measurements, however, 
are not the wavelengths at which 
the intensities of the lamps are 
highest That's because the 
sensitivity of the spectrometer, 
mainly determined by the CCD 
and grating, also plays a role. 

By combining the results given in 
Figures 5.8 and 5.9 with the 
tabulated data tor the ribbon 
lamp, the intensity of the 
commercial lamp can be 
calculated. The results are given 
in Figure 5.1 0. 
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Figure 5.8: output of the tungsten ribbon lamp at 1800 K 
(black) and 2100 K (grey), as measured with the 
spectrometer. 
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with the spectrometer. 
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Calibration of the set-up 

Now that the commercial lamp is calibrated, we can use this lamp as a calibration-lamp tor the 
set-up. For the calibration, the lamp is inserted into the tube trom the pump side. Because the 
plasma normally extends over a certain length of the tube, the set-up is calibrated with the lamp 
at varying positions. In Figure 5.11, the output of the calibration lamp in latheL at 8.5 cm trom the 
front of the resonator is shown, as measured by the spectrometer. 

~ 10 +-------------------------------++----------------------~ 
>< 
~ 8+-----------------------------~~--~~----------------~ 
i: 
u 6 +----------------------------~~------~~~~~~~~~ ö 

~ 4 +-----------------------~~--------------------------~~ 
0.. 

~ 2 +--------------------*L_--------------------------------~ 
0 

0 +---~~~~~~~------~------~------~------~------~ 

300 400 500 600 700 800 900 1000 

wavelength [nm] 

Figure 5. 11: output of the commercial lamp inside the substrate tube of lathe L at a 
distance of 8.5 cm as measured by the spectrometer. Five points are shown tor each 
wavelength-setting of the spectrometer. The measurements at different settings are 
alternatingly shown in black or grey. 

Figure 5.11 immediately shows that measurements done at the same wavelength, with different 
wavelength-settings of the spectrometer gives somewhat different results. This is especially true 
at wavelengths of about 700 nm. Therefore, it is important that both the calibration and the actual 
measurement are done at the same wavelength-setting. Otherwise, the calibration is not 
accurate. lf this tigure is compared to Figure 5.9, it appears that this spectrometer is relatively 
more sensitive to light of higher 
wavelengths (above 800 nm) 
than the one at the TU/e. 0.4 

As mentioned above, the 
calibration is performed with the 
commercial lamp at various 
positions inside the tube. During 
these measurements the 
resonator is fixed at the position 
where it is located when the 
actual measurements are 
triggered (i.e. at the turning-point 
at the GS). In Figure 5.12, the 
measured output of the lamp is 
shown versus the distance trom 
the front of the resonator at a 
wavelengthof 604 nm. 
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Figure 5. 12: output of the commerciallamp versus the 
distance trom the front of the resonator at a wavelength of 
604nm. 

Figure 5.12 shows that the measured output first increases when the distance is increased. That 
is probably due to reflections of the light on the inner side of the resonator. When the lamp is 
outside the resonator (at distances bigger than about 15 cm) the measured output drops. At 
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distances of 55 and 65 cm, however, the output rises again. There is no obvious reason tor this 
rise, but it might be due to reflections on the inner side of the furnace. 

From Figure 5.12, it is clear that the measurements at a distance of 8.5 cm have to be multiplied 
by a correction factor to obtain position-averaged results. The factor is estimated to be 0.8 tor the 
plasma length we expect (about 30 cm) . 

Combining the results shown in Figures 5.1 0 and 5.11 and using the correction factor of 0.8, the 
calibration factors tor the different wavelengths can be calculated. As mentioned before, these 
calibration factors also depend on the wavelength-settings of the spectrometer. Figure 5.13 
shows the resulting calibration factors. 
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Figure 5. 13: Calibration factor tor lathe L versus wavelength. For different settings of the 
spectrometer the factors are alternatingly shown in black or grey. 

Note the multidimensionality of the unit along the vertical axis in Figure 5.13. This is the result of 
the conversion of the speetral intensity (Iv in wm·2sr"1m.1) into counts per second per 
pixel( -column). 
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6. Results of the Measurements on the Resonator-Plasma 

At Draka Comteq Fibre, measurements are performed on two so-called Plasma-enhanced 
Chemica! Vapour Deposition (PCVD) lathes. This chapter describes these measurements. The 
first lathe, lathe 92, was used tor introductory measurements. These were performed on the 
plasma used in the PCVD-process (further referred to as PCVD-plasma). The second lathe, lathe 
L, was used tor the comparison between CW plasmas and pulsed plasmas. This was done tor 
argon-plasmas and oxygen-plasmas. 

This chapter is structured as follows. In Section 6.1, the results of the introductory measurements 
on the PCVD-plasma are described. Section 6.2 deals with the measurements on the argon
plasmas, while Section 6.3 describes the measurements on the oxygen-plasmas. 

6.1 The PCVD Plasma (Lathe 92) 

The PCVD-plasma consists of a mixture of species. The input gasses are oxygen (02; typically 
80 %) and silicon tetrachloride (SiCI4; typically 20 %). In the plasma, these species are 
dissociated into smaller molecules and atoms (both neutral and charged). New molecules are 
formed as well. Therefore, the plasma consists of a mixture of components, including oxygen (0), 
silicon (Si), chloride (Cl), chlorine (CI2), silicon chloride (SiCI), silicon oxide (SiO) and silicon 
dioxide (Si02). The result of the PCVD-process is the deposition of layers of Si02 on the inner 
wall of the substrate tube. 

As introductory measurements, the spectrum emitted by the PCVD-plasma is measured. All the 
plasma components contribute to this spectrum. The results are shown in subsection 6.1.1 . From 
the observed line emissions of the atoms (0, Si and Cl), the Atomie State Density Functions 
(ASDF's) of these speciescan be constructed. These are given Subsection 6.1.2. 

6.1.1 Overview of the Measured Spectrum 

The spectrum of the PCVD plasma is measured trom 150 nm to 1150 nm. Since the equipment is 
not suitable to do this accurately in a single measurement, it is measured in wavelength-intervals 
of 30 to 50 nm. The size of these steps is varied, to compensate tor the wavelength-dependence 
of the dispersion of the spectrometer. 

The measured spectrum is shown in Figures 6.1 to 6.3. In these figures, the results of the 
individual measurements are coloured grey or black to separate them. In case of overlap, the 
results of the individual measurements often show a ditterenee with respect to each other. 
Especially at low wavelengths, this ditterenee is quite large. lt is mainly caused by the ditterenee 
in reflectance of the grating at different angles. 
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Figure 6. 1: Spectrum of the PC VD-plasma trom 100 nm to 450 nm as measured with the 
spectrometer at Draka Comteq Fibre. 
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Figure 6.2: Spectrum of the PCVD-plasma trom 450 nm to 800 nm as measured with the 
spectrometer at Draka Comteq Fibre. 
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Figure 6.3: Spectrum of the PCVD-plasma trom 800 nm to 1150 nm as measured with the 
spectrometer at Draka Comteq Fibre. 

Figures 6.1 to 6.3 show that the plasma emits a lot of radiation in the form of line-emission. These 
lines are generated by the atoms in the plasma. Wetried to identify most of them. They are listed 
in Appendix C. 

In Figure 6.1, we see that the plasma emits a lot of radiation around 250 nm. Most of it is not 
emitted in the form of line-emission. ft is generated by the molecules that are present in the 
plasma (e.g. SiO). 
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6.1.2 Atomie State Density Functions 

The ASDF's, constructed tor the atomie species of the PCVD-plasma, are given in this 
subsection. Same plasma-properties are derived trom these ASDF's. 

Silicon 

From the spectrum, five Si I and two Si 11 transitions could be resolved. The absolute line 
intensities of these are determined using the calibration-method described in Section 5.4. The 
transitions are listed in Table 6.1, tagether with some additional information, which is necessary 
tor the determination of the atomie state densities. In Figure 6.4, the line shapes of some 
transitions are shown to illustrate the ALI-measurement procedure. 

Table 6. 1: Properties of the transitions used tor the determination of the ASDF of 
Silicon. The data are obtained trom [3]. The wavelengths are those given as 
"observed" wavelengths by [3]. The statistica/ weight (gq) of the emitting level "q" can 
be derived trom the "J-value" (third column): g = 2·1 + 1. 

Species Transition lq-lp Wavelength 
(q- p) 

[nm] 
Si I 4s-3p 1-0 390.5523 
Si I 5p-4s 1-2 568.4484 
Si I 5p-4s 1 -1 569.0425 
Si I 5p-4s 0-1 577.2145 
Si I 5d-4p 2-1 768.0267 
Si 11 4p-4s 3/2-1/2 634.710 
Si 11 4p-4s 1/2-1/2 637.136 
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energy probability weight 

(E0 ) [eV] (A0 v) [s-1
] (go) 

5.0823456 1.18·1 0 3 
7.1342881 2.60·10° 3 
7.1078635 1.20-1 ob 3 
7.2297238 3.60·10° 1 
7.4763533 4.60·10° 5 
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Figure 6.4: Measured fine shapes of transitions of Si I in the PCVD-plasma: a) 4s - 3p at 
390.6 nm; b) Sp- 4s at 568.4 nm. 

Figure 6.4 shows the line shapes of some transitions that are examined tor the reconstruction of 
the ASDF of Si I. The level of the background signal is shown as well. The tigure shows that the 
lines are nat at the exact wavelengths given in Table 6.1. This is due to the wavelength 
calibration of the spectrometer. 

In Figure 6.4.b two lines can be seen (568.4 nm and 569.0 nm). To measure the intensity of only 
one of these lines (568.4 nm), the background signal is set to follow the line-shape of the other 
one, as can be seen in the figure. 
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In Figure 6.5, the ASDF is shown tor Si I. The state densities tor the two Si 11 transitions arealso 
shown in this figure. 
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Figure 6.5: Reconstructed ASDF of silicon in the PCVD-plasma. 

Figure 6.5 shows the state densities that are determined trom the measured line intensities. A 
single line is fitted through the Si I state densities. In the form of Equation (2.5), this line is given 
by: t?(Eq) = 2.14·1015·exp(-Eq'0.94). lt is used to determine the excitation-temperature (Tex) 
according to the exponential fits methad described inSection 4.3. This results in: Tex = 0.94 eV. 

Assuming that the excited levels are in Boltzmann equilibrium with the ground-state, the electron
temperature is equal to the excitation-temperature. This is the temperature that is used in the 
determination of the electron-density. 

In Figure 6.5 an open dot is shown tor the ground-state density (no) at 2.6·1 022 m·3• This density is 
determined using the ideal gas law, assuming 100 % dissociation into atomie species and no loss 
mechanisms. This means it is a maximum value. lt is also possible to give an estimation of the 
ground-state density trom the fitted line: n0 = 2.1 ·1 015 m·3. 
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Oxygen ASDF 

The transitions of oxygen that could be used tor the ASDF are observed in tour so-called 
unresolved transition arrays. Besides these tour arrays, no transitions could be used because 
they could not be observed or because of transitions of chloride at about the same wavelengths. 
In Table 6.2, the transitions are given that are incorporated in these arrays. The transitions are 
grouped tagether in the table into the tour groups that form the tour arrays. They are all 0 I -
transitions. In Figure 6.6, the ASDF tor 0 I is shown. 

As stated in Section 4.1 , an unresolved transition array results in a single pseudo atomie state 
density tor the transitions incorporated in the array. Therefore, Figure 6.6 consists of only tour 
points. 

Table 6.2: Transitions used tor the determination of the ASDF of oxygen. Transitions that are 
grouped logether were measured in a single transition array. The data are obtained trom [3]. 

Array Transition I q-lp Wavelength Wavelength Excitation Transition Statistica! 
(q-p) {observed) {Ritz) energy probability weight 

[nm] [nmi (E0 ) [eV] (Aav) [S-1
) (ga} 

4d-3p 0-1 615.5961 12.7537179 7.62·10° 1 
4d-3p 1 -1 615.598 615.5971 12.7537150 5.72·10° 3 
4d-3p 2-1 615.5989 12.7537089 2.67·10° 5 
4d-3p 1 -2 615.6737 12.7537150 1.91·10° 3 

1 4d-3p 2-2 615.6755 12.7537089 4.45·10° 5 
4d-3p 3-2 615.677 615.6778 12.7537016 5.08·10° 7 
4d-3p 2-3 615.8149 12.7537089 5.07·10~ 5 
4d-3p 3-3 615.8172 12.7537016 2.54·10° 7 
4d-3p 4-3 615.818 615.8187 12.7536965 7.62·10° 9 
5s-3p 2-1 645.360 645.3602 12.6608561 1.65·10° 5 

2 5s-3p 2-2 645.444 645.4444 12.6608561 2.75·10° 5 
5s-3p 2-3 645.598 645.5977 12.6608561 3.85·10° 5 
4d-3p 1 - 1 700.1899 12.7590257 1.47·10° 3 
4d-3p 2-1 700.192 700.1922 12.7590200 2.65·10° 5 

3 
4d-3p 1 -2 700.2173 12.7590257 9.83·104 3 
4d-3p 2-2 700.2196 12.7590200 8.83· 10~ 5 
4d-3p 3-2 700.223 700.2230 12.7590115 3.53·10° 7 
4d-3p 1-0 700.2250 12.7590257 1.96·10° 3 
3d-3p 0-1 926.081 926.0806 12.078663 4.46·10 1 
3d-3p 1 -1 926.084 926.0848 12.078657 3.34·101 3 
3d-3p 2-1 926.094 926.0936 12.078644 1.56·10 5 
3d-3p 1 -2 926.258 926.2582 12.078657 1.11 ·10 3 

4 3d-3p 2-2 926.267 926.2670 12.078644 2.60·10 5 
3d-3p 3-2 926.277 926.2776 12.078629 2.97·10 7 
3d-3p 2-3 926.5826 12.078644 2.97·10' 5 
3d-3p 3-3 926.594 926.5932 12.078629 1.48·10 7 
3d-3p 4-3 926.601 926.6006 12.078618 4.45·10 9 
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Figure 6.6: Reconstructed ASDF of oxygen in the PCVD-plasma. 

14.00 

In Figure 6.6, the measured state densities of oxygen are shown. From the linear fit through these 
densities, the exponential fits method yields Tex = 0.36 eV. This ground-state density is also 
determined trom the fit: no = 1. 7·1 027 m-3. 

The ground-state density found trom the fit is extremely high. Assuming 1 00 % dissociation of the 
0 2-molecules and neglecting loss mechanisms, the ground state density determined using the 
ideal gaslawis found to be: 1.4·1023 m·3 (shown by an open dot in Figure 6.6). 
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Chloride ASDF 

For the ASDF of chloride, twelve transitions could be used with the current set-up. They are given 
in Table 6.3. The corresponding ASDF is given in Figure 6. 7. 

Table 6.3: Transitions measured to create the ASDF tor chloride [3]. 

Transition 
(q-p) 

5p-4s 
5p-4s 
5p-4s 
5p-4s 
5p-4s 
4d - 4p 
4p-4s 
4d-4p 
4p_-4s 
4p-4s 
4p-4s 
4p-4s 
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energy probability 
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Figure 6. 7: Reconstructed ASDF of chloride in the PCVD-plasma. 

14.00 

In Figure 6.6, the measured state densities of chloride are shown. From the linear fit through 
these densities, the exponential fits methad yields Tex = 0.55 eV. The ground-state density is also 
determined trom the fit: n0 = 4.3·1 022 m·3• Th is density is only slightly lower than the density 
determined using the ideal gas law (again assuming complete dissociation and no losses), which 
is: 1.03·1 023 m·3. 

