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"We're all mad here. I'm mad. You're mad." 
"How do you know I'm mad?" said Alice. 

"You must be," said the Cat, 
"or you wouldn't have come here." 

Lewis Carroll 



Contents 

Contents 

Summary 

Samenvatting 

1 Introduction 
1.1 Our place in the universe 
1.2 The rf discharge . . 

1.2.l Principles ... 
1.2.2 Applications 
1.2.3 Research topics 

1.3 Scope and structure of this thesis 

2 The plasma configuration 
2.1 Introduction ...... . 
2.2 The vacuum and gas handling system 
2.3 The rf plasma . . . . . . . . . . . . . . 

3 Diagnostics 
3.1 Introduction . 
3.2 Microwave Cavity Resonance and Photodetachment 

3.2.1 Diagnostics for electrons and negative ions . 
3.2.2 General formulae . 
3.2.3 Application ..... 
3.2.4 Photodetachment . . 
3.2.5 Experimental setup . 

3.3 Infrared Spectroscopy . . . 
3.3.1 Diagnostics for neutral particles . 
3.3.2 Principles of infrared absorption spectroscopy 

I 

I 

v 

VIII 

1 
1 
2 
2 
4 
6 
8 

13 
13 
13 
16 

21 
21 
22 
22 
24 
26 
28 
30 
33 
33 
34 



II CONTENTS 

3.3.3 Fourier transform spectroscopy . . . . . . 38 
3.3.4 Setup for Fourier transform spectroscopy 39 
3.3.5 Determination of radical densities 40 
3.3.6 Principles of the tunable diode laser 42 
3.3.7 Setup for diode laser spectroscopy . 44 

3.4 Auxiliary diagnostics . _. . . . . . . . . . . . 47 
3.4.l Energy resolved positive ion mass spectrometry . 47 
3.4.2 Optical emission spectroscopy . . . . . . . . . . . 48 

4 Negative ions in an 02 plasma 51 
51 
53 
53 
56 
58 
59 
59 
59 
67 
71 
73 

4.1 Introduction .. . 
4.2 Kinetic Model .. . 

4.2.1 Reactions . 
4.2.2 Wall losses 
4.2.3 Positive ions 

4.3 Results and Discussion . 
4.3.1 Electron Density 
4.3.2 Gas flow dependence 
4.3.3 Pressure dependence 
4.3.4 Power dependence 

4.4 Conclusions ........ . 

5 Charged species profiles in electronegative radio-frequency 
plasmas 75 
5.1 Introduction . . . . . . . . 75 
5.2 Theory . . . . . . . . . . . 76 

5.2.1 Discharge kinetics 76 
5.2.2 Basic equations 77 
5.2.3 Density profiles 79 

5.3 Results and Discussion 
5.3.1 Oxygen .... 
5.3.2 Ar/CChF2 .. 
5.3.3 The glow-sheath transition 

5.4 Conclusions . . . . . . . . . . . . . 

6 Charged particles in a CChF2 rf discharge 
6.1 Introduction .... 
6.2 The Bohm velocity ............. . 

85 
85 
89 
91 
95 

97 
97 

. 100 
6.3 Reactions . . . . . . . . . . . . . . . . . . . . 103 
6.4 Negative ion densities and dissociative attachment rates . 105 



CONTENTS 

6.5 The transition between an electropositive and an elec­
tronegative plasma 

6.6 Conclusions ............... . 

7 The chemistry of a CChF2 rf discharge 
7.1 Introduction ..... . 
7.2 Reactions ................ . 
7 .3 Results and discussion . . . . . . . . . . 

7.3.1 Gas temperature in ah rf plasma 
7 .3.2 Electron density . . . . . . . . . 
7 .3.3 Dissociation of CChF 2 . . . . . . 

III 

. 111 

. 116 

119 
. 119 
. 120 
. 123 
. 123 
. 127 
. 129 

7.3.4 Formation of stable molecules in a CC12 F2 discharge131 
7.3.5 CF2 densities 140 

7.4 Conclusions . . . . . . . . . . . . . . . . . 144 

8 Powder formation in halocarbon discharges 147 
8.1 Introduction . . . . . . . . . . . . . . . . 147 
8.2 Conditions for powder formation . . . . 150 
8.3 Infrared spectroscopy of a dusty rf plasma . 153 
8.4 Dust formation in an argon plasma . 160 
8.5 The particle temperature . . . 168 
8.6 Powders in CHF3 discharges . . 170 
8. 7 Conclusions . . . . . . . . . . 173 

9 Laser-particle interactions in a dusty rf plasma 175 
9.1 Introduction . . . . . . . . . . . . 175 
9.2 Theory . . . . . . . . . . . . . . . . 177 

9.2.l The energy balance of a particle . 177 
9.2.2 Conductive losses . . . . . . 178 
9.2.3 Light absorption and emission by particles . . 178 
9.2.4 The heating and evaporation model . 181 

9.3 Experimental Conditions . . 183 
9.4 Results and discussion . 184 
9.5 Conclusions . . . . . . . 196 

10 Dust formation and charging in an Ar/SiH4 rf discharge199 
10.l Introduction . . . . . . . . . . . 199 
10.2 The charging of dust particles . . 200 
10.3 Forces on dust particles . . . . . 204 

10.3.l The gravitational force . . 205 



IV 

10.3.2 The electric force . .. 
10.3.3 The neutral drag force 
10.3.4 The ion drag force .. 
10.3.5 The thermophoretic force 
10.3.6 The photophoretic force . 

10.4 Initial dust formation studied by laser-induced particle 

. 205 

. 206 

. 207 

. 208 

. 209 

heating . . . . . . . . . . . . . . 209 
10.4.1 The experimental setup . . . . . . . . . . 209 
10.4.2 Experimental results . . . . . . . . . . . . 210 

10.5 Photodetachment in a dusty SiH4 rf discharge . . 219 
10.5.l Electron density . . 219 
10.5.2 Photodetachment . . 222 

10.6 Conclusions . . . . . . . . . 228 

Bibliography 229 

Acknowledgments 244 

Curriculum Vitae 246 



v 

Summary 

In this thesis some aspects of a low pressure radio-frequency (rf) dis­
charge are treated. Such discharges are widely used for dry etching of 
semiconductor components and for thin layer deposition. The process­
ing gases studied in this work are 02, CF4 , CChF2, SiH4 and their mix­
tures with argon. Typically the chemically active gases are (strongly) 
electronegative. In these discharges reactive species (radicals), negative 
ions and macroscopic clusters are formed. Knowledge of the densities of 
plasma species (electrons, positive and negative ions, various molecules 
and radicals) together with a good understanding of their behavior in 
the discharge is essential from the point of view of optimization of the 
industrial surface processing. 