Electron-density 

From the atomie state densities at the ionisation energy tor the components of the plasma, the 
electron-density (ne) can be determined, using Equation (4.14). However, the electron
temperature (Te) is also required to use this equation. Using the average of the excitation
temperatures tor Si, 0 and Cl yields: ne = 2.6·1 020 m·3• The contributions to the electron-density of 
the various components are 2.4·1019 m·3, 1.9·1018 m·3 and 2.4·1020 m·3 tor Si, 0 and Cl, 
respectively. 
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6.2 Argon Plasma 

The experiments on the argon plasmas are done on lathe L. On this lathe, both CW plasmas and 
pulsed plasmas are created. The results of the measurements performed on these plasmas are 
discussed in this section, divided over tour subsections. 

Table 6.4: Ar I transitions examined in the ALI-measurements [3]. 

Transition I q-lp Wavelength Wavelength Excitation Transition Statistica! 
(q-p) (observed) (Ritz) energy probability weight 

[nm] [nm] (E0 ) [eV] (Aau) [S-
1
] (ga) 

5p-4s 1-2 416.418 416.418 14.5249124 2.88· 10~ 3 
5p-4s 1-0 418.1884 418.1884 14.6871173 5.61-10~ 3 
5p-4s 1-2 425.1185 425.1185 14.4639949 1.11 -1 o~ 3 
5p-4s 0-1 425.9362 425.9362 14.7381144 3.98-10" 1 
5p-4s 2-1 426.6286 426.6287 14.5289126 3. 12- 10~ 5 
5p-4s 1 -1 427.2169 427.2169 14.5249124 7.97· 10~ 3 
5p-4s 2-1 430.0101 430.0101 14.5060667 3.77· 10~ 5 
5p-4s 1 - 1 434.5168 434.5168 14.6806494 2.97·10" 3 
5p-4s 0-1 451 .0733 451.0733 14.5759479 1.18·1015 1 
5p-4s 1-0 452.2323 452.2323 14.4639949 8.98·104 3 
5p-4s 1 -1 459.6097 459.6097 14.5249124 9.47·104 3 
6d-4p 1 -1 516.2285 516.2285 1 ~0-106 3 
5d-4p 2-1 518.7746 518.7746 15.2962923 1.38-10" 5 
7d-4p 4-3 522.1271 522.127 15.4496521 8.80-10" 9 
8s-4p 2-3 542.1352 542.1351 15.3620404 6.00- 10~ 5 
7s-4p 2-1 545.1652 545.1652 15.1806326 4.70- 10~ 5 
6d-4p 3-2 550.6113 550.6112 15.346002 3.60-10" 7 
6s-4p 1 -1 586.031 586.031 15.0220874 2.85·105 3 
4d-4p 1 -1 591 .2085 591.2085 15.0035649 1.05-10" 3 
5d-4p 3-2 604.3223 604.3223 15.1459273 1.47-10" 7 
5d-4p 3-2 614.5441 614.5441 15.319167 7.60-10~ 7 
5d-4p 2-1 629.6872 629.6873 15.2962923 9.00- 10~ 5 
6s-4p 1 -1 638.4717 638.4717 14.848368 4.21 -10" 3 
6s-4p 2-1 641.6307 641.6307 14.8388101 1.16-1015 5 
4d-4p 3-3 653.8112 653.8112 14.9715214 1.1 o-1 o~ 7 
4p-4s 0-1 667.7282 667.7281 13.479886 2.36-10" 1 
4d-4p 1-2 676.6612 676.6611 15.0035649 4.00-10~ 3 
4d-4p 1 -1 687.1289 687.1289 14.7108972 2.78-10" 3 
4d-4p 0-1 693.7664 693.7664 14.6936388 3.08·10" 1 
6s-4p 2-3 703.0251 703.0251 14.8388101 2.67·106 5 
6s-4p 2-2 710.7478 710.7477 14.8388101 4.50-10~ 5 
6s-4p 1-2 712.582 712.582 15.0220874 6.00·10" 3 
4p-4s 1 - 2 714.7042 714.7041 13.2826382 6.25·10:, 3 
6s-4p 1-2 720.698 720.698 15.0220874 2.48-10" 3 
4p-4s 1 -1 852.1442 852.1441 13.2826382 1.39·1 0 3 
4d-4p 2-2 860.5776 860.5776 14.7425399 1.04-1015 5 
4p-4s 1-0 866.7944 866.7943 13.153143 2.43-10" 3 
4p-4s 1-2 912.2967 912.2967 12.9070145 1.89·10 3 
4p-4s 2-1 922.4499 922.4498 13.1717769 5.03-1015 5 
5s-4p 0-1 929.1531 929.1532 14.2410268 3.26-10" 1 
4p-4s 1 -1 935.422 935.4218 13.153143 1.06-10" 3 
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In the first three subsections, ALI-measurements are discussed on plasmas tor which one of the 
following parameters is varied, respectively: absorbed microwave power (6.2.1 ), pulse frequency 
(6.2.2) and duty-cycle (6.2.3). In Subsection 6.2.4, time resolved measurements on some 
transitions are discussed. During all the experiments the gas flow and the gas pressure are held 
constant at 3.57 I/min and 15.0 mbar, respectively. The gas pressure is measured at the Pump 
Side (PS). 

In the ALI-measurements, 41 Ar I transitions are examined. These transitions are listed in 
Table 6.4, tagether with the data necessary to determine the state densities trom the measured 
intensities. 

6.2.1 All Measurements at Various Absorbed Powers (CW and Pulsed) 

To examine the effect of the level of the absorbed microwave power, eight measurements are 
performed. Four measurements are performed on CW plasmas and tour on pulsed plasmas. 
Between these measurements the level of the absorbed power is varied. For the pulsed plasmas, 
the pulse frequency is set at 2500 Hz and the duty-cycle is set at 50%. 

The minimum power output of the power-souree is 1000 W (peak-power). lf the power was set to 
higher values, there was too much leakage of microwave radiation . Therefore, the input power is 
set at 1000 W tor all the measurements. To be able to vary the absorbed power, the reflected 
power is manipulated with the tuner, as described inSection 5.2. This way, the absorbed powers 
are set to values of about 250 W, 500 W, 750 W and 1 000 W. 

The resulting powers are measured using the reflectometer. The readings of this reflectometer 
varied substantially with time. An example of a power measurement is given in Figure 6.8. lt 
shows the input, reflected and absorbed powers. Because of the strong variation, the powers 
could not be set accurately at the desired levels. In Table 6.5, the averages of the peak powers 
are given as measured with the reflectometer. 

Table 6.5: Power settings and plasma-lengths. 

Type Set Measured Plasma 
power power length 
250W 295W 22 cm 

cw 500W 508W 25cm 
750W 725W 56cm 
1000W 985W 74cm 
250W 260W 22 cm 

pulsed 
500W 486W 25 cm 
750W 678W 43cm 
1000W 902W 60cm 
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Gi 1000 
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0 20 40 60 80 100 

time (a.u.] 

Figure 6.8: Power maasurement for the 
250 W CW plasma. 

To determine the atomie state densities trom the measured intensities, the inlegration length is 
required, as described in Section 4.1. Since we maasure axially through the plasma, the 
inlegration length equals the plasma length. This plasma length is measured as a tunetion of the 
absorbed power. These measurements are described in Appendix A. In Table 6.5, the results are 
given tor the plasmas under investigation in this subsection. They show that the length depends 
strongly on the absorbed power. 

In Figure 6.9, the ASDF is shown that resulted trom the measurements on the 500 W CW 
plasma. The ASOF's of the other plasmas look more or less the same and are therefore not 
included. 
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The ground state density is included in Figure 6.9. This density is calculated from the pressure 
and an estimate of the gas temperature (i.e. 2000 K) using the ideal gas law. As can beseen in 
the figure, the densities determined for the lowest excited states (Eq < 14 eV) are not aligned with 
those for the higher excited states. Therefore, two lines are used to fit the ASOF. The first line 
uses the lowest excited states including the ground-state and the second line uses the highest 
states. At the ionization energy, a vertical dotled line is shown. 
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Figure 6.9: Reconstructed ASDF of the resonator-plasma at 500 W CW (argon). 
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In Figure 6.1 0, parts of the ASOF's of the 500 W CW plasma, the 500 W pulsed plasma and the 
1000 W pulsed plasma are shown. In this figure, the part between 0 eV and 12 eV is omitted. 
Note that the slope of the lower part of the ASOF indicated in this tigure is established using the 
ground-state density. 

1.00E+10 +'========r=d___--- -.----------.---------:-----j 
12 13 14 

Excitation energy (E q) 
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Figure 6. 10: Reconstructed ASOF's of the argon resonator-plasma at three power-settings: 
500 W CW, 500 W pulsed and 1000 W pulsed. Pulsed power levels are given as peak-power. 

Figure 6.1 0 shows that the three ASOF's under investigation are quite si mi lar. Only at the lowest 
excited states (Eq < 14 eV), the one forthe 1000 W pulsed plasma is lower. 
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Exponential Fits 

From the ASDF's, the excitation
temperatures and electron-densities are 
calculated, using the exponential fits 
methad described in Section 4.3. The 
resulting excitation-temperatures are 
shown as a tunetion of the absorbed 
(peak) power in Figure 6.11 tor both the 
CW and the pulsed plasmas. The 
resulting electron-densities are shown in 
Figure 6.12. 

Figure 6. 11 shows that the excitation
temperature decreases with increasing 
power. 

Figure 6.12 shows an electron-density 
that is virtually constant as a tunetion of 
power. Combined with the increasing 
length of the plasma (Table 6.5) this 
means that the total amount of electrans 
in the plasma increases with increasing 
power. Keep in mind that the electron
densities shown in Figure 6.12 are 
calculated assuming that the electron
temperature equals the excitation
temperature found trom the exponential 
fits method. This is only true in case the 
lowest excited states are in Boltzmann 
equilibrium. 

Collisional Radiative Model 
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Figure 6. 11: Excitation-temperature tor the argon 
resonator-plasma, as determined trom the 
exponential fits. 
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Figure 6. 12: Electron-density tor the argon 
resonator-plasma as determined trom the 
exponential fits. 

1200 

Using the Collisional Radiative Model (CRM) the electron-temperature and electron-density are 
determined trom the ASDF, as described in Section 4.3. The results are shown in Figures 6.13 
and 6.14, respectively. 
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Figure 6.13: Electron-temperafure versus 
absorbed peak-power tor the argon resonator
plasma as determined trom the CRM. 
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Figure 6.14: Electron-density versus absorbed 
peak-power tor the argon resonator-plasma as 
determined trom the CRM. 



Figure 6.13 immediately shows that the electron-temperature is substantially higher than the 
excitation-temperature determined trom the exponential fits method. The behaviour as a tunetion 
of the absorbed power is similar. 

Figure 6.14 shows that the electron-density is comparable. 

6.2.2 ALI-measurements at Various Pulse Frequencies 

To study the effect of the pulse-frequency on the electron
temperature and electron-density, AOSF's are created tor 
five different pulse-frequencies in the range 500 Hz - 25000 
Hz. The absorbed peak power is set at about 500 W (actual 
power level is given in Table 6.6) and the duty-cycle is 50% 
tor all plasmas. Because the ASOF's are similar to the ones 
found in the previous subsection, they are not shown here. 

Table 6.6: Absorbed peak-power. 

pulse-frequency peak-power 
500Hz 494W 

1000Hz 499W 
2500Hz 486W 
5000Hz 476W 

10000 Hz 427W 
25000 Hz 429W 

The plasma length was not measured as a tunetion of the pulse-frequency. In the calculations a 
constant value of 22 cm is used tor this length. This is the value that was measured tor the pulsed 
plasma at 2500 Hz with an absorbed power of 500 W and a duty-cycle of 50 %. 

Exponential Fits 

From the ASOF's the excitation-temperature and electron-densities are determined using the 
exponential fits method. The results are shown in Figures 6.15 and 6.16, respectively. 
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Figure 6. 15: Excitation-temperature versus 
pulse-trequency tor the argon resonator
plasma. 
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Figure 6. 16: Electron-density versus pulse
trequency tor the argon resonator-plasma. 

Figure 6.15 shows that the excitation-temperature increases with increasing frequency. Figure 
6.16 shows that the electron-density has a maximum around 5000 Hz. 
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Collisional Radiative Model 

Using the CRM the electron-temperature and electron-density are determined. These are shown 
in Figures 6.17 and 6.18, respectively. 
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Figure 6. 17: Electron-temperature versus 
putse trequency tor the argon resonator
plasma as determined trom the CRM. 
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Figure 6. 18: Electron-density versus putse 
trequency tor the argon resonator-plasma as 
determined trom the CRM. 

Similar remarks as in Subsection 6.2.1 apply to the ditterences between the figures obtained with 
the exponential fits method and the CRM. 

6.2.3 ALI-measurements at Various Duty-cycles 

To study the effect of the duty-cycle on the electron temperature and electron density, 
measurements were performed tor five different duty-cycles ranging trom 1 0% to 50%. A duty
cycle of 5 % was tried as well , but the plasma did not ignite. The pulse-frequency is set at 
2500 Hz and the absorbed peak power is about 500 W tor all plasmas. The ASOF's are not given, 
since they are similar to the ones in Subsectien 6.2.1. 

The plasma length was not measured as a tunetion of the duty-cycle. In the calculations, the 
value is used that was measured tor the pulsed plasma at a duty-cycle of 50 % with an absorbed 
power of 500 W and a pulse-frequency of 2500 Hz, i.e. 22 cm (the length of the resonator). 

Exponential Fits 

From the ASDF's, the excitation-temperature and electron-density are determined using the 
exponential fits method. The results are shown in Figures 6.19 and 6.20, respectively. 
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Figure 6. 19: Te versus duty-cycle tor the argon 
resonator-plasma. 
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Figure 6.20: ne versus duty-cycle tor the argon 
resonator-plasma. 
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Figure 6.19 shows a maximum in the excitation-temperature somewhere between a duty-cycle of 
30 % and 40 %, while the maximum in electron-density is at a duty-cycle of 50 %, according to 
Figure 6.20. 

Collisional Radiative Model 

Using the CRM, the electron-temperature and electron-density are determined. These are shown 
in Figures 6.21 and 6.22, respectively. 
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Figure 6.21 : Electron-temperature versus duty
cycle tor the argon resonator-plasma as 
determined trom the CRM. 

Figure 6.22: Electron-density versus duty-cycle 
tor the argon resonator-plasma as determined 
trom the CRM. 

Again, the electron-temperature is substantially higher than the excitation-temperature and the 
electron-density is comparable. Besides this, Figure 6.21 shows a maximum in the electron
temperature at a duty-cycle of 40%, which is a bit higher than the duty-cycle at which the 
maximum in excitation-temperature was found. Besides the ditterenee in absolute value, Figure 
6.22 shows similar behaviour tor the electron-density as Figure 6.20. 

6.2.4 Time-resolved measurements 

The time-resolved measurements are performed at a -\ Table 6.7: Transitions examined in 
peak-power of about 500 W with a pulse frequency of the time-resolved measurements. 
500 Hz and a duty-cycle of 50%. We examined 9 
transitions. They are listed in Table 6.7. The table only 
lists the starting and ending levels, the (approximate) 
wavelength and the transition probability. More 
information on the transitionscan be found in Table 6.4 
or [3]. 

The results of the measurements are shown in Figures 
6.23 (a) to (i) . Because some lines are more intense 
than others, the sensitivity of the oscilloscope had to 
be adjusted. The sensitivity of the oscilloscope is 
reflected by the scale on the vertical axis in the figures. 
This means that Figure 6.23 (f) corresponds to the 
lowest sensitivity (highest intensity) and Figures 6.23 
(a), (b), (c) and (d) correspond to the highest sensitivity 
(lowest intensity). 

Transition 
(q-p) 

5o-4s 
8s-4p 
7s-4p 
5d -4p 
6s-4p 
4p_-4s 
6s-4o 
6s-4p 
4p-4s 

Wavelength Transition 

[nml 
probability 
(A aol [S-1) 

459.6 9.47-104 

542.1 6.00·10" 
545.2 4.70· 10~ 
614.5 7.60· 10~ 

641.6 1.16·10° 
696.5 6.39·10° 
703.0 2.67·1 0° 
720.7 2.48·10° 
852.1 1.39·10' 
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Figure 6.23: Results of the time-resolved measurements on the argon resonator-plasma. The 
measurements are performed at the following wavelengths: a) 459.6 nm; b) 542.1 nm; c) 545.2 
nm; d) 614.5 nm; e) 641.6 nm; f) 696.5 nm; g) 703.0 nm; h) 720.7 nm; i) 852.1 nm. Three 
different sensitivity settings of the oscilloscope where used, which is reflected in the scale on the 
vertica/ axis (higher maximum means lower sensitivity). 

When comparing the measurements of the different transitions, we have to keep in mind that the 
sensitivity of the detector is wavelength-dependent. This means it is not possible to compare 
them in an absolute way if the ditterenee in wavelength is too big. When comparing the 
measurements performed at different sensitivity settings of the oscilloscope (tor example Figure 
6.23 (d) and (e), we see that the ground-levels (zero signa!) are different. This means that the 
measurements performed at different sensitivity settings cannot be compared to each other in an 
absolute way, even if their wavelengths are almost equal. 

Although we can not compare the absolute signals in 
many cases, we can still compare the shapes of the 
pulses. In genera!, we see jumps in the light output 
at the start and/or end of the pulses. The time-scale 
at which these jumps occur can not be derived trom 
Figure 6.23, because of the sealing on the horizontal 
axis. In Figure 6.24 this sealing is adjusted. lt shows 
the first jump of Figure 6.23 (i) at a smaller time
scala. This tigure tells us that these jumps occur on a 
time-scale of a tew microseconds. The relaxation 
after these jumps, however, occurs on a much larger 
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Figure 6.24: Jump at power-switch 
tor the transition at 852. 1 nm. 
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time-scale. Figure 6.23 tells us that they occur on a time-scale of a tew hundreds of 
microseconds. 

lf we look at the measurements performed on similar transitions, we see that they show similar 
behaviour. Figures 6.23 (f) and (i) (4p- 4s) show a jump at power-on of the pulse only and not at 
power-off. Figures 6.23 (e), (g) and (h) (6s- 4p) all show jumps at both power-on and power-off 
and these jumps are of about the same height. 

Looking at Figures 6.23 (a) to (d), we see that the light output gradually increases during the 
plasma-on time. This indicates that the atomie state densities of the starting levels of these 
transitions slowly increase. Table 6.4 tells us that these transitions have high excitation energies. 
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6.3 Oxygen Plasma 

Just like the argon plasmas, oxygen plasmas are created on lathe L to examine the ditterences 
between a pulsed plasmaand a CW plasma. Since an oxygen plasma is differs much trom an 
argon plasma (electro-negative versus -positive and molecular versus atomie), it is likely that 
pulsing the plasma will have some different effects. Also, the behaviour of an oxygen plasma will 
closer represent that of the PCVD-plasma, since the PCVD-plasma mainly consists of oxygen. 
Therefore, these experiments will give some indication of what the effect of pulsing the PCVD
plasma would be. 

On lathe L, measurements are 
done on bath CW and pulsed 
plasmas. Like in the PCVD
plasma (Section 6.1) , we 
measure mainly transition arrays 
instead of separate transitions. 
In Appendix Dan overview of all 
transitions incorporated in these 
arrays is given (a total of 82). 
These are not the same ones 
that were examined tor the 
PCVD-plasma. This is because 
it was possible to distinguish 
more transition arrays in the 
oxygen plasma on lathe L. 

In Table 6.8, the transition 
arrays are given, tagether with 
the data used tor calculating the 
state densities. In the final 
column, the sum of the product 
of the statistica! weight and 
transition probability is given. As 
mentioned in Section 6. 1 , this 
quantity is used in case of a 
transition array containing 
multiple transitions. 

For some of the transition 
arrays, it was not possible to 

Table 6.8: measured 0 I transition arrays. Arrays tor which 
the wavelength is marked with a star-symbol (*), are not used 
to create the ASO F's. Those marked with a plus-symbol () 
correspond to double-excited atoms. [3] 

Transition Wavelength Average Summed product of 
(q-p) excitation statistica! weight and 

energy transition probability 
[nm] (Eq) [eV] (Lgq-Aqv) [s-1] 

4p-3s 436.8 12.36 6.83·106 

5d-3p 533.0 13.07 6.77·101 

6s-3p 543.6 13.02 1.93·107 

6d-3p 551.3 * 13.24 5.37·106 

7s-3p 555.5 * 13.22 5.24·106 

2p-2p 557.7 * 4.19 1.26·1 0° 
5d-3p 595.8 * 13.07 1.36·107 

6s-3p 604.6 13.04 9.45·106 

4d-3p 615.7 12.75 1.91·10H 
5s-3p 645.5 12.66 4.13·1 o' 
4d-3p 700.2 12.76 5.30·107 

3p-3s 715.7+ 14.46 2.53·108 

5s-3p 725.4 12.70 2.01-107 

3p-3s 798.5 * 12.54 4.48·105 

3s-3p 799.5 * 12.54 3.94·105 

3p-3s 822.2 + 14.05 2.28·108 

3p-3s 823.0 + 14.05 2.60·108 

3p-3s 844.6 10.99 2.90·108 

3p-3s 882.0 + 14.13 2.05·108 

3d-3p 926.3 12.08 1.11-109 

detect them at low microwave power levels. For these peaks, the wavelength is marked with an 
asterisk (*) in Table 6.8. They will not be used tor the determinations of exponential fits in the 
ASDF's. The transitions marked with a plus-symbol (+), have excitation energies that are higher 
than the ionisation energy of oxygen (13.62 eV). These atoms are double excited. 

6.3.1 All Measurements at Various Absorbed Powers (CW and Pulsed) 

To study the effect of the level of the absorbed microwave power, measurements are performed 
on plasmas at seven different input powers. Three of these are done on CW plasmas and tour on 
pulsed plasmas. For the pulsed plasmas the pulse frequency is set at 500Hz and the duty-cycle 
is set at 50 %. 
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With an oxygen-plasma, the radiation leakage was nat as bad as with an argon-plasma. 
Therefore, the input power could be set to values above 1000 W, without creating toa much 
radiation leakage. Additionally, the reflectometer power-measurements were much more stabie 
with oxygen, compared to argon, which is shown in Figure 6.25. Note that the reflected power is 
given on the secondary axis in this figure. The power-levels that were set on the power-supply 
varied between 1000 Wand 1600 W. The reflectometer, however, showed higher power levels at 
these settings, as is indicated in Table 6.9. The plasma lengths arealso given in this table. The 
measurements of these lengths are 
discussed in Appendix A. 
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Table 6.9: Power settings and plasma lengths. 
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Figure 6.25: power measurement tor the 
2000 W CW plasma. 

In Figure 6.26, the ASDF is shown that resulted trom the measurements on the 2000 W CW 
plasma. In this figure, the state densities determined trom the transition arrays marked by an 
asterisk in Table 6.8 are shown as open dots. They are nat used tor the line that is fitted in the 
figure. 

The ground-state density can nat be determined trom the pressure and temperature tor oxygen, 
since it is a molecular gas and the degree of dissociation is unknown. The ASOF's of the plasmas 
at the other power levels are nat shown, since they are very similar to the one shown in 
Figure 6.26. 
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Figure 6.26: Reconstructed ASDF of the 2000 W CW oxygen-plasma. The fitted fine is 
determined tor the solid dots only. 

16 

The line that is fitted in Figure 6.26 is extrapolated to the ground-state energy. This gives an 
estimate of the ground-state density and, with the pressure and temperature, an estimate of how 
much oxygen is dissociated in the plasma. The ground-state density determined trom this fit is 
about 1.2·1021 m·3• With a pressure of 12 mbarand an estimated temperature of 2000 K, this 
would mean that about 1.4 % of the available oxygen is dissociated. 
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Exponential Fits 
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From the ASDF's, the excitation
temperatures and electron-densities are 
calculated. The results are given in 
Figures 6.27 and 6.28, respectively. 
Figure 6.28 consistsof two parts. In part (a), 
the electron-density is shown as a tunetion 
of absorbed peak-power. In part (b), it is 
shown as a tunetion of absorbed average 
power. For the CW plasmas, these are 
equal, but tor the pulsed plasma, they ditter 
by a factor of 2 at a duty-cycle of 50 %. 
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Figure 6.27 shows that the excitation
temperatures determined from the 
exponential fits, about 0.55 eV, are lower 

peak-power [W] 

Figure 6.27: Excitation-temperature versus 
absorbed peak-power. 

compared to those found tor the argon plasmas, which were about 0.65 eV. 
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Figure 6.28: Electron-density versus a) absorbed peak-power, b) absorbed average power. 

Figure 6.28 (a) shows that the electron-densities found tor the pulsed oxygen-plasmas are lower 
compared to those found tor the CW oxygen-plasmas at the same absorbed peak-powers. In 
bath cases the electron-density increases with increasing power. When platting the electron
density against the absorbed average power, as in Figure 6.28 (b), it appears that the results tor 
bath cases line up. 
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6.3.2 ALl Measurements at Various Pulse Frequencies 

For the oxygen plasma, measurements were performed at the same pulse frequencies that were 
studied tor the argon plasma, i.e. 500 Hz, 1 000 Hz, 2500 Hz, 5000 Hz, 1 0000 Hz and 25000 Hz. 
At 2500 Hz, two measurements were done. The absorbed power was set at 1280 W. This 
resulted in measured powersofabout 1800 W. In all cases, the duty-cycle was set at 50%. For 
the plasma length the same value as tor the pulsed plasmas in the previous subsection was 
used, i.e. 22 cm (the length of the resonator). 

Exponential Fits 

Using the exponential fits method, the excitation-temperature and electron-density are 
determined trom the ASDF's. These are shown in Figures 6.29 and 6.30, respectively. 
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Figure 6.29: Excitation-temperature versus 
pulse-trequency tor the oxygen resonator
plasma. 
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Figure 6.30: Electron-density versus pulse
trequency tor the oxygen resonator-plasma. 

Figure 6.29 shows that there is no obvious effect of the pulse-frequency on the excitation
temperature. The values found at different pulse-frequencies are all very closetoeach other. 

Figure 6.30 shows a slight decrease in electron-density with increasing pulse-frequency. 
Obviously, the maximum lies at a pulse frequency lower than 500 Hz. The densities measured at 
2500 Hz show a ditterenee of about 6 %. This gives an indication of the accuracy of the 
measurements with respect to repeatability. 

6.3.3 ALl Measurements at Various Duty-cycles 

For the oxygen plasma, the plasma would nat ignite at duty-cycles of 1 0% or 20%. Therefore, 
only three different duty-cycles were studied, namely 30%, 40% and 50%. At 50%, two 
measurements were performed, to give an idea of the repeatability of the measurements. The 
power was set at 1280 W, resulting in an absorbed peak-power of about 1800 W. The pulse
frequency was set at 2500 Hz. 
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Exponential Fits 

The excitation-temperature and electron-density derived trom the ASDF using the exponential fits 
method are shown in Figures 6.31 and 6.32, respectively. 
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Figure 6.31: Excitation-temperature versus 
duty-cycle tor the oxygen resonator-plasma. 
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Figure 6.32: Electron-density versus duty-cycle 
tor the oxygen resonator-plasma. 

Figures 6.31 and 6.32 show that the excitation-temperature decreases, while the electron-density 
increases with increasing duty-cycle. 

6.3.4 Time-resolved measurements 

For the oxygen plasma, only two lines could be detected with the Photo Multiplier Tube (PMT). 
These are the ones at 777 nm and 844 nm. The line at 777 nm is not used tor the construction of 
the ASOF's in the previous measurements. Both lines contain multiple transitions of the type 3p-
3s. The transition probabilities tor all of these transitions are in the order of 107 s·1

. More details 
on the transitions can be found in [3]. 

The time-resolved measurements are performed at a peak-power of about 1800 W with a pulse 
frequency of 500 Hz and a duty-cycle of 50%. The results of the measurements are shown in 
Figure 8.33. The maasurement of the line at 844 nm had to be performed at a higher sensitivity 
setting of the oscilloscope. 
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Figure 6.33: Results of the time-resolved measurements on the oxygen resonator-plasma. The 
measurements are performed at two wavelengths: a) 777 nm; b) 844 nm. The measurement at 
844 nm was performed at a higher sensitivity setting of the oscilfoscope. 

Figure 6.33 shows that the intensity never reaches a stabie level during the time that the power is 
switched on. When the power is switched off, the intensity immediately drops to the ground level 
(no plasma). 
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7. ExperimentalSet-up for the Surfatron Plasma 

At the Eindhoven Univarsity of Technology (TU/e), a set-up was built to perfarm measurements 
on a surfatron-plasma. The main purpose of these measurements is to examina the ditterences 
between measuring axially (end-on) or radially (side-on) through a plasma. This information can 
be used tor the interpretation of the measurements on the resonator-plasma at Draka, where only 
end-on measurements were possible. In this chapter, the set-up tor the measurements on the 
surfatron-plasma will be described. 

The chapter is structured as follows. In Section 7.1 the general set-up is discussed, Section 7.2 
gives the microwave circuit, Section 7.3 deals with the diagnostics and Section 7.4 describes the 
calibration of the set-up. 

7.1 General Set-up 

The set-up is constructed around a surfatron-generated plasma. In Figure 7.1, a schematic 
overview of the set-up is shown. The tigure shows the quartz tube, in which the plasma is 
generated. This is done by coupling microwave power into the tube via the surfatron. Gas flows 
through the tube trom one side to the other. The side at which the gas enters the tube will be 
referred to as the Gas Side (GS) and the other side as the Pump Side (PS). 
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Figure 7. 1: Schematic overview of the set-up tor the surfatron-plasma. Bath si de-on ( 1) and 
end-on (2) observations are possible. Note that the plasma extends in bath directions trom the 
surfatron. 

The plasma is observed with a spectrometer via an optica! glass fibre. This fibre is placed either 
on a rail (1) tor side-on observation (measuring radially through the plasma), or at the GS (2) tor 
end-on observation (measuring axially through the plasma). For the side-on observation (1 ), the 
fibre can be moved to different positions. The aim of measuring at different positions is to obtain 
spatial resolution. Therefore, a lens is used in this case. With the end-on observation (2) the fibre 
is fixed at one position. The objective of these measurements is to obtain data, averagedover the 
entire plasma. Therefore, no lens is used in this case. 

55 



The microwave power coupled into the plasma by the surfatron, travels along the tube-wall 
through the plasma in the torm of surface waves. Due to the design of the surfatron, these 
surface waves have a preterred propagation direction. In Figure 7.1 this direction is marked by a 
small arrow on the surfatron. lt will be reterred to as the launching-direction of the surfatron. In 
our situation the launching-direction is in the same direction as the gas-flow through the tube. 