The behavior of the charged particles: electrons, positive and negative 
ions has been thoroughly investigated for several discharge chemistries 
(02, CChF2 and CChF2 mixtures with argon). Electron and negative 
ion densities have been measured using a microwave resonance method 
in combination with laser-induced photodetachment. The electron den­
sity in an rf plasma is typically around 1015 m-3 , it is proportional to 
the rf input power and has a weak pressure dependence. The nega­
tive ion density depends on the electronegativity of the gas and varies 
between 5x1015 m-3 for oxygen and 1017 m-3 for CChF2. In all low 
pressure electronegative plasmas negative ions are primarily formed by 
dissociative attachment. For an oxygen plasma a kinetic model has 
been developed, which allows to study the influence of plasma chem­
istry on the negative ions. It has been shown that active species, like 
metastable 0 2 molecules and oxygen radicals, can significantly reduce 
the negative ion density (mainly o-) due to detachment. A comparison 
of the experimental data with the model reveals that the surface and 
gas temperatures, which control the chemistry of active species, are also 
essential for the negative ion density. Only at pressures below 20 mTorr 
neutral chemistry is unimportant as the negative ions are lost by ion-ion 
recombination in this regime. In a CChF2 plasma c1- is the dominant 
negative ion. It is produced extremely fast and reaches a high density, 
not only because CChF2 itself has a large attachment cross section, but 
also because of radicals and molecules formed in the discharge with even 
higher attachment rates. 



VI 

The spatial distribution of charged particles in the plasma has been 
measured and modeled. It has been shown that at low pressures the 
spatial positive ion profile in an electronegative plasma is determined by 
uniform ionization and wall losses. Under these conditions the positive 
(and negative) ion profile is always parabolic, regardless of the chemical 
composition of the plasma. The _ transition from an electropositive (Ar) 
to an electrongative (Ar/CC12 F2 ) plasma has been investigated. It has 
been shown that the positive ion flux to the wall remains constant dur­
ing the transition, while the total ion density increases by one order of 
magnitude. This can be explained in terms of a reduced Bohm velocity 
in presence of negative ions. 

The chemistry of Ar /CCbF2 plasmas has been thoroughly studied . The 
densities of halocarbon molecules and the CF2 radical have been mea­
sured using infrared absorption spectroscopy. Total dissociation rates 
of several species (CCbF2, CF4 , CClF3 and C2Cl2 F4 ) have been deter­
mined. It has been shown that the presence of a silicon substrate in an 
etching discharge has a significant influence on the plasma chemistry. 
Especially the densities of halogen radicals and halocarbon molecules 
are depleted. 

In many processing gases macroscopic dust particles are readily formed. 
Two major formation mechanisms can be distinguished: surface sput­
tering and in situ formation. It has been found that in an Ar/CChF2 

etching discharge particles are formed at the silicon substrate surface. 
Micromasking in combination with anisotropic etching leads to the for­
mation of columnar etch residues. As a result of slight underetching 
these structures break and enter the plasma glow. Deposition of halo­
carbon radicals occurs on the sidewalls of the surface structures as well 
as on the particles in the glow. Consequently, the clusters consist mainly 
of halocarbon polymers, as verified by in situ infrared absorption spec­
troscopy. In the plasma the particles acquire negative charge, which 
traps them in the positive glow. A simple charging model allows to es­
timate the particle charge. The charge is proportional to the particle 
radius and is typically a few elementary charges per nm. Ion recombina­
tion on the particle surface can heat the clusters to few hundred °C. At 
these temperatures the particles melt and contract into spherical grains, 
which are found by Scanning Electron Microscopy. 







IX 

sociatieve electronassociatie, hetgeen de negatieve-ionenproductie verder 
verhoogt. 

Tijdens de overgang van een electropositief (argon) naar een electro­
negatief (Ar/CC1iF2) plasma blijft de positieve ionenflux naar de wand 
gelijk, terwijl de ionendichtheid een factor tien toeneemt. Dit komt 
door een vrijwel thermische diffusie van positieve ionen in aanwezigheid 
van negatieve ionen in tegenstelling tot de ambipolaire diffusie in een 
electropositief plasma. De overgang kan ook beschreven worden met be­
hulp van een gereduceerde Bohm snelheid van de positieve ionen in een 
electronegatief plasma. De ruimtelijke verdeling van de geladen deeltjes 
in het plasma is gemeten en gemodelleerd. Het blijkt <lat het positieve 
ionenprofiel in een electronegatief plasma voornamelijk bepaald wordt 
door ionisatie, recombinatie en wandverliezen. Voor lage drukken is re­
combinatie verwaarloosbaar en ionisatie uniform, zodat het positieve­
( en negatieve-) ionenprofiel parabolisch is en onafhankelijk van de plas­
masamenstelling. 

De plasmachemie van een Ar/CC1iF2 plasma is bestudeerd met behulp 
van absorptiespectrometriein het infrarood. De absolute dichtheden van 
verschillende moleculen, de absolute dichtheid van het CF 2 radicaal en 
de dissociatie constantes van CCliF2, CF1, CCbF en C2CliF1 zijn geme­
ten. De aanwezigheid van een siliciumsubstraat heeft een grote invloed 
op de plasmachemie. Met name de dichtheden van de halogeen radicalen 
zijn lager in aanwezigheid van het substraat. 

Bij gebruik van een groot aantal procesgassen warden macroscopische 
poederdeeltjes in het plasma gevormd. Er zijn twee belangrijke vorm­
ingsmechanismen van deze deeltjes, namelijk sputteren aan het opper­
vlak en in situ groei. In een Ar/CC1iF2 plasma worden de deeltjes 
op het siliciumsubstraat gevormd. Door het anisotroop etsen en de aan­
wezigheid van micromaskers ontstaan er naaldvormige structuren op het 
substraat. Als deze afbreken komen ze in het plasma. Door depositie 
van gehalogeneerde koolstofradicalen op de zijwanden van de oppervlak­
testrukturen en op de deeltjes in het plasma, bestaan de deeltjes groten­
deels uit gehalogeneerde koolstofpolymeren, hetgeen zichtbaar is in infra­
rood absorptiespectra. In het plasma worden de deeltjes negatief opge­
laden, waardoor ze in de positieve plasmaglow opgesloten blijven. Ionen­
recombinatie en radicalenassociatie aan het deeltjesoppervlak kunnen 
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de deeltjes tot boven hun smeltpunt verhitten, zodat ze tot bolvormige 
deeltjes samentrekken die met een scanning electronenmicroscoop te zien 
zijn. 