7.2 Microwave Circuit 

Intheset-up at the TU/e, the plasma is created by the coupling of microwave power into a thin 
tube via a surfatron. The microwave power is generated by a magnetron, powered with a 300 W 
Muegge power supply. In the experiments, a power of about 25 W is used. Because of this low 
power level coaxial cables can be used, which is easier than using waveguides. The part of the 
setup trom the magnetron up to the surfatron is schematically shown in Figure 7.2. 

magnetron circulator 

signal amplitication 
and readout 

triple stub tuner 
I 

co~ial cables \ ~coaxial cabl/ 

bidirectional coupler 

Figure 7.2: the microwave circuit of theset-upat the Eindhoven University of Technology 

The microwave power generated by the magnetron tirst passes through a circulator. The 
circulator prevents retlected power trom re-entering the magnetron, to avoid damage to it. The 
circulator achieves this by redirecting the retlected power into a water-load. After the circulator the 
power passes a bidirectional coupler, which makes it possible to maasure the transmitted and 
retlected power. Betore the microwave power reaches the surfatron, it passes a triple stub tuner, 
which is used to minimize the total retlected power and thus to maximize the power coupled into 
the plasma. 

7.3 Diagnostics 

Figure 7.1 shows that an optical glass tibre guides the light trom the plasma to the spectrometer. 
The end of this tibre is positioned in front of the entrance slit. As stated betore, in case of side-on 
observation, the light passes through a lens betore entering the tibre, so axial resolution can be 
obtained. The end-on observations are done without a lens. These give averaged intormation. 

The spectrometer used at the TU/e (BM 1 00) has a better resolving power than the one used at 
Draka Comteq Fibre. This is due to a longer optical path: one meter instead of 300 mm. The 
spectrometer has only one grating, with a density of 1200 lines per mm. This results in a linear 
dittraction of about 2.4 mm/nm at an angle of incidence of 60 °, according to Equation (5.1 ). The 
CCD-chip has a resolution of 1 024 x 1 024 pixels and the pixels have a width of 7 1-fm. Th is results 
in a resolution of about 3 pm/pixel. During the experiments, the CCD-chip is cooled to 5"C, to 
minimize dark current and thus to imprave the signal to noise ratio. 
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7.4 Calibration 

The quartz tube in which the plasma is created has an inner diameter of about 8 mm. Therefore, 
it is not possible to fit a calibration lamp into this tube. For the side-on measurements this causes 
no real problems. We can calibrate the set-up with a calibration lamp outside of the tube. For the 
end-on measurements, however, reflections on the inside of the tube give a substantial 
contribution to the measured signal. This means that it is not possible to perform a satisfying 
calibration tor these measurements. 

The used calibration lamp is the same tungsten ribbon lamp that was used tor the calibration of 
the commercial lamp (Section 5.4). lt is operated at a temperature of 1800 K, except tor the 
measurements at short wavelengths (shorter than 500 nm), tor which it is operated at 2100 K. As 
can beseen in Figure 7.7, the minimal distance trom the ribbon at which the optical fibre can be 
placed, is 7 cm. The side-on measurements, however, are done with the fibre at a distance of 4 
cm trom the tube. Therefore, the calibration is done in two steps. The first step is to calibrate the 
set-up tor all wavelengths (380 nm - 950 nm) with the fibre at a distance of 7 cm trom the ribbon. 
The second step consists of a series of measurements in which the distance between the fibre 
and the ribbon is varied. These measurements are performed at only one wavelength (640 nm). 
The results are extrapolated toa distance of 4 cm as shown in Figure 7.3. 
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Figure 7.3: output of the ribbon lamp at 640 nm as measured by the spectrascope versus the 
square of the distance between the ribbon and the fibre. The aim is to determine the signa/ at a 
distance of 4 cm trom the ribbon (marked by an x). 

From the second step a weight-factor can be derived, with which the results of the first step have 
to be multiplied to obtain the results that would have been measured at 4 cm trom the ribbon. In 
this calibration-procedure, ditterences in the absorption of light at different wavelengths by the air 
are neglected. 
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Now, the calibration factors can be calculated by combining these results tor the output of the 
ribbon lamp with the tabulated data [24]. The resulting calibration-factors tor the side-on 
measurements are shown in Figure 7.4. 
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Figure 7.4: Calibration factor versus wavelength tor the surfatron-set-up. The first five points 
are determined at a temperafure of 2100 K, the remaining points at 1800 K. The complicated 
nature of the unit along the vertical axis is explained in Section 7.4. 

To still be able to construct an ASDF tor the end-on measurements, it was attempted to performa 
calibration using a method similar to the one used tor the calibration of the side-on 
measurements. The results of the measurements showed, however, that this resulted in atomie 
state densities that were too high, due to the internal reflections inside the tube. Therefore, an 
extra calibration factor was introduced, by which the results were multiplied. Since the end-on 
measurements are expected to give averaged results tor the entire plasma, this factor is chosen 
in such a way that the atomie state densities at the highest excited states tor the end-on 
measurements are similar to the ones found tor the side-on measurements. 
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8. Results of the Measurements on the Surfatron-Piasma 

At the Eindhoven University of Technology (TU/e), argon-plasmas were created using the set-up 
containing the surfatron, which is described in Chapter 7. Measurements were performed on 
these plasmas at two different pressures, which were 5 mbar and 1 0 mbar. These measurements 
were performed both radially (side-on) and axially (end-on) as depicted in Figure 7.1. The results 
of these measurements are given in this chapter. 

The chapter is structured as follows. In Section 8.1, the side-on measurements are discussed and 
Section 8.2 deals with the end-on measurements. In both sections, the 5 mbar and 10 mbar 
plasmas are discussed separately. 

8.1 Side-on Measurements 

In the side-on measurements, the optie fibre is placed at various axial positions along the tube. 
These positions are given as the distance trom this position to the edge of the surfatron on the 
propagation side. Usually, the distance to the end of the plasma is used in this kind of 
measurements. In our experiments, however, the length of the plasma varied, meaning that the 
position of the end of the plasma varied as well. Therefore, it was not practical to use it as the 
reference point to define the positions. 

At each axial position ALI-measurements are performed on the transitions listed in Table 8.1 . 
These transitions are chosen to give a good spread in excitation energy. They are not the same 
transitionsas those examined on the resonator-plasma at Draka Comteq (Section 6.2). 

Table 8.1: Transitionsof Ar I, examined in the surfatron-plasma [3]. 

Transition Iq-lp Wavelength Wavelength Excitation Transition Statistica! 
(q-p) {observed) {Ritz) energy probability weight 

[nm] [nm] (E0 ) [eV) (A0 ") [s-1
] (go} 

5p-4s 2-2 415.8590 415.8591 14.5289126 1.40E+06 5 
5p-4s 3-2 420.0674 420.0675 14.4990527 9.67E+05 7 
5d-4p 2-1 518.7746 518.7746 15.2962923 1.38E+06 5 
7d-4p 4-3 522.1271 522.1270 15.4496521 8.80E+05 9 
5d-4p 1 -1 560.6733 560.6733 15.1177454 2.20E+06 3 
5d-4p 0-1 565.0704 565.0704 15.1005428 3.20E+06 1 
7s-4p 2-3 588.8584 588.8584 15.1806326 1.29E+06 5 
7s-4p 1-2 602.5150 602.5150 15.3594347 9.00E+05 3 
4d-4p 2-1 605.9372 605.9372 14.9526038 4.20E+05 5 
4d-4p 1 -1 687.1289 687.1289 14.7108972 2.78E+06 3 
6s-4p 2-3 703.0251 703.0251 14.8388101 2.67E+06 5 
4p-4s 0-1 750.3869 750.3868 13.479886 4.45E+07 1 
4p-4s 2-2 763.5106 763.5105 13.1717769 2.45E+07 5 
4p-4s 2-1 842.4648 842.4647 13.0948717 2.15E+07 5 
4p-4s 1 -1 852.1442 852.1441 13.2826382 1.39E+07 3 
4p-4s 1-2 912.2967 912.2967 12.9070145 1.89E+07 3 

The main reason tor choosing different transitions was the higher speetral resolution of the set-up 
tor the surfatron-plasma at the TU/e. This meant that transitions that were too close to each-other 
(in wavelength) tor the set-up at Draka Comteq could be examined at the TU/e. A drawback of 
the higher resolution is that fewer transitions can be examined per CCD-frame. Therefore, it 
would require a lot of measurements to examine the same amount of lines as were examined tor 
the resonator plasma, while this would give little extra information. 
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Besides the ditterenee in resolution, the ditterenee in power also played a role. Same transitions 
that were examined tor the resonator-plasma (500 W) were too weak to be examined tor the 
surfatron-plasma (25 W). 

8.1.1 ALI-measurements 

5 mbar Argon-plasma 

In these measurements the pressure on the Pump Side (PS) was set at 5 mbar. The pressure on 
the other side of the plasma was slightly higher as can be seen in Table 8.2. 

The measurements were performed on two different days. Ouring the measurements, the length 
of the plasma slowly increased. On the first day the plasma started with a length of 41 cm and 
reached a final length of 46.5 cm. On the second day the plasma started with a length of 42 cm 
and reached a finallength of 47 cm. Afterwards, it was found that the set-up was not completely 
stable, which may have been part of the cause tor the increasing length. 

The gas-flow also differed slightly between the two days. On the first day the flow was found to be 
29.9 seem, while we measured 30.0 seem on the second day. An overview of the settings tor the 
individual measurements is given in Table 8.2. In this table, the measurements are given in 
chronological order. 

Table 8.2: OveNiew of the settings tor the individual measurements. The third column (length 1) 
gives the length of the plasma in the anti-propagation direction and the fourth column (length 2) 
in the propagation direction of the surfatron. Both are measured trom the edge of the surfatron 
at the "propagation-side". The sixth column (pressure 1) gives the pressure as measured on the 
Gas-Side (GS). The propagation direction of the surfatron is towards the Pump-Side (PS). 

Day position length 1 length 2 total length pressure 1 reflected power 
[cm] [cm] [cm] [cm] [mbar] [%f 

5 10.0 31.0-33.0 41.0-43.0 6.50-6.53 4.40-4.24 

1 10 10.0 33.0-34.0 43.0-44.0 6.52-6.53 4.16-4.24 
15 10.0 34.0-35.0 44.0-45.0 6.53 4.16-4.20 
20 10.0-10.5 35.0-36.0 45.0-46.5 6.53-6.54 4.18-4.28 
25 10.0 32.0-33.5 42.0-43.5 6.50-6.52 4.31 -4.29 

2 30 10.0-10.5 33.5-35.0 43.5-45.5 6.52-6.53 4.33-4.27 
-9 10.5 35.0-36.0 45.5-46.5 6.53 4.31 -4.29 

36.5 10.5 36.5 47 6.54 4.35-4.37 

As shown in Table 8.2 (length 2 versus length 1 ), the plasma extends more in the propagation 
direction of the surfatron, as can be expected. Therefore, most of the measurements are 
performed on this part of the plasma. The propagation direction of the surfatron is towards the 
Pump-Side (PS), as depicted in Figure 7.1. 

The resulting ASOF's were very similar to each other tor almast all the measurements on the 
"propagation-side". Only the one measured at the end of the plasma (36.5 cm) differed 
substantially. Therefore, not all ASOF's are shown in Figure 8.1 . 

In Figure 8.1 , the ground-state is shown as well. lt is calculated trom the pressure and an 
estimate of the temperature (500 K). Two exponential lines are used to fit each of the ASOF's. 
One is fitted through the lowest excited states (Eq < 14 eV) including the ground-state. The other 
one is fitted through the highest excited states (Eq > 14 eV). 
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Figure 8. 1: Reconstructed ASOF's of the 5 mbar surfatron-plasma at three axial positions in the 
plasma column. These positions are measured trom the propagation side of the surfatron. The 
tigure on the right shows an en largement of the selected area in the tigure on the left. 

As can be seen in Figure 8.1, the measurement at the end 
of the plasma (36.5 cm) gives much lower atomie state 
densities, as compared to the one at 20 cm trom the 
surfatron. Although we expect low ne values at the end of the 
plasma, these lower values may also be caused by the tact 
that the viewing angle of the fibre is not completely tilled at 
the end of the plasma as is schematically depicted in Figure 
8.2. 

Also, small variations in the length of the plasma can cause 
big variations in the measured intensity at the end of the 
plasma and thus in the calculated atomie state densities. 
This may be the souree of the spread in the density-values 
at the high excitation energies. However, this spread may 
also be due to the tact that the measured intensities are 
lower and, therefore, their signal to noise ratio is lower as 
well. As explained above, the atomie state densities 
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Figure 8.2: Situation tor the 
measurement at the end of the 
plasma-column. 
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determined tor the end of the plasma are probably not correct. Therefore, no further calculations 
are performed tor this axial position. 

At the "anti-propagation-side" (-9 cm) the determined state densities are lower as well. At this 
position, however, we are not yet at the end of the plasma, so the field of view is tilled completely. 
Therefore, there is no reason to assume that these densities are not correct. The ditterenee with 
the densities determined at 20 cm is a about a factor of 20 at the lower excitation energies 
(around 13 eV) and a factor of 5 at the higher excitation energies (around 15 eV). 

10 mbar Argon-plasma 

In these measurements the pressure on the PS was set at 10 mbar. The pressure on the GS was 
again slightly higher, as can be seen in Table 8.3. 

Since the ASOF's found tor the plasma at 5 mbar were very similar throughout the length of the 
plasma, the measurements tor the plasma at 1 0 mbar we re more focussed towards the end of the 
plasma. This is reflected in the positions at which the measurements were performed, as can be 
seen in Table 8.3. The other settings are given in this table as well. 
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The table shows that, overall, the length tor the 1 0 mbar plasma is shorter than tor the 5 mbar 
plasma. The table also shows that the length slowly increases again. Now, it starts with a length 
of 34.5 cm and increases in timetoa lengthof 40.5 cm. 

Table 8.3: Overview of the settings tor the individual measurements. The meanings of the 
quantities given in the columns are the sameasin Table 8.2. 

position length 1 length 2 total length pressure 1 reflected power 
[cm] [cm] [cm] [cm] [mbar] [%f 

5 7.5-8.0 27.0-28.5 34.5-36.5 1 0.44- 1 0.46 5.60-5.85 
20 8.0-9.0 28.5-29.5 36.5-38.5 10.46- 10.47 6.10-6.15 
25 9.0-9.5 29.5-30.0 38.5-39.5 10.47- 10.48 6.10-6.30 
28 9.5 30.0-30.5 39.5-40.0 10.47-10.48 6.25-6.50 
29 9.5 30.5-31.0 40.0-40.5 10.47- 10.48 6.35-6.50 

The resulting ASOF's are again very similar to each other, like they were tor the 5 mbar plasma 
on the propagation side of the surfatron. Figure 8.3 shows the ASDF determined trom the 
measurements at 5 cm. The ground-state density is again determined trom the pressure and an 
estimate of the gas-temperature (500 K) and two lines are again fitled through the lowest excited 
states (Eq < 14 eV) and the highest excited states (Eq > 14 eV), respectively. 
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Figure 8.3: Reconstructed ASDF of the 10 mbar surfatron-plasma, determined at 5 cm trom the 
surtatron. The tigure on the right shows an en largement of the selected area in the tigure on the Ie ft. 
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8.1.2 Exponential Fits 

From the ASOF's the excitation-temperature and electron-density are determined using the 
exponential fits methad described in Section 6.3. The results are shown as a tunetion of the axial 
position in Figures 8.4 and 8.6 tor the 5 mbar surfatron-plasma and in Figures 8.5 and 8. 7 tor the 
1 0 mbar surfatron-plasma. As the surfatron has a length of 4 cm, this means that the surfatron 
stretches trom -4 cm to 0 cm in these figures. In the figures this is represented by vertical lines at 
these positions. 
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Figure 8.4: Exeitation-temperature as a 
tunetion of the axial position at 5 mbar. 
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Figure 8.5: Exeitation-temperature as a 
tunetion of the axial position at 10 mbar. 
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Figure 8. 7: Eleetron-density as a tunetion of the 
distanee trom the surfatron at 10 mbar. 

Figures 8.4 and 8.6 show that bath the excitation-temperature and the electron-density show no 
large variations as long as only one side of the surfatron is considered. This is a logica! 
consequence of the tact that the ASOF's are similar. When camparing these values to the ones 
that were obtained at the other side of the surfatron (-9 cm), a big ditterenee can be seen. 

When camparing Figure 8.4 to Figure 8.6, it is shown that the excitation-temperature is slightly 
lower at a pressure of 1 0 mbar. The electron-density is also a bit lower at 1 0 mbar, as can be 
seen trom Figures 8.5 and 8.7. 
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8.1.3 Collisional Radiative Model 

Using the Collisional Radiative Model (CRM), the electron-temperatures and electron densities 
are determined. The results are given in Figures 8.8 and 8.1 0 tor the 5 mbar plasma and 
Figures 8.9 and 8.11 tor the 10 mbar plasma. 
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Figure 8.8: Electron-temperafure versus axial 
position, determined with the CRM tor the 
surfatron-plasma at 5 mbar. 
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Figure 8.10: Electron-density versus axial 
position, determined with the CRM tor the 
surfatron-plasma at 5 mbar. 
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Figure 8.9: Electron-temperafure versus axial 
position, determined with the CRM tor the 
surfatron-plasma at 10 mbar. 
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Figure 8. 11: Electron-density versus axial 
position, determined with the CRM tor the 
surfatron-plasma at 10 mbar. 
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Figures 8.8 and 8.9 show that the electron-temperatures found with the CRM are substantially 
higher than the excitation-temperatures found with the exponential fits method. The electron
densities (Figures 8.1 0 and 8.11) are comparable. 
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8.2 End-on Measurements 

In the end-on measurements, the same transitions are observed as in the side-on measurements 
(Table 8.1 ). No further calculations are pertormed on the ASOF's that are constructed trom these 
measurements, since no satisfying calibration was possible, as already explained in Section 7.4. 

8.2.1 ALI-measurements 

5 mbar Argon-plasma 

The end-on measurements on the surtatron-plasma at 5 mbar were pertormed in between two 
side-on measurement series. These were the ones at -9 cm and 36.5 cm, which are dealt with in 
the previous section. The settings tor the measurements were as follows. The length of the 
plasma increased during the measurement trom 46.5 cm to 47.0 cm. For the calculations of the 
absolute line intensities a constant length of 47 cm is used. The pressure at the PS was 
5.63 mbarand the pressure at the GS varied between 6.53 mbarand 6.54 mbar. The reflected 
power varied between 5.60 % and 5.85 %. 

The resulting ASDF is given in Figure 8.12. The ground-state density is again determined trom 
the pressure and an estimate of the gas-temperature (500 K). In this figure, the ASDF of the 
side-on measurement at 20 cm is plotted tor comparison. 
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Figure 8. 12: Reconstructed ASDF of the 5 mbar surfatron-plasma, determined trom the end-on 
measurement compared to the side-on measurement at 20 cm trom the surfatron. The tigure on 
the right shows an en largement of the selected area in the tigure on the Ie ft. 

Figure 8.12 shows that tor the lowest excited states (Eq < 14 eV), lower values tor the atomie 
state densities are found. Keep in mind that the state densities tor the higher excited states are 
about equal to the ones found in the side-on measurements due to the choice of the extra 
calibration factor, as explained inSection 7.4. 
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10 mbar Argon-plasma 

The end-on measurements on the surfatron-plasma at 1 0 mbar we re performed after the side-on 
measurements. The settings were as follows. The total length of the plasma was 40.5 cm. The 
pressures were 9.97 mbar before the plasma and 10.48 mbar after the plasma. The reflected 
power varied between 6.35 % and 6.45 %. 

The resulting ASDF is given in Figure 8.13. The ground-state density is again determined trom 
the pressure and an estimate of the gas-temperature (500 K). In this tigure the ASDF of the side
on measurement at 5 cm is plotled tor comparison. 
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Figure 8. 13: Reconstructed ASDF of the 10 mbar surfatron-plasma, determined trom the axially 
integrated maasurement compared to the side-on maasurement at 5 cm trom the surfatron. The 
tigure on the right shows an en largement of the selected area in the tigure on the Ie ft. 

Figure 8.13 shows results that are similar to those in Figure 8.12. Again the state-densities tor the 
lowest excited states (Eq < 14 eV) are lower tor the end-on measurements. 
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9. Discussion of the Results 

In this chapter, the results presenteel in Chapters 6 and 8 are discussed and related to each 
other. Same of the figures trom these chapters are reproduced here tor convenience. 
Gomparisans are made between the results found for: 

CW plasmaand pulsed plasma (resonator set-up); 
argon plasmaand oxygen plasma (resonator set-up); 
5 mbarand 10 mbar (surfatron set-up); 
resonator set-up and surfatron set-up. 

The chapter is structured as follows. In Section 9.1, some remarks are given that apply to all the 
plasmas under investigation. Section 9.2 deals with the results obtained on the resonator set-up, 
while Section 9.3 presents a discussion of the results obtained on the surfatron set-up. In 
Section 9.4, these results are compared to each other and in Section 9.5, an estimation of the 
accuracy of the results is given. 

9.1 General Remarks 

Assumptions 

In dealing with the results of the measurements, one has to keep in mind how these results are 
determined and whether the underlying assumptions are justified. 

For the ALI-measurements, the intensity of the light at various wavelengths is the quantity that is 
actually measured. The atomie state densities (17) are determined trom these intensities, 
assuming that the transitions in question are optically thin. The next step is to combine these '7-
values into an ASDF. From the ASDF an excitation-temperature (Tex). electron-temperature (Te) 
and electron-density (ne) are determined, assuming the presence of (partial) equilibria (Boltzmann 
equilibrium for Te and Saha equilibrium for the ne) or using a Collisional Radiative Model (CRM). 

Pulsed Plasmas 

The results of the time-integrated ALI-measurements on the pulsed plasmas, are treated as 
though the plasmas are not pulsed. lt is assumed that these measurements yield time-averaged 
results. This is certainly true tor the measured intensities. Whether it is also true tor the results 
derived trom these intensities ('1q· Tex. Te and ne) is questionable. This is stressed by the insight 
obtained by time-resolved measurements that show that the measured intensities show large 
temporal variations. 

9.2 Resonator Set-up 

At Draka Comteq, two PCVD lathes were used to perfarm the experiments, namely Lathe 92 and 
Lathe L. These set-ups were described in Chapter 5. On Lathe 92 a PCVD-plasma was 
generated, while on lathe L argon and oxygen plasmas were generated. 

This Section is structured as follows. In Subsection 9.2.1, the results trom the PCVD-plasma are 
discussed, while Subsection 9.2.2 deals with the results trom the argon-plasmas and Subsection 
9.2.3 deals with the results trom the oxygen-plasmas. In Subsection 9.2.4 the results trom the 
argon plasmas and oxygen plasmas are compared to each other. 
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9.2.1 PCVD-Piasma 

The measurements on the PCVD plasma were mainly meant as an introduetion to the procedure 
of ALI-measurements. Due to the many components in the plasma, the spectrum is complex. Still, 
an attempt is made to determine Tex. ne 
and no by constructing ASOF's tor the Table 9. 1: Summary of the results of the 
different atomie species in the plasma and measurements on the PCVD-plasma. 
using the exponential fits method. A 
summary of the results is given in Table 
9.1. In this table, two values tor n0 are 
given, namely the one determined trom 
the exponential fit trough the measured 
state densities, i.e. n0 (fit), and the one 
determined trom the ideal gas law, 
assuming 100 % dissociation, i.e. no (max). 

species 

silicon 
oxygen 

chloride 

Tex 
[eV] 

0.94 
0.36 
0.55 

ne no {fit) no {max) 
[m-3] [m-3] [m-3] 

2.4·1019 3.1-1015 2.6·1022 

1.9·1018 1.7·1027 1.4·1 023 

2.4·1020 4.3·1022 1.0·1 023 

The values found tor Tex tor the separate species in the plasma ditter considerably trom each 
other. lf the excited states in question were in Boltzmann equilibrium with the ground-state, the 
values found tor Tex would be equal to Te and, therefore, equal to each other. That this is not the 
case, indicates that the plasma is far trom equilibrium. 

The active zone of the PCVD-plasma loses ions through deposition on the wall and diffusion. 
Therefore, it is most probably an ionising plasma. This results in lower excited state densities tor 
the highest excited states. Therefore, the values found for Tex are lower than the actual Te. 

The ne-values, given in Table 9.1, are the contributions of the atomie components in the plasma 
to the total electron-density. Todetermine the actual ne-value, the contributions of all the species, 
including molecules, should be summed. Neglecting the contributions of molecular species, we 
found that ne = 2.6·1 020 m"3

. 

9.2.2 Argon Plasma 

On the resonator set-up, various power settings were used to generate both CW and pulsed 
argon plasmas. The gas-flow and the pressure were not varied. 

For the CW plasmas, the absorbed power was set to various levels. The same was done tor the 
pulsed plasmas. For the pulsed plasmas the pulse-frequency and duty-cycle were varied as well. 
The following standard conditions were used: a peak-power of 500 W, a pulse frequency of 2500 
Hz and a duty-cycle of 50%. 

In this subsection, the results of the measurements 
at all the different settings are discussed and 
compared to each other. 

Excitation Tempersture and Electron 
Tempersture at Various Absorbed Powers 

Figures 6.11 and 6.13 show a decreasing Tex and 
Te with increasing power. These quantities are 
determined trom the 17-values of the lower excited 
states, i.e. the states belonging to the 4p level (Eq < 
14 eV). These states have relatively high transition 
probabilities (Aqp) - This means that they have a 
relatively high probability of self-absorption. 
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Figure 6. 11 : Excitation-temperature tor the argon 
resonator-plasma, as determined trom the 
exponential fits. 
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The plasma length measurements (Appendix A) 
show that the length of the argon plasma increases 
substantially if the power is increased. This, 
combined with the relatively high probability of self
absorption tor the lower excited states, may be the 
cause of the decreasing temperatures. 

This is supported by what Figures 8.12 and 8.13 
show tor the surfatron plasma, namely, a relative 
decrease in the 17-values of the lowest excited states 
tor the end-on measurements, compared to the side
on measurements. 

Electron Density at Various Absorbed Powers 

Figure 6.14 shows an ne that is virtually constant with 
increasing power. This ne is mainly determined by the 
higher excited states (17"'), which have relatively low 
Aqp values. lt is also determined, however, by Te. 
This can be seen in Equation (4.13), given below, 
which is used to determine ne. Therefore, the actual 
ne may increase with increasing power. In any case, 
the total amount of tree electrons increases with 
increasing power, since it is determined by ne and the 
volume of the plasma, which increases with 
increasing power. 

(4.13) 

CW versus Pulsed 

Figures 6.11 to 6.14 show that the CW plasma and 
pulsed plasma give similar results at comparable 
(peak) powers tor Tex. Te and ne. lf we compare the 
lengths of the plasmas, however, we see that the CW 
plasmas are considerably longer (Appendix A) and, 
therefore, more sensitive tor self-absorption. This 
explains why the temperatures (Tex and Te) tor the 
pulsed plasma decrease less than those tor the CW 
plasma in Figures 6.11 and 6.13. 

Various Pulse-Frequencies 

lt is assumed that the plasma length only depends 
on the average power absorbed by the plasma. 
Since the measurements at various pulse
frequencies were all done at about the same average 
power, the plasma length is also about the sametor 
these measurements. Therefore, Tex and Te are 
determined only by the measured intensities of the 
lowest excited states and in the comparison we can 
discard the influence of self-absorption. 
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Figure 6.13: Electron-temperature versus 
absorbed peak-power tor the argon resonator
plasma as determined trom the CRM. 
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Figure 6.14: Electron-density versus absorbed 
peak-power tor the argon resonator-plasma as 
determined trom the CRM. 
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Figure 6. 17: Electron-temperafure versus pulse 
trequency tor the argon resonator-plasma as 
determined trom the CRM. 
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Figure 6. 18: Electron-density versus pulse 
frequency tor the argon resonator-plasma as 
determined trom the CRM. 
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Figures 6.15 and 6.17 show increasing Tex and Te with increasing pulse frequency. This can be 
explained by the jumps in intensity at the start and end of each pulse, shown in Figure 6.23. A 
higher pulse-frequency results in more jumps and thus a higher time-averaged value. This, in 
turn, translates into a higher value tor Tex and Te. 

Figure 6.18 shows a maximum in ne at about 5000 Hz. The differences, however, are only small. 

Various Duty-Cycles 

When changing the duty-cycle, the average 
absorbed power is also changed. This means that 
the plasma length changes as well. The minimum 
length, however, is assumed to be 22 cm (the 
length of the resonator). At duty-cycles under 40 % 
the length is at this minimum. Therefore, we expect 
only moderate changes in the plasma length when 
the duty-cycle is varied. 

Figures 6.19, 6.20 and 6.22 show that Tex. Te and ne 
increase with increasing duty-cycle. This is what 
can be expected, since increasing the duty-cycle 
means increasing the average power supplied to 
the plasma. From about 30 %, however, they 
remain virtually constant. Apparently, the pulse 
length is long enough at this duty-cycle tor the 
excited levels to reach a stabie level. 

Time-Resolved Measurements 

In the subsections above, the time-resolved 
measurements are mentioned to explain some of 
the effects that occurred. Now, we will try to explain 
why the intensity shows the behaviour shown in 
Figure 6.23 and why the behaviour is not the same 
tor all transitions. 
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Figure 6.21: Electron-temperafure versus duty
cycle tor the argon resonator-plasma as 
determined trom the CRM. 
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Figure 6.22: Electron-density versus duty-cycle 
tor the argon resonator-plasma as determined 
trom the CRM. 

The steep rise at the start of each pulse, indicates that atoms are brought into the excited states 
on a small time-scale. This causes an over-population of these states. Especially tor the lowest 
excited states this jump at switch-on is prominent, as can be seen in Figures 6.23 (f) and (i) which 
correspond to transitions trom 4p to 4s. For higher excited states, this overshoot is smaller or 
even absent, as can be seen in Figure 6.23 (b), tor example, which corresponds to a transition 
trom state Ss to 4p. 

Since Te is linked to the lowest excited states (Boltzmann) and ne is linked to the highest excited 
states (Saha), this implies that Te responds very rapidly to the power modulation, while ne 
responds more slowly. 

After the initial jump, the intensities slowly relax to a stabie level, which corresponds to reaching a 
steady-state condition. This processis slower, because the equilibrium state requires a lot of tree 
electrons. 

At the end of each pulse, the intensities corresponding to several of the transitions show another 
steep rise. Again, this indicates an overpopulation of the corresponding levels. At this time, the 
levels are tilled by ions returning to excited states. Therefore, this effect is more prominent tor the 
higher excited states. 
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After this jump, again, a slow relaxation can be seen, which corresponds to reaching a new 
steady-state, in which there is no plasma. 