In een Ar /SiH4 plasma warden kleine poederdeeltjes in situ gevormd. 
Eerst warden er macromoleculel). en kristallieten gevormd door middel 
van plasmapolymerisatie. De kristallieten, die er al na 50 ms zijn, 
klonteren samen tot grotere deeltjes. Gedurende deze periode war­
den de deeltjes afwisselend opgeladen door electroneninvangst en geneu­
traliseerd door recombinatie met positieve ionen. De gemiddelde negatieve 
lading houdt de deeltjes in het plasma, terwijl ze samenklonteren in de 
neutrale periodes. Deeltjes van 20 nm zijn vrijwel permanent negatief 
geladen, zodat ze elkaar niet meer kunnen raken. De deeltjes groeien 
dan verder door plasmadepositie van ionen en radicalen. Op den duur 
bereiken de deeltjes een kritische grootte, waarna ze door de gasstroom 
uit het plasma geblazen warden. De oplading van de deeltjes is bestudeerd 
met behulp van de fotodetachmenttechniek. 

Om de deeltjesgrootte en dichtheid te kunnen meten is er een nieuwe in 
situ detectiemethode ontwikkeld. Met behulp van een laser warden de 
deeltjes verhit tot hun verdampingstemperatuur. Bij deze temperaturen 
(3000 K) zenden ze continuiimstraling uit die gemakkelijk te detecteren 
is. Uit de tijdsopgeloste absolute emissieintensiteit kan zowel de grootte 
als de dichtheid van de deeltjes bepaald warden. De methode is getest 
voor grate (1 µm) deeltjes in een Ar/CCl2F2 plasma, waar de deeltjes­
grootte uit de opwarmtijd bepaald kan warden. Voor kleine, totaal ver­
dampende deeltjes (in een SiH4 plasma) is de totale emissie-intensiteit 
evenredig met de vierde macht van de deeltjesstraal. Deze a.fhanke­
lijkheid is veel gunstiger voor de detectie van kleine deeltjes, dan de 
zesde-machtsafhankelijkheid van de straal in de traditionele Rayleigh­
verstrooiingstechniek. Met behulp van de laser-verhittingsmethode zijn 
we in staat deeltjes kleiner da.n 1 nm te detecteren. 



Chapter 1 

Introduction 

1.1 Our place in the universe 

Almost all the universe is filled with plasma. Its appearance varies from 
diffuse interstellar clouds through stellar coronas to dense interiors of 
stars. They all have one thing in common: the matter is (partially) ion­
ized. Also here on earth we can witness many kinds of plasma phenom­
ena, both natural and man-made. The natural plasmas like lightning and 
fire are common to everybody; besides, many artificially generated plas­
mas, like street lamps and neon lights are familiar even to non-physicists. 
This enormous variety of forms, in which an ionized gas can appear needs 
at least a rough ordering. A possible classification can be obtained by 
comparing the density and the average energy (temperature) of the one 
common plasma constituent: the free electrons. In Figure 1.1 the elec­
tron density and temperature is given for a number of different plasmas. 
It is clear that plasma science covers many orders of magnitude in both 
parameters and that different physical processes will be important for 
the various cases. Therefore, a plasma physicist has to limit himself 
to a certain category of plasmas. In this work the rf discharge, which 
is a low temperature, low pressure laboratory plasma, is studied. This 
plasma is very weakly ionized: the density of free electrons is typically 
1015 m-3 , which makes up about 0.0001 3 of the neutral species density. 
The average electron energy is a few electronvolts (20,000 - 40,000 K), 
which is much higher than the energy of neutrals (about 300 K). 

In Section 1.2.1 a global introduction to rf discharges is given. Next, 
some applications of rf plasmas will be discussed in Section 1.2.2. These 

1 







4 CHAPTER 1. INTRODUCTION 

Two fundamentally different rf plasma designs can be distinguished: a 
capacitively coupled discharge, which is closest to the de case and an 
inductively coupled version. In the latter case the high frequency EM 
field is generated by a coil [3]. 

In the 13.56 MHz capacitively _coupled discharge, which is discussed 
in this work, the electrons move in the electric field, generated between 
two parallel plates. A schematic view of a capacitively coupled rf plasma 
configuration is shown in Figure 1.2. The plasma consists of two distinct 
regions: a dark space near the electrodes, which is called 'the sheath' and 
a radiating zone in the middle called 'the plasma glow'. This structure 
is a consequence of the shielding of the rf field by the electrons. The 
sheath is a region with a positive space charge, in which a strong time 
varying electric field is present. In the quasineutral plasma glow there is 
only a small field penetration. The place dependent potential between 
the plates for two phases of the rf cycle together with the time averaged 
potential is depicted in Figure 1.3. The latter determines the behavior 
of heavier charged particles, like positive and negative ions, as they 
cannot follow the high frequency field. The negative ions, with their low 
energies, are trapped in the plasma glow, while positive ions, diffusing 
to the sheath edge are accelerated in the large potential drop towards 
the electrodes. The flux of positive ions to the wall is described by 
the Bohm theory, treated in Chapter 5 [4, 5, 6]. As there is no net de 
current through the discharge, the time averaged electron current to the 
wall equals the ion current. Unlike the ions, which bombard the surface 
continuously, the electrons only reach the electrode during a small time 
interval when the plasma potential equals the potential of the electrodes 
(see Figure 1.3). Generally the two electrodes have different surface 
areas; even in a parallel plate configuration the plasma is surrounded 
by a grounded vacuum vessel which effectively increases the surface of 
the grounded electrode. In this case a negative de voltage develops on 
the sm(tller electrode [7]. This increases the energy of the positive ions 
reaching the surface. 