Comparison of the Reference Measurements 

On the pulsed plasmas, three measurement series were performed, in which, respectively, the 
peak-power, the pulse-frequency and the duty-cycle were varied. In each of these series a 
measurement was performed at the 
following standard settings: peak-power == 
500 W, pulse-frequency = 2500 Hz and 
duty-cycle = 50 %. Since the power could 
only be determined accurately after the 
measurement, the power levels could not 
accurately be set at 500 W. In Table 9.2, 
the values determined for Te and ne in 
these reference measurements are given. 

Table 9.2: Results tor the measurements at the 
standard settings tor the pulsed argon-plasma. 

Series Peak-power Te ne 
[Vil] [eV] [1019 m·1 

var. power 486.6 0.962 3.79 
var. frequency 486.2 0.959 3.92 
var. duty-cycle 478.3 0.939 3.49 

The table shows similar values for Te (within about 3 %) and ne (within about 10 %). This means 
that the repeatability of the measurements is very good. 

9.2.3 Oxygen Plasma 

For the oxygen plasma in the resonator set-up, more or less the same variations in plasma 
settings were made as for the argon plasma. However, for all the measurements the power levels 
were considerably higher. The standard power was 1200 W (Argon: 500 W). The standard 
settings for the pulsed plasmas were a pulse-frequency of 500 Hz (Argon: 2500 Hz) and a duty
cycle of 50 %. 

For oxygen there was no CRM available. Therefore, no Te could be determined. The exponential 
fits method is used to determine Tex and ne. For the argon plasma, Te was about 50 % higher than 
Tex· Therefore, it is likely that Te tor the oxygen plasmas is also higher than Tex. but we can not 
predict how much higher. This also means that ne determined using Tex is probably too low. 
However, the behaviour (for example as tunetion of the pulse-frequency) will probably be correct. 

The ground-state density of atomie oxygen could not be determined, because the degree of 
dissociation of the molecular oxygen is unknown. Therefore, Tex is determined from the slope of 
the ASDF without a ground-state. This means that it is determined by the ratio of the 11-values of 
the lowest and highest excited states. For the argon-plasma, Tex was determined by the ratio of 
the ground-state density and the 11-values of the lowest excited states. 

The oxygen plasma was considerably shorter than 
the argon plasma, as can be seen in Appendix A. 
Therefore, the effect of self-absorption will be far 
less. 

Excitation Temperature at Various Absorbed 
Powers 

Figure 6.27 shows that a similar value was found tor 
Tex at all the power settings. Apparently, the '1 -
values of the lowest and highest excited states 
increase by about the same amount if the power is 
increased. 
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Figure 6.27: Excitation-temperature versus 
absorbed peak-power. 
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Electron Density at Various Absorbed Powers 

Figure 6.28.a shows that ne increases with 
increasing power tor both the CW plasma and the 
pulsed plasma. As we already stated, the absolute 
values tor ne are probably too low. The relative 
behaviour, however, is probably correct and the 
behaviour that is found here corresponds to what 
can be expected, namely that providing more power 
to a plasma results in more tree electrons. 

CW versus Pulsed 

For Tex. the values found tor the CW plasma and 
pulsed plasma are close to each other at the power 
levels investigated. This means that ne determined 
trom Tex is mainly determined by the higher excited 
states (17oo). 

Figure 6.28.a shows that ne found tor the pulsed 
plasma is considerably lower than tor the CW 
plasma, at comparable peak-power. Figure 6.28.b 
shows that if the peak-power is replaced by the 
average power the results tor ne are on a single 
straight line. Apparently, ne is mainly determined by 
the average absorbed power tor the oxygen plasma. 
This can be explained by the tact that a stabie level 
is not reached by the atomie states during the 
plasma-on time, as can be seen in the results of the 
time-resolved measurements (Figure 6.33). 

Various Pulse-Frequencies 

Figure 6.29 shows that the results tor Tex are 
relatively close together tor all frequencies. 

Figure 6.30 shows that ne decreases with increasing 
frequency. This can also be explained by the tact 
that a stabie level is not reached by the atomie 
states during the plasma-on time. Therefore, 
increasing the pulse-length (decreasing the pulse
frequency) will increase the average intensities and 
thus increase the value tor ne derived trom these 
intensities. 

Various Duty-Cycles 
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Figure 6.28: Electron-density versus 
a) absorbed peak-power, 
b) absorbed average power. 
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Figure 6.29: Excitation-temperature versus 
pulse-frequency for the oxygen resonator
plasma. 

0.6 ~----------------, 

0.5 t-~~ ... --... ~=-----o------ --1 
~ 0.4 +--------'---. _ ~~=--...._--------1 
; 0.3 +----------------1 

-:: 0.2 +----------------1 

" 0.1 +----------------1 

0 +----~---~-------1 

100 1000 10000 100000 

pulse-frequency [Hz) 

Figure 6.30: Electron-density versus pulse
frequency for the oxygen resonator-plasma. 

Figure 6.31 shows that Tex decreases with increasing duty-cycle. This means that the 17-value of 
the highest excited states increases relatively less than 17-value of the lowest excited states when 
the duty-cycle is increased. 
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Figure 6.32 shows that ne increases with increasing 
duty-cycle. This is what can be expected, since 
providing more power to the plasma will result in 
more ionisation processes and consequently a 
higher ne. 

Time-Resolved Measurements 

For the oxygen plasma, we were able to detect the 
temporal behaviour of two transitions. Bath are 
transitions trom a 3p state to a 3s state. This 
means they only provide direct information tor the 
lower excited states. 

Figure 6.33 shows a steep rise of the intensities at 
the start of each pulse, after which the slope 
becomes less steep tor the remainder of the pulse. 
This slow rise of the intensity is probably due to the 
tact that oxygen is a molecular species. Therefore, 
the amount of atomie oxygen at the start of each 
pulse is limited and has to be increased by 
dissociation reactions. 

At the end of each pulse, the intensities drop to the 
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Figure 6.31: Excitation-temperature versus duty
cycle tor the oxygen resonator-plasma. 
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Figure 6.32: Electron-density versus duty-cycle 
tor the oxygen resonator-plasma. 

zero level in a very short time. This can also be explained by the molecular nature of oxygen, 
because of which the excited states are not only lost through de-excitation and dittusion, but also 
through recombination and association. 

Comparison of the Reference-Measurements 

Just like tor the pulsed argon-plasmas, reference measurements were performed at standard 
settings. For the pulsed oxygen-plasmas these settings were: peak-power == 1800 W, pulse
frequency = 500 Hz and duty-cycle = 50 %. In Table 9.3, the values determined tor Tex and ne at 
these settings are given. 

The table shows similar values tor Tex 
(within about 1 %) and ne (within about 20 
%). This indicates that the repeatability of 
the measurements is not as good as it 
was tor the argon-plasma, but it is still 
acceptable. 

9.2.4 Argon versus Oxygen 

Table 9.3: Results tor the measurements at the 
standard settings tor the pulsed oxygen-plasma. 

Series Peak-power Tex ne 
rWI [eV] [1019 m·31 

var. power 1800 0.547 0.528 
var. frequency 1942 0.551 0.520 
var. duty-cycle 1842 0.545 0.418 
var. duty-cycle 1783 0.551 0.482 

The following ditterences were found between the argon plasma and oxygen plasma: 

The argon plasma is much langer. 
For argon, ne is mainly determined by the peak-power, while tor oxygen it is mainly 
determined by the average power. 
The atomie state densities in the argon plasma show a quicker response to power 
modulation. 

These ditterences can be accounted tothetact that oxygen is a molecular species, while argon is 
an atomie species. Because of this, a large part of the power provided to the plasma will go into 
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vibrational and rotational excitations and dissociation reactions. This leaves less power tor the 
ionisation reactions, which results in a lower value tor ne and thus a shorter plasma. 

Another consequence of the molecular nature of (an) oxygen(-plasma) is that dissociation is 
required befare any excited atomie states can be detected. This explains the slower response to 
the power modulation. 

9.3 Surfatron Set-up 

At the Eindhoven Univarsity of Technology (TU/e) a surfatron set-up was used to perfarm the 
experiments. The set-up is described in Chapter 7. Unfortunately, as was mentioned in Section 
8.1, the plasmas created in this set-up were nat completely stable, which was manifested in an 
increasing length of the plasmas during the experiments. 

With the surfatron set-up, argon plasmas we re created at two pressure settings, 5 mbar and 1 0 
mbar, respectively. On these plasmas bath side-on and end-on measurements were performed. 
The side-on measurements were performed at various axial positions. 

This section is structured as follows. In Subsectien 9.3.1 the results of the side-on measurements 
are discussed tor the plasmas at bath pressures, while Subsectien 9.3.2 deals with the end-on 
measurements. 

9.3.1 Side-on Measurements 

The results treated in this subsectien were given in Section 8.1. Only the results tor Te and ne will 
be discussed. 

Electron-Temperature 

Figure 8.8 shows that the value found tor Te at 5 
mbar is similar at each axial position, as long as 
only one side of the surfatron is concerned. On the 
launching-side of the surfatron, Te is about 0.3 eV 
higher than on the other side. As mentioned in 
Section 8. 1 , this is probably due to the preterred 
propagation direction of the microwaves, which 
means that more power is coupled into the plasma 
on the launching-side. 

At 10 mbar, the measurements are all performed on 
the launching-side of the surfatron. These yield 
similar values tor Te at all axial positions, as can be 
seen in Figure 8.9. 

The Te-value found at 5 mbar is about 0.15 eV 
higher than at 10 mbar. 

Electron-Density 

Figure 8.1 0 shows that tor ne at 5 mbar the results 
are also similar tor each axial position as long as 
only one side of the surfatron is concerned. The 
ditterenee in ne between the two sides is about a 
factor of 1 0. Again, this is probably due to the 
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Figure 8.8: Electron-temperafure versus axial 
position, determined with the CRM tor the 
surfairon-plasma at 5 mbar 
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preterred propagation direction of the microwaves. 
Of course the lower Te also plays a role. 

At 1 0 mbar, ne seems to drop a bit towards the edge 
of the plasma, as shown in Figure 8.11 . This is what 
one may expect tor a plasma-column sustained by a 
surface wave. However, the ditterences are only 
small and at 5 cm trom the surfatron a similar value 
is found. 

The ne-value found at 5 mbar is about 1.5 times as 
high as the one found at 1 0 mbar. 

9.3.2 End-on Measurements 

As explained in Section 7.4, it was not possible to 
perform a satisfying calibration tor the end-on 
measurements. The end-on measurements are 
supposed to give averaged results tor the entire 
plasma. Therefore an extra calibration factor was 
introduced to give atomie state densities ('lq) tor the 
higher excited states that are similar to the ones 
found in the side-on measurements. By doing this, 
the results of the end-on measurements should 
produce ASOF's that are similar to the ones found 
tor the side-on measurements. 
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Figure 8.10: Electron-density versus axia/ 
position, determined with the CRM tor the 
surfatron-plasma at 5 mbar 
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Figure 8. 11 : Electron-density versus axia/ 
position, determined with the CRM tor the 
surfatron-plasma at 10 mbar 
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The ASOF's found tor the end-on measurements, however, show that 'lq at the lower excited 
states appears to be too low, as can be seen in Figures 8.12 and 8.13. This is probably due to an 
increased self-absorption of the photons emitted by the transitions trom which 1'/q is determined. 
This is because in the end-on measurements we are measuring through the entire length of the 
plasma, which causes the probability of self-absorption to be much higher than in the side-on 
measurements. 

9.4 Resonator versus Surfatron 

In this section, the measurements on the two set-ups are compared to each other. Only the 
argon-plasmas will be considered, since on the surfatron set-up only argon-plasmas were 
examined. 

This section is structured as follows. In Subsection 9.4.1, the main ditterences between the set
ups are listed and in Subsection 9.4.2 the results are compared toeach other. 

9.4.1 Main Differences between the Resonator Set-up and Surfatron Set-up 

The main ditterences between the resonator set-up and surfatron set-up are listed below. 

Power Coupling Device 

An obvious ditterenee between the two set-ups is the power coupling device. In the resonator set
up a resonator is used, which is meant to create a local plasma. Oue to the high powers that were 
used, this plasma expands over a considerable length. On the surfatron set-up a surfatron is 
used, which launches the microwaves along the inner surface of a tube. In this way a surface 
wave sustained plasma-column is created. 

75 



Power Level 

A consequence of the different power coupling devices are the power levels at which they can be 
operated. For the resonator this level is much higher. In the experiments on the resonator set-up, 
a typical power level of 500 W is used. On the surfatron set-up, a power level of about 25 W is 
used. 

Tube Diameter 

In both set-ups, the plasmas are created inside a quartz tube. These tubes, however, differ 
substantially in diameter. The tube used in the resonator set-up has an inner diameter of a tew 
centimetres, while the tube in the surfatron set-up has an inner diameter of less than one 
centimetre. 

Pressure level 

This difference is not determined by the set-ups, but by the conditions at which the plasmas were 
created. For the resonator set-up a pressure of 15 mbar was used, while tor the surfatron 
pressures of 5 mbar and 10 mbar were used. Lower pressures result in longer plasmas. Si nee we 
preterred short plasmas on the resonator set-up, the pressure tor this set-up was set as high as 
possible. 

9.4.2 Comparison of the Results 

For the resonator set-up, the results are given tor the 500 W CW argon-plasma. For the surfatron, 
they are given tor the center of the plasma-column at both 5 mbar and 10 mbar. Si nee the 
pressure and power settings were different tor the two set-ups, one should not expect the results 
to be similar. 

Electron Tempersture 

The values determined tor Te are listed in Table 
9.4. They show that tor the resonator set-up the 
lowest value is found. The main cause tor this 
lower Te-value is probably the larger diameter of 
the tube in the resonator set-up. The effect of self
absorption on the measurements on the resonator 
set-up may also play a role. 

Electron Density 

The values determined tor ne are listed in 
Table 9.5. They show that tor the resonator 
set-up the highest value is found, which can 
be expected, because ne is mainly determined 
by the power density, which is higher in this 
plasma. 

9.5 Accuracy of the Results 

Table 9.4: Electron-temperature (Te) 
determined on the resonator set-up and 
surfatron set-up. 

Set-up Power Pressure Te 
Surfatron 25W 5 mbar 1.15 eV 
Surfatron 25W 10 mbar 1.00 eV 
Resonator 500W 15 mbar 0.98 eV 

Table 9.5: Electron-density (ne) determined on 
the resonator set-up and surfatron set-up. 

Set-up Power Pressure ne 
Surfatron 25W 5 mbar 2.7·1019 m·3 

Surfatron 25W 10 mbar 1.8·10 1~m-3 

Resonator 500W 15 mbar 4.0·1019 m·3 

There are two indicators tor the accuracy of the results. The first one is a theoretica! error 
analysis. This is given in Appendix 8, tor the argon resonator plasma. The second one is the 
comparison of the raferenee measurements, given in Subsections 9.2.2 and 9.2.3. 
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The error analysis shows that the error of the determined state-densities is about 75 %. This 
means that the order of magnitude is correct. The same is true for the determined values for ne. 
tor which an error of about 50 % is found. For Tex and Te the results are more accurate. For these, 
an error of about 10 %is found. 

These errors are all determined for the absolute values. When comparing the results of multiple 
measurements on the same set-up, the relative error is much smaller than this. This is shown by 
the comparison of the reference measurements. This means that the effects of the different 
puise-parameters on the plasmas are accurate, even if these effects are smaller than the 
absolute errors. 
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1 0. Conclusions and Recommendations 

The objective of this work is to get insight in the effect of the power modulation of the microwave 
induced plasma used tor Plasma-enhaced Chemica! Vapour Deposition (PCVD) at Draka Comteq 
Fibre. To that aim we used a spectroscopie method, namely Absolute Line lntensity (All) 
measurements, to study various plasmas in a PCVD-Iathe (resonator set-up) at Draka Comteq 
Fibre. Also, some measurements were doneon a surfatron set-up at the University of Technology 
Eindhoven (TU/e). 

This chapter gives the conclusions and recommendations tor future research and is structured as 
follows. In Section 1 0.1, the conclusions of the measurements are given. Section 1 0.2 deals with 
possible effects of pulsing tor the PCVD plasma. In Section 1 0.3, we provide recommendations 
tor future research on the subject. 

10.1 Conclusions 

The major conclusions that can be drawn trom this research can be divided into the following 
categories: 

method; 
results; 
effects of pulsing. 

They are presented per category. Each conclusion is foliowed by a short description. 

Method 

Successful ALI-Measurements on a Mixed Component Plasma: 
Even though the PCVD plasma is a complex plasma, containing multiple species, it is 
possible to reconstruct Atomie State Density Functions (ASDF's) tor the different atomie 
species. 

The Exponential Fits Methad gives reasanabie estimations: 
The exponential fits methad is a relatively simple methad that can be used to calculate the 
excitation-temperature (which gives an estimation of the electron-temperature) and the 
electron-density trom ALI-measurements. As shown tor argon, the results found are within 
a factor of 2 of the results found with a more complex methad using a collisional radiative 
model. 

Self-absorption: 
Due to the length of the plasma-column, some transitions showed non-negligible self
absorption. This was especially the case tor transitions with high transition probabilities. 

Good reproducibility: 
A comparison of several measurements at the same settings showed that the results are 
reproducible within 1 0 %. 

Results 

The electron-temperature is about 0.9 eV tor an argon-plasma in the resonator set-up: 
At all the settings that were investigated, the electron-temperature tor the argon-plasmas 
was about 0.9 eV. This electron-temperature is mainly determined by the dimensions of the 
set-up. 
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The electron-density is of the order of 1019 m·3: 

The value found tor the electron-density is mainly determined b~ the power-density in the 
plasma. At the power levels investigated, it is of the order of 10 9 m·3• lf the power level is 
increased, however, the lengthof the plasma increases as well, which means that the total 
amount of tree electrans increases if the electron-density is comparable. 

Effects of Pulsing 

Pulse-freguency has a smal! influence on the electron-density: 
Changing the pulse-frequency changes the (time-averaged) electron-density by a tew 
percent, both tor the argon-plasma and oxygen-plasma. 

The electron-densitv in the argon-plasma is determined by the peak-power: 
The electron-densities found in argon-plasmas powered by CW-power and pulsed power 
are about equal to each-other if the peak-power of the pulsed plasma equals the CW
power. 

The electron-density in the oxygen-plasma is determined by the time-averaged power: 
The electron-densities tound in oxygen-plasmas powered by CW-power and pulsed power 
areabout equal toeach-other if the time-averaged power of the pulsed plasma equals the 
CW-power. 

The atomie state densities in an argon-plasma respond guickly to the on-switch of the pulsed 
power and slower to the off-switch: 

After the on-switch of the pulsed power, the atomie state densities rise steeply, after which 
they settie to a steady-state value (plasma on). After the off-switch they drop slowly to a 
new steady-state value (plasma ott). 

The atomie state densities in an oxyqen-plasma respond slower to the on-switch of the pulsed 
power and guickly to the ott-switch: 

After the on-switch of the pulsed power, the atomie state densities rise slowly toward a 
steady-state value (plasma on). After the off-switch they drop quickly toa new steady-state 
value (plasma off). 

1 0.2 Predictions for the PCVD Process 

A CW plasma is controlled by adjusting three main parameters: gas-flow, pressure and power 
level. Using a pulsed plasma provides extra control parameters: duty-cycle and pulse-frequency. 
By adjusting these parameters, the properties of the plasma are changed. As shown in literature, 
this may lead to higher deposition rates or less heat production tor the PCVD-plasma. 

The PCVD-plasma consists mainly of oxygen. Theretore, the PCVD-plasma will probably behave 
more like an oxygen-plasma than an argon-plasma. For the oxygen-plasma, it was found that the 
time-averaged electron-density depends on the average power provided to the plasma. This 
means that using a pulsed plasma does not reduce the power required to reach a certain 
electron-density level. 

For the deposition of silicon-dioxide, however, it is the amount of atomie oxygen in the plasma 
that determines the deposition-rate. The results of the time-resolved measurements on oxygen 
show that the atomie state densities rise steeply during the first tew microseconds of a pulse. 
Therefore, it should be possible to improve the deposition-rate by using the same average power 
in a pulsed plasma. 
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1 0.3 Recommendations 

In this section some recommendations are given for future research on the PCVD plasma. 

Side-on Measurements on Resonator Set-up 

Since the end-on measurements resulted in self-absorption for some transitions it is 
recommended to perform side-on measurements. These measurements can provide local data 
and may give an indication of how severe the effect of the self-absorption is in the end-on 
measurements. 

To be able to perform side-on measurements on the resonator set-up, the set-up has to be 
adjusted further. The simplest method may be to make few windows in the side of the furnace, 
through which the plasma can be observed. By keeping these windows smal! enough, the 
problem of radiation leakage trough these windows can be kept within safe limits. 

Gas Tempersture Measurements 

Totest whether the use of a pulsed plasma results in a lower gas temperature, this temperature 
should be measured. This could be done spectroscopically, by studying rotational states of the 
molecules inside the plasma. This would give an estimation for the gas temperature inside the 
plasma. lt could also be done by measuring the temperature of the gas that is pumped out of the 
substrate tube using simple temperature sensors. This would not immediately give the gas 
temperature inside the plasma, but it would show whether a pulsed plasma results in a lower 
temperature. 

Deposition using Pulsed Plasma 

The aim of this research is to give predictions for the effect of a pulsed plasma on the PCVD 
process. Actually using a pulsed plasma for the PCVD plasma would, off course, test these 
predictions and show haw the quality of the deposited material is affected by pulsing. 
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Appendix A. Plasma Length Measurements 

For the calibration of the resonator set-up at Draka, the length of the plasma had to be measured. 
This was done tor both argon and oxygen plasmas at various power settings, both CW and 
pulsed. In this appendix, these measurements are described. 

substrate tube resonator 
A.1 The Set-up 

plasma 1 plasma 2 

The plasma length measurements are 
performed on Lathe L, which is 
described in Chapter 5. To be able to 
measure the length of the plasma, the 
turnace had to be removed. This 
means, however, that there is no 
shielding against microwave radiation 
escaping trom the plasma. Therefore, a 
"cage" was placed around the 
resonator. A graphical representation of 

Figure A. 1: 11/ustration of the set-up and the "double 
plasma" that occurred during the plasma length 
measurements. 

this cage is shown in Figure A.1. This reduced the radiation leakage, 
although not as much as the turnace did. Therefore, the power could 
not be increased as high as was done in the ALI-measurements, 
described in Chapter 6. 

When the plasma was not visible outside of the resonator, it was 
assumed that it tilled the resonator completely. The resonator that was 
used had a length of 22 cm. Therefore, a length of 22 cm is then 
assumed tor the plasma. 

A.2 Argon 

For the argon plasma, six measurements were performed with CW 
power and also six measurements were performed with pulsed power. 
The power settings of these measurements are given in Table A.1. The 
results of the plasma length measurements are shown in Figure A.2. 
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Table A. 1: Power 
levels used tor 
argon. For pulsed 
plasmas peak
powers are given. 

type power fWl 

cw 458 
cw 518 
cw 543 
cw 583 
cw 852 
cw 1146 

pulsed 371 
pulsed 479 
pulsed 591 
pulsed 597 
pulsed 828 
pulsed 980 

___. 

~ 
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absorbed power [W] absorbed peak-power [W] 

Figure A.2: Results of the plasma length measurements on argon, tor both the CW plasma (a) 
and the pulsed plasma (b). 
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Figure A.2 shows that the plasma lengths show a jump at a certain power level (543 W tor the 
CW plasma and 299 W tor the pulsed plasma). At these power levels, two separate plasmas 
could be seen. This is schematically depicted in Figure A.1. lf the power was increased trom this 
level, the plasmas merged. lf the power was reduced, "plasma 2" disappeared. 

A.3 Oxygen 

For the oxygen plasma, again CW and pulsed powers were used. With the 
pulsed power, however, the length of the plasma did nat exceed that of the 
resonator at any power level (up to about 2000 W). With CW power, the 
length was measured at 4 power levels. These are given in Table A.2. The 
results of the plasma length measurements are given in Figure A.3. 

Table A.2: CW 
Power levels 
used tor oxygen. 

power [W] 
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Figure A.3: Results of the plasma length 
measurements on the CW oxygen plasma. 
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With oxygen, no "double plasma" was 
observed. Therefore, Figure A.3 shows no 
jump. The power levels investigated tor the 
oxygen plasma are much higher than those 
tor the argon plasma. The length of the 
oxygen plasma, however, is much shorter. 
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Appendix 8. Error Analysis 

In this appendix, an estimation is given tor the errors in the results of our measurements. The 
analysis is worked out tor the case of the argon plasma at Draka Comteq Fibre. lt is assumed that 
the errors in the other results are comparable. 

8.1 Atomie State Densities 

The atomie state densities are determined trom the measured line intensities using Equation 
(4.7): 

1 ).~ L ' (4.7) 

Since this equation consists of only multiplications and divisions, the relative error of the atomie 
state density is given by the summation of the relative errors of the components of the equation 
(25]: 

(8.1) 

So, in order to determine the relative error of the atomie state density, one has to determine the 
relative errors of these components. 

The errors in gq and Epq are negligible, since these are purely theoretica! values. The transition 
probabilities (Apq) are determined trom experiments, but they are not very accurate. We estimate 
a relative error of 50 % tor Apq· The error in lpq is determined by the measurement and the 
calibration. We estimate a relative error of 5 % tor the measurement and 15 % tor the calibration, 
which results in a total error of 20 % tor lpq· The error in L is determined by the plasma length 
measurements. lt is estimated at 5%. This results in a total relative error of 75% tor 1'/q· 

Of this error of 75 %, the major part is contributed by the estimated error in Apq· In each 
measurement series, however, the same values tor Apq are used. This means that if a certain 
value tor Apq is too high, this results in a higher atomie state density in all the measurement 
series. The same can be said tor the contribution of the calibration. Therefore the relative error of 
75 % is true tor the absolute values of the atomie state densities, but not tor the relative behaviour 
of the atomie state densities between various measurement series. The relative error tor this 
relative behaviour is about 1 0 % and is determined only by the measurements. 

8.2 Exponential Fits Method 

The exponential fits method gives values tor the excitation-temperature (Tex) and the electron 
density (ne)· For the determination of ne, it is assumed that the electron-temperature (Te) equals 
Tex· For the determination of the error in ne. this assumption is also made. 

Excitation Temperature 

The excitation temperature (Tex) is determined trom Equation (2.5) : 

(2.5) 
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lf we eonsider only one exeited state, this ean be rewritten as: 

E 
(8.2) 

ln('lo)-ln('l q) 

where Te is replaeed by Tex and state p is replaeed by the ground-state. Now, the relative error 
ean be found by taking partial derivatives to both 'lo and 'lq· whieh results in: 

J('lo)+O(Il9) 

ln('lo)-ln('l q) 
(8.3) 

The relative error tor the atomie state density of the exeited state is 75 %, as determined above. 
The ground-state density is determined trom the ideal gas law, whieh means that the relative 
error is given by the summation of the relative errors in the pressure and gas-temperature. The 
relative error in the pressure is estimated at 1 0 %, mainly due to the pressure ditterenee between 
the two sides of the plasma. The relative error in the gas-temperature is estimated at 50 %, sinee 
the temperature used was a rough estimate. This results in a relative error in the ground-state 
density of 60 %. 

Typieal values tor the state densities are: 'lo = 1023 m-3 and 'lq = 1015 m-3. Using these values 
and the relative errors given above, results in a relative error tor T ex of about 8 %. 

Electron Density 

Todetermine ne, Equation (4.13) is used: 

h2 
---- r3/2 

21tmekBTe 
(4.13) 

This means that the relative error in ne ean be found by taking partial derivatives to Te and ""'' 
whieh results in: 

(8.4) 

The relative error in Te is 8 %, as determined above (assuming Te= Tex) · The relative error in 'loo 
is higher than the relative error in the state densities determined trom the measured intensities, 
si nee ""' is determined by extrapolation. We estimate a relative error of 100 %. This results in a 
relative error tor ne of about 50 %. 

8.3 Collisional Radiative Model 

The Collisional Radiative Model (CRM) gives a value tor Te with an aeeuraey of about 10 % [22] . 
The value tor ne is again determined using Equation (4.13). This means that the relative error in ne 
is determined by Equation (8.4), whieh results in a relative error of about 50 %. 
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Appendix C. Atomie Lines in the PCVD-plasma 

The PCVD-plasma consists of the following atomie species: Si, 0 and Cl. In Table C.1, the 
detected lines of these species are listed. Many of these lines contain contributions of multiple 
transitions. In the table, only wavelengths and species are given. For further data on these 
transitions, one may refer to [3]. 

From Table C.1 it may appear that many more transitions could have been used tor the 
construction of the ASDF's. Many of the transitions listed, however, overlap, which makesthem 
unsuitable tor ALI-measurements. 