1.2.2 Applications 

The particular structure of an rf plasma with a quasineutral glow and 
a large sheath region makes this kind of discharge suitable for a variety 
of applications. These can be divided into two major groups. First, the 
reactivity of the plasma glow and the rich variety of species formed there 
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Figure 1.3: The potential profile between the plates in a capacitively 
coupled rf discharge at different phases of the rf cycle (full curves) and 
the time averaged potential profile (dashed curve). 

attract much attention. Thus the rf discharge is widely used as a source 
of both ions [8] and neutral species [9]. The second and most impor­
tant application involves the plasma-surface interactions. Rf discharges 
are very efficient sources for deposition of various layers, e.g. amor­
phous silicon in the fabrication of solar cells [10, 11, 12, 13], transistors 
(14, 15, 16], and color televisions [17, 18, 19, 20], carbon layers used as 
antireflection and/or protective coatings [21, 22, 23] and hard coatings 
(24, 25]. Moreover, the plasma chemistry in combination with the high 
energy ions allows for anisotropic etching of different substrates, like Si, 
Si02 , GaAs, metals and (organic) polymers. The unique anisotropy is 
obtained by the high energy ion flux perpendicular to the substrate sur­
face. This allows to produce narrow and deep structures, which cannot 
be obtained by 'wet' chemical etching [26, 27] . Therefore rf plasmas find 
wide applications in the semiconductor industry, the fabrication of high 
quality optical devices and precision cleaning of surfaces. An overview 
of the basic plasma processes in an rf discharge and their applications is 
given in Figure 1.4. 
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cessing. This role can be positive or negative: the high energy, which 
ions gain in the sheath is desired for etching and sputtering of the sub­
strate material, but too energetic ions can also cause damage to the 
surface. The contemporary research efforts focus on the measurement 
and modeling of spatial and time dependent densities of the charged 
particles ([30, 31, 32, 33], see also Chapters 4, 5 and 6 of this work), as 
well as their energy distribution functions [34, 35, 36]. Knowledge of the 
electron energy distribution function (EEDF) is important for the de­
scription of the inelastic collision processes. There are many reasons for 
the EEDF in a low pressure discharge to deviate from the Maxwellian 
one. The low electron density results in a low electron-electron colli­
sion frequency, which makes thermalization inefficient. Other factors 
are: sheath heating, creation of high energy secondary electrons and in­
elastic collisions. In molecular gases large deviations from a Maxwellian 
EEDF can occur, due to electron energy loss by ro-vibrational excitation 
of the molecules [37]. Therefore, many problems are expected in mod­
eling of the plasma processes if no data on the EEDF is available. In a 
low pressure rf discharge (below 100 mTorr) the electron energy distribu­
tion function is often approximated by a characteristic two-temperature 
Maxwellian distribution [34, 38], where the high energy component of 
the EEDF, resulting from sheath heating or secondary electrons, super­
poses on the relatively cold, almost Maxwellian bulk. This high energy 
tail is extremely important, as it causes the rates of threshold processes, 
like ionization, to be substantially higher than derived from the temper­
ature of the bulk electrons. 

The energy distribution of positive ions, arriving at the electrodes at­
tracts much attention, because of its importance in surface processing 
([39], see Chapter 6). The use of strongly electronegative gases has 
also induced much interest in negative ions. As these ions can reach 
very high densities (up to thousand times the electron density in e.g. 
CCbF2 ), they change the charge balance, the electric field structure in 
the glow and the sheath and consequently the effective positive ion flux 
to the substrate ([40], see Chapters 4, 5 and 6). 

A second large area of research is the plasma chemistry. A good knowl­
edge of the plasma constituents is obviously necessary to produce the 
desired species or to understand the plasma-surface interaction. There 
is a growing interest in the role of ro-vibrationally excited molecules 
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[41, 37]. The plasma chemistry is a very wide and varied area. It is 
also strongly gas dependent, so it is necessary to measure and model 
the densities of neutral species for every case separately. The influence 
of plasma and surface chemistry on the charged species is a relatively 
new and not fully understood aspect. This is one of the major subjects 
discussed in this thesis (see Chapters 4 and 6). 

Another new area of research has been initiated by the surface process­
ing industry, where it was found that macroscopic particles were pro­
duced in the discharge [42, 43]. In the beginning, these dust grains were 
solely considered harmful, as they contaminated the substrate. There­
fore, initially the 'dusty research' aimed at avoiding the particle for­
mation and/or contamination. Since then this field has been rapidly 
expanding [44, 45]. Even though it took some time until people real­
ized the presence of dust (etching community) or stopped ignoring it 
(deposition plasmas), at the moment it is widely recognized that vast 
amounts of macroscopic clusters are present in the chemically active 
and polymerizing plasmas used for etching and deposition. Powders 
are studied in a variety of chemistries, like halocarbon etching plasmas 
([42, 46, 47, 48] and Chapter 8), noble gas discharges with carbon elec­
trod€s [49], methane [50], silane [51, 52, 53, 54, 55] and silane/ammonia 
[56] discharges for deposition. Most interest is directed to the charac­
terization of the size and density [57, 53] of powders, their influence on 
plasma parameters [28, 52, 58, 59], the formation processes ([60, 61, 62], 
see Chapter 8), the force balance on particles [63, 51, 64], their charge 
and charging kinetics ([65, 66, 67, 68], see Chapter 10) and fundamen­
tal aspects like the formation of Coulomb fluids and solids [69, 70, 71]. 
Presently, as the chemistry of dusty plasmas has become better under­
stood, also some positive applications of dust have been created. At the 
moment much effort is put in the production of high quality, monodis­
perse powders with desired physical properties. These powders find ap­
plications in catalysis and possibly also in the optimization of solar cells. 

1.3 Scope and structure of this thesis 

This thesis contains a combined experimental and theoretical study of 
an rf discharge. Many of the previously mentioned issues are addressed; 
special weight is given to the negatively charged species: electrons, neg-
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ative ions and negatively charged dust particles. Below we give a short 
description of the contents of the various parts of this work. The relevant 
publications are cited. 

Chapter 2 This part contains a description of the hardware of our 
experiment, including the reactor, the vacuum system, the plasma 
geometry and the electric circuit. 

Chapter 3 In this part the plasma diagnostics, used in the present 
work, are presented. The methods to measure electron, negative 
ion and neutral particle densities and positive ion fluxes are de­
scribed. 

Chapter 4 We present a systematic study of an oxygen discharge, as 
an example of a mildly electronegative plasma with a relatively 
simple plasma chemistry. The measurements of the negative ion 
densities have been performed under various plasma conditions. 
The results are compared with a kinetic model. This study reveals 
that surface processes, like radical recombination, have a major in­
fluence on the ion density. The experimental data help to evaluate 
the importance of these processes [72]. 

Chapter 5 In this chapter a more general theory of an electronegative 
discharge is described. The conclusions on the plasma chemistry, 
obtained in Chapter 4 for 02 are used and special attention is 
given to physical aspects of the discharge, like the transport of 
charged species in the plasma. The spatial distributions of ions 
are measured and a simple diffusion model is proposed, which pre­
dicts the positive ion profiles in the plasma glow with good ac­
curacy. Even though chemical effects are very crucial for the ion 
density (Chapter 4), they do not influence the spatial distribu­
tion of ions. The observed profiles are universal for any plasma 
chemistry. This is verified by performing measurements in an 02 
plasma as well as in a strongly electronegative, chemically com­
plex CC12 F2 plasma. A comparison of the experimental data with 
a more sophisticated particle-in-cell model allows to visualize the 
transition region between the glow and the sheath in an electroneg­
ative plasma [73, 74). 