Table C.t: Atomie lines in the PCVD-plasma [3]. 

measured NISTobs. NIST Ritz species measured NISTobs. NIST Ritz species 
[nm] [nm] [nm] [nml [nml [nml 

189.7 190.07 Si 447.3 447.53 447.5304 Cll 
212.2 212.412 Si 452.4 452.619 452.6182 Cll 
220.6 220.798 220.7978 Si 459.8 460.098 460.0977 Cll 
220.9 221.089 221 .0892 Si 462.2 462.3938 462.3938 Cll 
221.5 221.667 221.6669 Si 465.1 465.404 465.4041 Cll 
243.3 243.515 Si 465.9 466.1208 466.1208 Cll 
250.5 250.69 250.6897 Si 468.9 469.1523 469.1523 Cll 
251.4 251.6113 251.6112 Si 471.9 472.1255 472.1255 Cll 
251.7 251.9202 251.9202 Si 473.9 474.0729 474.0729 Cll 
252.2 252.4108 252.4108 Si 481.7 481.947 481 .948 Clll 
252.6 252.8509 252.8508 Si 509.8 509.9789 509.9789 Cl 
253.0 253.2381 Si 529.8887 0 
262.9 263.1282 Si 529.9044 0 
287.9 288.1579 288.1578 Si 529.9088 0 
298.5 298.7645 298.7643 Si 532.91 532.9096 0 
383.4 383.5855 383.5861 0 532.91 532.9099 0 
390.3 390.5523 390.5523 Si 

411.3 411 .3835 411.3834 0 
411.4502 411.45039 0 

532.8 532.9107 0 
532.9673 0 

532.968 532.9681 0 

425.3 
425.3895 425.3894 0 
425.4121 425.4122 0 

532.969 0 
533.0726 0 

427.424 427.4243 0 533.0735 0 
427.5551 427.55507 0 533.074 533.0741 0 
427.5994 427.5993 0 543.518 543.5178 0 

427.4 427.6281 427.6282 0 
427.662 0 

543.4 543.578 543.5775 0 
543.686 543.6862 OI 

427.6748 427.67489 0 
427.7427 427.7426 0 

544.3 544.337 544.3375 Cl 
544.421 544.4217 Cl 

427.7427 427.7427 0 549.2 549.323 Si 
428.1318 428.13134 0 553.1 553.2162 Cl 

428.2021 0 562.0 562.2221 562.222 Si 
428.1 428.2964 428.2961 0 564.4 564.5611 564.5613 Si 

428.3249 428.32512 0 566.4 566.5554 566.5555 Si 
428.3727 428.3721 0 568.3 568.4484 568.4484 Si 

436.1 436.327 436.3268 Cl 568.8 568.881 Si 
436.7 436.95 436.9498 Cl 568.9 569.0425 569.0425 Si 
437.8 437.99 437.9896 Cl 

438.8 438.975 438.9751 Cl 
439.04 439.0403 Cl 

570.1 
570.1 105 570.1104 Si 

570.137 Si 
570.7 570.8397 570.84 Si 

440.1 440.303 440.302 Cl 576.2 576.2977 Si 
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measured NISTobs. NIST Ritz species measured NISTobs. NIST Ritz species 
[nm] [nm] [nm] [nm] [nml [nml 

577.1 577.2145 577.2146 Si I 643.4 643.4833 Cl 
577.9 578.0384 578.0384 Si I 
579.5 579.6305 Cl I 645.3 645.36 645.3602 0 

645.444 645.4444 0 
579.7 579.7859 579.7856 Si 645.5 645.598 645.5977 0 

579.9 579.9914 Cl 
580.047 Si 

652.6 652.6609 Si 
652.7199 Si 

580.5 580.6275 Si 
580.674 Si 

653.0 653.143 Cl 
653.4 653.5828 653.5799 0 

584.6 584.613 Si 
0 

655.0144 655.0125 0 
654.9 655.0598 655.0597 0 

585.6 585.6742 Cl 655.1757 655.1757 0 

586.6 586.748 Si 
586.84 Si 

655.4619 655.4599 0 
655.5462 655.5463 Si 

594.7 594.8545 594.8541 Si 
594.858 Cl 655.4 655.5845 655.5844 0 

655.6068 655.6048 0 
Si 655.6068 655.6082 0 

595.839 595.8386 0 655.6068 655.6097 0 
595.839 595.8386 0 667.7 667.843 Cl 

595.7 595.858 595.8584 0 671.3 671.341 Cl I 
595.858 595.8584 0 
595.858 595.8584 OI 672.1 672.1398 672.1388 0 

672.1853 672.1848 Si 
595.864 0 683.9 684.029 Cl 

597.7 597.893 597.893 Si 693.2 693.2903 Cl 
601.8 601.9812 Cl 697.6 697.6523 697.651 Si 

604.623 604.6233 0 698.1 698.1886 Cl 
604.5 604.644 604.6438 0 700.1899 0 

604.649 604.6495 0 700.192 700.1922 0 
608.1 608.261 Cl 
611.3 611 .443 Cl 700.1 700.2173 0 

700.2196 0 
612.3 612.5021 Si 700.223 700.223 0 

613.0 613.1574 Si 
613.185 Si 

700.225 0 
700.5 700.5883 Si 

613.8 614.0245 Cl 
615.5961 0 

701.7 701.728 Si 
701.7646 Si 

615.598 615.5971 0 703.4 703.4903 Si 

615.5 615.5989 0 
615.6737 0 

708.3 708.6814 Cl 
712.6 712.8885 712.8865 0 

615.6755 0 
615.677 615.6778 0 

716.4 716.469 Si 
716.5545 Si 

615.8149 0 716.7 716.7833 716.7836 0 
615.6 615.8172 0 718.4 718.489 Si 

615.818 615.8187 0 
619.3 619.4757 Cl 719.2 719.358 Si 

719.39 Si 
623.6 623.732 Si 722.5 722.6206 Si 

623.8287 Si 
624.1 624.3813 Si 

723.4 723.5326 Si 
723.582 Si 

624.4468 Si 725.0625 Si 
625.1 625.4188 Si 725.415 725.4154 0 
633.0 633.1954 633.1956 Si 725.4 725.445 725.4448 0 
634.6 634.71 634.711 Si 725.453 725.4531 0 
637.0 637.136 637.137 Si 725.662 725.6618 Cl 
639.7 639.866 Cl 727.4 727.5294 Si 
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Measured NISTobs. NIST Ritz species measured NISTobs. NIST Ritz species 
[nm] [nm] [nm] [nm] [nm] [nm] 

728.7894 728.79 0 797.4 797.697 797.6972 Cl I 
728.6 728.9173 Si 798.06 798.0597 Cl 

729.026 Si 
729.5 729.631 729.6294 0 

797.8 798.194 798.1942 0 
798.2298 0 

730.2 730.2947 0 798.24 798.2398 0 
730.3 730.417 730.418 0 
737.2 737.3 Si 798.5 798.698 798.6977 0 

798.733 798.7334 0 
740.5 740.5774 Si 

740.9082 Si 799.5 799.507 799.5075 0 
799.785 799.7857 Cl 

741.2 741.411 741 .4118 Cl 
741.535 Si 

801.3 801.561 Cl 
802.1 802.333 Cl 

741 .5946 Si 804.8 805.107 Cl 
742.1 742.3497 Si 808.451 808.4509 Cl 
746.0 746.237 Cl 

747.644 0 
808.3 808.556 808.5561 Cl 

808.667 808.6673 Cl 
747.5 747.724 0 808.773 808.7725 Cl 

747.908 0 
748.7 748.947 Cl 809.2 809.3241 809.3232 Si 

809.467 Cl 
749.0 749.2118 Cl 819.1 819.442 819.4422 Cl 
754.3 754.7072 754.7073 Cl 
766.8 767.242 Cl 819.6 819.913 Cl 

820.021 Cl 
767.8 768.0267 768.0266 Si 820.0 820.378 Cl 
770.1 770.2828 770.2829 Cl 820.9 821.204 821.2038 Cl 
771.4 771.7581 771.7582 Cl 822.045 Cl 
774.1 774.497 774.497 Cl 
776.6 776.916 776.9163 Cl 821 .8 822.174 Cl 

822.1798 0 

776.8 777.109 777.1094 Cl 
777.194 777.1944 0 

822.182 822.1824 0 
822.5 822.765 822.7653 0 

777.1 777.417 777.4166 0 
777.2 777.539 777.5388 0 

822.8 823.0001 0 
823.002 823.0026 0 

781.8 782.136 782.1361 Cl 
782.7 783.075 783.0745 Cl 823.1 

823.3 823.3003 0 
823.535 823.5354 OI 

784.88 784.882 Si 833.0 833.331 833.3307 Cl I 

784.9 784.962 Si 
784.972 784.972 Si 

837.3 837.594 837.5943 Cl I 
838.2 838.267 838.267 Clll 

784.9967 Si 839.1 839.202 839.202 Cl I 
787.5 787.822 787.8217 Cl 840.2 840.337 840.3379 0 
789.2 789.334 Cl 840.5 840.6199 Cl 
789.6 789.931 789.931 Cl 
791.2 791.508 791 .5082 Cl 842.6 842.616 0 

842.825 842.8251 Cl 
792.2 792.4645 792.4645 Cl 844.625 844.6247 0 

793.2349 793.2348 Si 844.4 844.636 844.6359 0 
793.1 793.389 Cl 844.676 844.6758 0 

793.5012 793.5012 Cl 846.5 846.734 Cl 

794.3 794.315 0 
794.4001 794.4001 Si 850.1 850.1547 Si 

850.2221 Si 

794.6 794.717 0 
794.755 0 

854.8 855.044 855.0441 Cl 
855.5 855.678 Si 

795.08 0 
795.0 795.216 0 

857.2 857.524 857.5246 Cl 
857.802 Cl 

795.252 Cl 858.2 858.597 858.5981 Cl 
797.2 797.472 Cl 862.7 862.864 Cl 
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measured NISTobs. NIST Ritz species measured NISTobs. NIST Ritz species 
[nm] [nm] [nm] [nm] [nm] [nm] 

864.0 864.171 Cl 958.2 958.4801 958.48 Cl 
864.7 864.8462 Si 958.9 959.222 959.2222 Cl 
868.3 868.626 868.6281 Cl 960.7 961 .18 961.18 0 
872.7 872.8011 Si 963.0 963.2509 963.251 Cl 
874.1 874.2451 Si 970.0 970.2439 970.2438 Cl 
875.1 875.2009 Si 
881.9 882.043 882.0423 0 

974.1 974.15 0 
974.4426 Cl 

891.1 891.292 Cl 980.4 980.7057 Cl 
894.6 894.806 894.8062 Cl 987.4 987.597 987.5969 Cl 
903.6 903.8982 Cl 1037.0 1037.1269 1037.1264 Si 
904.2 904.543 Cl 1039.1 1039.2549 Cl 
906.7 906.9656 Cl 1058.2 1058.5141 1058.5142 Si 
907.0 907.317 907.3168 Cl 1060.0 1060.3431 1060.3425 Si 
911.9 911.829 0 1065.9 1066.0975 1066.0973 Si 

912.115 912.1143 Cl 1069.1 1069.4251 1069.4252 Si 
919.0 919.1731 919.1731 Cl 1072.6 1072.7408 1072.7406 Si 
919.5 919.7596 Cl 1074.7 1074.9384 1074.9378 Si 

926.081 926.0806 0 1078.3 1078.455 1078.4563 Si 
925.9 926.084 926.0848 0 1078.5 1078.6856 1078.6849 Si 

926.094 926.0936 0 1082.6 1082.7091 1082.7089 Si 
926.258 926.2582 0 1084.0 1084.3854 1084.3858 Si 

926.1 926.267 926.267 0 
926.277 926.2776 0 

1086.9 1086.879 Si 
1086.9541 1086.9536 Si 

926.5826 0 1088.1 1088.2802 1088.2809 Si 
926.4 926.594 926.5932 0 

926.601 926.6006 0 
1088.5 1088.5336 Si 

1088.542 Cl I 
928.7 928.886 928.8857 Cl 
939.0 939.3862 939.386 Cl 1101.5 1101.54 0 

1101.7965 Si 
939.9 939.919 0 1112.1 1112.305 Cl 

941.0 941.272 Si 
941.3506 Si 

1128.634 1128.6317 0 
1128.6406 0 

944.9 945.21 Cl 

947.9 948.116 0 
948.288 948.2888 0 

1128.5 1128.691 1128.6914 0 
1128.702 1128.7029 0 

1128.7118 0 

948.4 948.6964 948.6964 Cl 
948.743 0 

1128.732 1128.7318 0 
1143.6 1143.633 Cl 
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Appendix D. Oxygen Transitions 

In the measurements on oxygen, it was found that most of the transitions could not be resolved 
separately. They were combined into unresolved transition arrays. In Table 0.1, the separate 
transitions incorporated in these arrays as well as the transitions that could be resolved are given 
tor the oxygen plasma. 

Table D. 1: Oxygen transitions used to create the ASDF tor the oxygen plasma [3]. 

transition "array wavelength" Wavelength Eq A gq 
(q-p) [nm] (Ritz) [nm) [eV] [Sn; 

436.8193 12.358906 7.56·10~ 1 
4p-3s 436.8 436.8242 12.358874 7.59·10~ 5 

436.8258 12.358864 7.58·10~ 3 
532.9096 13.0661296 2.71·10Q 1 
532.9099 13.066128 2.03·10Q 3 
532.9107 13.0661246 9.48·10~ 5 
532.9673 13.066128 6.77·10~ 3 

5d-3p 533.0 532.9681 13.0661246 1.58·10° 5 
532.9690 13.0661207 1.81-10° 7 
533.0726 13.0661246 1.80·10" 5 
533.0735 13.0661207 9.02·10~ 7 
533.0741 13.0661178 2.71-10Q 9 
543.5178 13.0207338 7.74·10~ 5 

6s-3p 543.6 543.5775 13.0207338 1.29·10° 5 
543.6862 13.0207338 1.80·10° 5 
551.2602 13.2372717 2.69·10" 5 
551.2602 13.2372717 1.49·10" 3 

6d-3p 551.3 551.2772 13.2372717 3.58·10" 7 
551.2772 13.2372717 8.95·10" 5 
551.2772 13.2372717 9.95·10" 3 
551.2820 13.2372717 1.99·10~ 3 
555.4832 13.2201781 5.83·10" 3 

7s-3p 555.5 555.5004 13.2201781 9.71-10" 3 
555.5053 13.2201781 1.94·10" 3 

2p-2p 557.7 557.7339 4.189746 1.26·10u 1 
595.8386 13.0690505 3.78·10~ 3 
595.8386 13.0690505 6.80·10~ 5 

5d-3p 595.8 595.8584 13.0690505 2.27·10~ 5 
595.8584 13.0690505 2.52·104 3 
595.8584 13.0690505 9.06·10" 7 
595.8640 13.0690505 5.04·10" 3 
604.6233 13.0388262 1.05·10° 3 

6s-3p 604.6 604.6438 13.0388262 1.75·10° 3 
604.6495 13.0388262 3.50·10~ 3 
615.5961 12.7537179 7.62·10° 1 
615.5971 12.753715 5.72·10° 3 
615.5989 12.7537089 2.67·10° 5 
615.6737 12.753715 1.91-10Q 3 

4d-3p 615.7 615.6755 12.7537089 4.45·10° 5 
615.6778 12.7537016 5.08·10Q 7 
615.8149 12.7537089 5.07·10~ 5 
615.8172 12.7537016 2.54·10° 7 
615.8187 12.7536965 7.62·10° 9 
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transition "array wavelength" Wavelength E A gq 
(q- p) {Ritz) [nm) [eVJ Is~ 

645.3602 12.6608561 1.65·1 0° 5 
5s-3p 645.5 645.4444 12.6608561 2.75·10° 5 

645.5977 12.6608561 3.85·10° 5 
700.1899 12.7590257 1.47·10° 3 
700.1922 12.75902 2.65·10° 5 

4d-3p 700.2 700.2173 12.7590257 9.83·10~ 3 
700.2196 12.75902 8.83·10" 5 
700.2230 12.7590115 3.53·10° 7 
700.2250 12.7590257 1.96·10° 3 

3p - 3s 715.7 715.6701 14.4604118 5.05·10 5 
725.4154 12.6974683 2.24·10° 3 

5s-3p 725.4 725.4448 12.6974683 3.73·10° 3 
725.4531 12.6974683 7.45·10" 3 
798.1942 12.5416731 2.33·10" 3 
798.2298 12.5416731 1.80·10" 3 

3p-3s 798.5 798.2398 12.5416731 3.09·10" 3 
798.6977 12.5406941 4.19·10 5 
798.7334 12.5406941 1.41-10" 5 

3s-3p 799.5 799.5075 12.5391916 5.63·10" 7 

3p-3s 822.2 822.1798 14.0467708 5.08·10° 5 
822.1824 14.0467661 2.89·10 7 
822.7653 14.0472005 8.13·10° 3 
823.0001 14.0467708 2.26·10 5 

3p-3s 823.0 823.0026 14.0467661 3.62·10° 7 
823.3003 14.0472005 2.43·10 3 
823.5354 14.0467708 4.86·10° 5 
844.6247 10.98888 3.22·10 1 

3p-3s 844.6 844.6359 10.988861 3.22·10 5 
844.6758 10.988792 3.22·10 3 

3p-3s 882.0 882.0423 14.1337314 2.93·10 7 
926.0806 12.078663 4.46·10 1 
926.0848 12.078657 3.34·10 3 
926.0936 12.078644 1.56·10 5 
926.2582 12.078657 1.11-10 3 

3d-3p 926.3 926.2670 12.078644 2.60·10 5 
926.2776 12.078629 2.97·10 7 
926.5826 12.078644 2.97·10° 5 
926.5932 12.078629 1.48·10 7 
926.6006 12.078618 4.45·10 9 
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