Chapter 6 This part continues with a study of negative ions in a 
CChF2 plasma. CC12F 2 is a much stronger electron attaching 



10 CHAPTER 1. INTRODUCTION 

species than Oz. The ion density in a CClzFz discharge is 10 
times higher than in an Oz discharge; moreover, this gas is chem­
ically much more complicated. The elementary processes, deter­
mining the negative ion density are discussed and compared to 
those for Oz. The unproportionally high negative ion densities and 
the experimentally determj.ned electron attachment rates indicate 
that the parent gas is transformed into more active species under 
plasma conditions. Moreover, a study of the transition between an 
electropositive (Ar) and electronegative (Ar/CC}zFz) discharge is 
presented. Combined measurements of ion densities and fluxes 
towards the electrodes show a change of the Bohm velocity and 
sheath structure in presence of negative ions [75, 76) . 

Chapter 7 After having evidenced the strong influence of the plasma 
composition on the charge density, we concentrate on the chem­
istry of a CClzFz discharge. First we present some measurements 
of the gas temperature in an rf discharge. Furthermore, the densi­
ties of various neutral species (both stable molecules and radicals) 
are measured and modeled. The experimental data allow to de­
termine the electron-induced dissociation rates for several halocar­
bons. Moreover, the plasma chemistry related to dry etching of Si 
is studied. The analysis of the experimental data has many impli­
cations for the etching mechanism of Si and the surface reactions 
of radicals [77, 78, 79). 

Chapter 8 In this part the formation of powders in halocarbon dis­
charges (CClzFz, CHF3 ) during dry etching of Si is discussed. 
The formation process is followed by in situ infrared absorption 
spectroscopy and Scanning Electron Microscopy. We propose a 
mechanism, according to which the precursors of clusters are the 
etch residues, which are sputtered from the surface. These clusters 
heat up and partially melt in the discharge. Consequently, they 
form spherical structures, which continue to grow by deposition 
[80, 81, 82]. 

Chapter 9 A new in situ detection method for powders is introduced 
and tested on the previously characterized dusty CClzFz discharge 
(Chapters 6, 7 and 8). This technique is based on laser heating of 
the dust particles and collection of blackbody like emission from 
the heated clusters. This method is especially suitable for detec­
tion of small clusters (i .e. much smaller than the wavelength of the 
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light source used for diagnostics), for which all other techniques 
fail, including the commonly used Rayleigh and Mie scattering. 
From the time resolved emission of the heated particles both their 
size and density can be determined. A model is proposed, based 
on heating and thermal decomposition of particles, which fully 
describes the observed emission signals [83, 84, 85]. 

Chapter 10 Various forces, acting on a particle in a plasma are sur­
veyed. Moreover, some aspects of a dusty SiH4 plasma are in­
vestigated. In this discharge the powder formation mechanism is 
different from the one in an etching Ar/CC12 F2 plasma. The laser 
heating technique appears to be indispensable in elucidating the 
growth mechanism of dust particles, as it allows to detect nanoscale 
clusters, which are very quickly formed in the plasma glow. The 
charging kinetics of dust particles is studied by laser-induced pho­
todetachment and the transition between negative ions and small 
clusters is visualized [60, 66]. 
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Chapter 2 

The plasma configuration 

2.1 Introduction 

The experiments described in this work have been performed on a system 
constructed within the group Elementary Processes in Gas Discharges 
of the Eindhoven University of Technology. It is basically a modernized 
version of the setup used by Haverlag and Snijkers [30, 39]. It consists 
of a reactor in which a capacitively coupled rf discharge is sustained. 
The whole setup, including the pumps, the gas feed and the rf circuit, 
is controlled by a PLC unit. The plasma design is similar to that of 
typical rf discharges used for surface processing (etching or deposition). 
This allows us to compare and exchange our results with the ones found 
by other authors on similar systems. 

In this chapter the various parts of the plasma setup are described. In 
Section 2.2, the vacuum and the gas handling systems are described. 
The rf plasma and the geometries in which it has been operated are 
discussed in Section 2.3. A simplified overview of the system hardware 
is shown in Figure 2.1. 

2.2 The vacuum and gas handling system 

As a typical surface processing rf discharge operates at pressures be­
tween 10 and 1000 mTorr, a vacuum system is one of the essential parts 
of the setup. The plasma is positioned in the middle of a cylindrical 
stainless steel vacuum vessel (see Figure 2.1). The height of the vessel is 
55 cm and an its inner radius is 11 cm. It is equipped with several ports 
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pumps 

rotary pump Leybold Trivac D65 BCS 20 l/s 
roots blower Leybold Ruvac WS251 65 l/s 

turbo molecular pump Leybold Turbovac 450 450 l/s 

pressure gauges 

Baratron MKS 120 AA 10-5 - 1 Torr 
controlled by MKS 510 controller 
cold cathode Leybold 850-610-G2 10-2 - 10-7 Torr 

Pirani Leybold 896 30 Bl 10-3 - 760 Torr 

gas handling 

flow controller Tylan FC - 280 - S 0 - 100 seem 
calibrated for Ar, CF4, HBr 

throttle valve MKS 253A-6-160-2 
controlled by MKS 252 controller 

hydrogen detector Sieger model 2501 
silane detector MDA Scientific, SPM 0.5 ppm 

rf plasma 

generator ENI ACI-3 0-300 Watt 
matching ENI MW 5 automatic 

power meter Bird model 4410 

setup control 

PLC unit Siemens Simatic S5 PLC 
programmed with LogiCAD, Cito-Benelux 

Table 2.1: Specifications of various hardware components. 
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and windows, allowing to perform various diagnostics. The upper part 
of the vessel can be lifted with a hoist providing access to the interior. 
The reactor can be moved horizontally and vertically by two computer 
controlled stepper motors. This allows to perform space resolved mea­
surements, like optical emission and infrared absorption spectroscopy, 
photodetachment and laser particulate heating, without changing the 
alignment of the diagnostics. The vessel is evacuated by a combination 
of a rotary pump, a roots blower and a turbo-molecular pump (see Ta­
ble 2.1 for specifications), which results in a background pressure below 
10-6 Torr. The absolute gas pressure during normal plasma operation is 
measured using a Baratron capacitance manometer. The base pressure 
is measured with a cold cathode gauge, while higher pressures in the 
pumping line are monitored by Pirani manometers. 

The gases (Ar, 02, CF4, CHF3, C2F6, CCbF2 and SiH4) are fed through 
mass flow controllers and a mixing manifold into the plasma. The pres­
sure and gas flow in the vessel can be varied independently by changing 
the pumping speed with a throttle valve in the pumping line of the turbo 
molecular pump. Typically, a stable rf discharge can be sustained be­
tween 5 and 500 mTorr. The flow range is 0-100 seem for most gases . 
It has been checked by means of infrared spectroscopy, that the partial 
pressure of a gas in gas mixtures is proportional to its partial flow. The 
processed gas, which in case of SiH4 is purged with N2, is fed to an 
exhaust. The bottle containing 53 SiH4 in Ar is stored in a gas cabi­
net supplied with appropriate ventilation. Furthermore a gas detection 
system is installed to monitqr possible leaks. 

2.3 The rf plasma 

Two electrode configurations have been used. Schematic drawings of 
both are presented in Figure 2.2. We use a conventional parallel plate 
configuration to perform spectroscopic measurements, the closed plasma 
box serves as a cavity in our microwave diagnostics (see Chapter 3). 
Both systems are cylinder symmetric around the vertical axis. The di­
ameter of the aluminum electrode in the open configuration is 12 cm, 
the interelectrode distance can be varied, but it is typically 5 cm. The 
lower rf electrode is water cooled and the gasses are injected into the 
reactor between this electrode and a teflon ring around it. In the cavity 
configuration the rf electrode is the same, but the grounded electrode is 
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Figure 2.2: Scheme of the two electrode configurations: (A) the open 
parallel plate and (B) the cavity configuration. 

extended to form an aluminum plasma box with a diameter of 17.5 cm 
and a height of 2 or 5 cm. The gases are introduced into the plasma 
through a 2 mm slit separating the grounded and the rf electrode. Two 
vertical 1 cm wide slits in the side walls of the cavity allow the gas to es­
cape and provide optical access to the discharge. Finally, two microwave 
antennas are mounted in the lower pa.rt of the grounded electrode. Since 
the vacuum vessel is grounded, it partly serves as a grounded electrode 
in the parallel plate configuration. Therefore the area. of the grounded 
electrode is larger than that of the rf electrode in both configurations. 
Consequently the power density on the rf electrode is much higher than 
on the grounded electrode, which is favorable, as reactive ion sputter­
ing requires high energy positive ions. In spite of the slightly different 
geometries the electrical characteristics (rf voltage as a function of in­
put power and pressure) of the two discharge types are within 20 % the 
same [30] . Thus it is expected that also other plasma parameters are 
comparable. 

The rf plasma is sustained by a commercial 13.56 rf generator supplied 
with an automatic matching network. The matching network is used 
to optimize the power input into the plasma. Nevertheless, a part of 
the rf power is lost in the system. A subtractive method proposed by 
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rf power. To guarantee the reproducibility of the measurements the elec­
tron density rather than the rf power has been used. The nominal rf 
input power levels shown in this work have not been corrected for the 
power losses in the system. They are given only for comparison with the 
results of other investigators, which typically also do not take system 
losses into account. 
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Chapter 3 

Diagnostics 

3.1 Introduction 

An rf plasma is a very complex object, with many physical and chemi­
cal aspects. A total plasma physical description of this object requires 
methods from various fields, like gas dynamics, gas phase plasma chem­
istry, atomic and molecular physics, particle dynamics, plasma-surface 
interactions, electronics and even solid state physics . Consequently, a 
wide variety of experimental techniques has been developed. To begin 
with, every investigator is by nature equipped with the most fundamen­
tal and important diagnostics: his eyes. These prove to be excellent for 
a qualitative description of plasmas, especially to detect problems and 
observe new phenomena. However, a full understanding of the plasma 
often requires not only common sense but also the use of more sophis­
ticated techniques. As this work focuses on gas phase processes, our 
diagnostics have been chosen accordingly. 

The following experimental methods have been used: 

• Microwave cavity resonance spectroscopy in order to measure the 
electron density (see Section 3.2). 

• Laser-induced photodetachment in combination with the microwave 
cavity in order to measure the negative ion density (see Section 3.2). 

• Fourier transform infrared absorption spectroscopy in order to 
measure the densities of infrared active molecules (see Section 3.3). 

21 
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• High resolution infrared absorption spectroscopy by means of a 
tunable diode laser in order to measure neutral species densities 
and gas temperature (see Section 3.3). 

• Energy resolved positive ion mass spectrometry in order to mea­
sure the fluxes and the energy distributions of positive ions reach­
ing the electrode (see Section 3.4.1). 

• Time resolved optical emission spectroscopy for a qualitative in­
dication of the plasma composition and as a support for other 
techniques (see Section 3.4.2). 

• Scanning Electron Microscopy (SEM) for characterization of the 
plasma processed surface and dust particles. 

Moreover, we have developed a new technique for detection of nanome­
ter scale dust particles suspended in the plasma. This method is based 
on laser heating of particles and detection of the emitted blackbody-like 
radiation. It is described in Chapters 9 and 10. 

3.2 Microwave Cavity Resonance and Photode­
tachment 

3.2.1 Diagnostics for electrons and negative ions 

Electrons drive the discharge. Being accelerated in the electric field, 
they transfer their energy by elastic and inelastic collisions to the other 
particles, thus initiating the complex plasma chemistry. Consequently 
the electron density and energy are important plasma parameters, which 
are needed to accurately model and understand the discharge. However, 
in spite of their indispensability for the plasma their abundance in rf dis­
charges is low, typically 106 times lower than the neutral species density. 
Therefore it is difficult to measure the density of these most important 
and yet scarcely present particles. A commonly used technique is a Lang­
muir probe [89, 34], allowing to obtain the electron density as well as the 
electron energy distribution. The main advantage of a Langmuir probe 
is its simplicity in design and use. However, this technique is generally 
intrusive and when used in chemically active rf discharges, the results 
have to be interpreted very carefully. Possible problems include the 
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non-stationary character of the plasma, presence of negative ions, sec­
ondary electron emission from the probe and modification of the probe 
surface [90]. To obtain the electron density, microwave spectroscopy 
provides a reliable, non-intrusive technique with a good time resolution, 
but it generally has a poor spatial resolution. Two different microwave 
methods can be distinguished: microwave interferometry and microwave 
cavity resonance. Measuring the phase shift of a microwave beam in the 
plasma (microwave interferometry) is similar to visible light (e.g. He­
Ne) interferometry, but it is applicable at much lower electron densities 
(down to 1016 m-3 ) [91]. In a higher density range (ne > 1017m-3 ) also 
Thomson scattering can be used [92]. The latter has a very good spatial 
resolution, but it requires strong lasers and must be carefully designed. 
For even lower electron densities (1012-1016 m-3 ) the microwave cavity 
resonance method can be applied. The theory of microwave cavities is 
well established and can be found in many textbooks e.g. [93]. Also its 
application to plasmas has a long history [94, 95, 96]. This technique 
has been adapted to rf plasmas by Bisschops [97] and Haverlag [30] and 
it is used in the present study. 

The negative ion density is even more difficult to measure than the elec­
tron density. Negative ions are rather inert: they are too heavy to follow 
any high frequency field, so interferometry is quite useless. Moreover, 
they are trapped in the plasma glow, thus, unlike the positive ions, they 
cannot be easily extracted and analyzed by a mass spectrometer. The 
mass spectrometry measurements can be performed practically only ei­
ther in the afterglow [98, 99] or using a positively biased extraction 
orifice [100]. The former, however, is not an in situ measurement and 
the particle densities in the plasma and in the afterglow are likely to be 
different. In the latter case the positive bias disturbs the sheath and 
consequently the local charge density. As with electrons, also Langmuir 
probes can be used [101], but besides the problems mentioned before the 
negative ion current to a probe is much lower and consequently more 
difficult to collect. A more convenient way to measure the negative ion 
density starts from transforming the ions into electrons, which can be 
done by laser-induced photodetachment [102]. The photodetached elec­
trons are then detected using any of the previously mentioned methods, 
e.g. probes [103] or interferometry [104]. In this work the negative 
ion density is measured by photodetachment in combination with the 
microwave cavity resonance method. 
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Figure 3.1: The field intensity (E 2 ) of the TM020 mode as a function 
of the radial position in the cavity. The position of the rf and grounded 
(g) electrodes is indicated by arrows below the graph. 

electron density in the central part of the discharge. Moreover, models 
of electronegative plasmas, which are the main subject of investigation 
in this work, have shown that the electron density is flat in the whole 
plasma glow and a sharp decrease is found in the space charge region 
towards the electrodes (see Chapter 5, [32, 40]). The same conclusion 
follows from optical emission measurements [30]. As the diameter of the 
cavity is large in comparison to the thin sheath at the grounded side 
wall (:'.S 5 mm) and the E field is anyway lower in this region, the radial 
dependence of the electron density can be neglected. However, the axial 
profile can be important since the large sheath at the powered electrode 
(up to 2 cm) is not much smaller than the height of the cavity (H = 
5 cm). Therefore we measure the axial thickness of the plasma glow 
for every plasma condition, using the negative ion density profiles (see 
section 3.2.4), and multiply the density from Equation 3.9 (i.e. averaged 
over the cavity volume) by the ratio of the height of the cavity to the 
glow thickness, thus obtaining an average electron density in the plasma 
glow. As the field averaged electron density can be determined very 
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Figure 3.2: Resonance curves of the cavity in vacuum and in presence 
of a plasma. The frequency shift can be easily observed. Moreover the 
increased width at half height in presence of a plasma shows that the 
quality factor is lower. 

accurately (to better than 0.1%), the main uncertainty resulting from 
using the microwave method is caused by a limited knowledge of the 
electron density profile. This uncertainty results in an estimated error 
of about 10% in the average electron density. 

Finally we note that the above linearized theory is only valid when 
the free electrons do not deform the electromagnetic mode too much. 
This sets an upper limit for the electron density. The major limiting 
mechanism is electric polarization, induced by the microwave field. For 
our conditions the upper limit is about 1016 m-3 [97]. As the typical 
densities in an rf plasma lie around 1015 m-3 , this method is well suited 
to study our discharge. 

3.2.4 Photodetachment 

The microwave resonance method can be applied only to electrons, which 
are fast enough to follow the microwave field. Therefore negative ions 
have to be transformed into electrons by means of laser-induced pho­
todetachment: 
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Ion Detachment Threshold Applied Occurrence 
energy (eV) A (nm) A (nm) in plasmas 

c1- 3.61 342 266 CChF2 
F- 3.40 364 355 CF4, C2F6, CCl2F2 
c12 2.38 520 355 CChF2 
F-2 3.08 400 355 CF4, C2F6, CChF2 

CF3 2.7 465 355 CF4, C2F6 
o- 1.46 848 532 02 
o-2 0.45 2750 1064 02 
o-

3 2.10 590 532 02 
H- 0.75 1650 1064 H2, SiH4 

srn- 1.28 976 532 SiH4 
srn2 1.12 1100 532 SiH4 
srn3 1.41 878 532 SiH4 

Table 3.1: The detachment energies of several negative ions, the laser 
wavelength used for photodetachment and the gases in which they can 
occur. 

sary and a laser power meter is used to calibrate the laser pulse energy. 
The laser pulse energy depends on the laser wavelength and reaches 
maximally 0.4 J at 1064 nm. In order to increase the laser intensity and 
obtain a well defined laser volume the donut-shaped laser beam is first 
collimated using a negative-positive lens system and then diaphragmed. 
This results in a nearly homogeneous laser beam of 2-3 mm diameter, 
dependent on the size of the diaphragm. Although the beam diameter 
is controlled by a diaphragm, the uncertainty in the beam radius due to 
diffraction imposes an error of about 20% on the measured negative ion 
density. The minimum measurable ion density depends on the beam di­
ameter (provided the beam intensity is sufficient to saturate the effect) 
and it is in the order of 1014 m- 3 • The laser beam enters and leaves 
the vacuum system through a set of pyrex or quartz windows. The 
microwave cavity has two vertical slits allowing the laser beam to pass 
through the plasma and to make vertical scans. These are performed by 
moving the vacuum reactor by means of stepper motors. 

For a typical measurement the PC prepares the settings of the oscillo­
scope and sets the microwave generator to the desired frequency. Then 
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the laser is fired, which triggers the oscilloscope to measure the time 
dependent microwave transmission signal. This signal is typically aver­
aged 10 times before the data is stored on the PC. Then the microwave 
frequency is increased and the whole procedure is repeated, until the res­
onance curve of the cavity is scanned. Typically 50 frequency steps are 
needed to cover the resonance curve. Finally the PC calculates the time 
dependent resonance frequency and consequently the electron density, 
producing a curve shown in Figure 3.3. The electron density is measured 
with a time resolution dependent on the quality factor of the cavity. The 
latter can be influenced by changing the surface conditions of the cavity 
or the position of the antennas. In a photodetachment experiment this 
time resolution must be good enough to follow the decay of the extra 
electrons (Figure 3.3). The time constant of this decay depends on the 
nature of the electronegative gas. For fast attaching gases, like CC!iF 2 , 

a time resolution of 50-100 ns or better is required. This corresponds to 
a quality factor of 500-1000. For photodeta.chment in other gases, like 
CF 4 or 0 2 , or for steady state electron density measurements we apply a 
higher quality factor ( 1000-2000), which results in a higher transmission 
and a better defined resonance frequency (see Equation 3.8). 

The measurements of the electron and negative ion density can be per­
formed as a function of time. This allows to study density variations 
after switching on the discharge, during dust formation and in the af­
terglow. In this case also the plasma genera.tor is controlled by the PC. 

3.3 Infrared Spectroscopy 

3.3.1 Diagnostics for neutral particles 

The most commonly used method of detecting neutral particles in a 
discharge is collecting radiation from their excited states. Optical emis­
sion spectroscopy has many levels of sophistication, ranging from simply 
looking at the spectrum, through actinometry to absolute intensity mea­
surements in combination with elaborate collisional radiative models. 
However, the fundamental drawback is that it is an indirect detection 
method. The observed emission always originates from excited atoms 
or molecules and many assumptions have to be ma.de in order to corre­
late their densities with the sought after ground state density. Another 
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widespread diagnostics is mass spectrometry. Even though there are 
many uncertainties, such as ionization efficiencies of different species, 
their fragmentation pattern, the transmission of the quadrupole and de­
tection efficiencies, mass spectrometry provides very useful information 
about plasma chemistry [106]. Another popular method is laser-induced 
fluorescence. It has an excellent space and time resolution and if a tran­
sition starting from the ground state is pumped, the absolute density is 
readily obtained [107]. 

Infrared absorption spectroscopy can provide quantitative data for most 
infrared active species. Absolute densities of stable molecules are very 
easily obtained by calibrating their infrared absorptions on a known 
density. For unstable species, like radicals, knowledge of the absorption 
coefficient is required, but in most cases the latter can be fairly accu­
rately calculated. Apart from the species density, the absorption spectra 
also give information about the population of vibrational and rotational 
levels, which is very helpful in understanding the plasma chemistry. 

In this work two kinds of infrared absorption techniques have been ap­
plied. First, measurements have been performed using a Fourier trans­
form infrared spectrometer (FTIR). This tool is especially useful in ob­
taining an overview of all species present in the plasma, as a complete 
infrared spectrum can be determined in a single measurement. There­
fore it has been used to unravel the complex chemistry of a CChF2 
discharge. The second infrared tool used in this work is a tunable diode 
laser (TDL ). Its high spectral resolution allows to scan individual rota­
tional lines of a molecular band. This results in a high sensitivity of the 
method, making it suitable to detect species with a low density. Here it 
has been used to measure radical densities and to determine the rota­
tional temperature of an rf discharge. 

3.3.2 Principles of infrared absorption spectroscopy 

In this section some basic notions of infrared spectroscopy are intro­
duced. The complete theory of molecular infrared spectroscopy is treated 
in great detail by Herzberg [108]. 

The internal energy of molecules is contained in electronic, vibrational 
and rotational excitations. Radiative transitions between various levels 
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Figure 3.5: A vibrational band consists of many ro-vibrational transi­
tions, grouped in three branches: P for b..J = -1, Q for b..J = 0 and R 
for b..J = 1. 

The intensity of a transition from a level ( v, J) to some given ( v*, J*) in 
absorption is described by the Lambert-Beer's law: 

Iv,J( u) = Io( u) exp(-Kv,J</>( u)nv,Jb..X) (3.14) 

where 10( a) is the wavenumber ( u) dependent source intensity, b..x the 
optical path length and nv,J the density of the lower level. The to­
tal absorption coefficient f </>( u )Kv,Jda of the relevant transition can he 
determined by quantum mechanical calculations. The line profile </>(a) 
satisfies: 

j </>(a )du 1 

For the pressure and temperature ranges in an rf discharge two kinds of 
broadening mechanisms are important. At low pressures the main mech-
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anism is Doppler broadening, which leads to a Gaussian line shape. At 
high pressures, pressure broadening becomes dominant, which results 
in a Lorentz profile. At intermediate pressures, where rf discharges are 
typically operated, both mechanisms contribute to the line shape. The 
resulting line shape is given by a Voigt profile. 

The density of a given level can be found from the absorption 
(InI0(u)/Iv,J(O'), see Equation 3.14), integrated over a single line: 

nv J = 1 f In Io(u) du 
' Kv,J t!l..x }line Iv,J( O') 

(3.15) 

In thermal equilibrium the population of the various vibrational and 
rotational levels of a molecule is governed by Boltzmann statistics. The 
density of a certain level ( nv,J) is related to the ground state density 
no,o by: 

nv,J = no,o Yv,J exp(-Evib( v)/kbTvib) exp(-Erot(J)/kbTrot) (3.16) 
9o,o 

where 9v,J denotes the statistical weight of a given level, Tvib and Trot 
are the vibrational and rotational temperatures and kb is the Boltzmann 
constant. In a non.equilibrium plasma these temperatures depend on the 
mechanisms of vibrational and rotational heating of the molecules. In 
an absorption spectrum the intensity distribution over vibrational bands 
gives information about the vibrational temperature. Within a single 
vibrational band, the intensity distribution of the rotational transitions 
(the shape of P and R branches) allows to determine the rotational tem­
perature. 

The total density ntot of a given species is a sum of the densities of all 
individual ( v, J) states and it is related to nv,J by: 

ntot = nv,J 9v,J exp( - Evib( V) / kbTvib) exp( - Erot ( J) / kbTrot) 

where f(Tvib, Trot) is the partition function given by: 

v,J 

(3.17) 

(3.18) 
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Figure 3.6: A scheme of a Michelson interferometer. M1 denotes the 
moving mirror, M2 the fi.xed mirror, B.S. the beam splitter. 

In order to experimentally determine the total density, either all relevant 
absorption band intensities should be measured or the temperatures and 
the partition function must be known when only a single transition is 
recorded. The first option is realized using the Fourier transform infrared 
spectrometer. The absolute density is easily determined by comparing 
the measured absorption with the one corresponding to a known density 
of a molecule of interest. The second option is realized in determining 
the radical densities by means of diode laser spectroscopy. 

3.3.3 Fourier transform spectroscopy 

In common spectroscopy spectral resolution is obtained by separating 
the different wavelengths spatially by means of a dispersive element and 
by performing measurements at each wavelength. In Fourier transform 
spectroscopy spectral resolution is obtained by modulating the intensity 
at each wavelength with a different frequency and Fourier transform­
ing the resulting signal. The intensity modulation is achieved by means 
of interferometry. In practice a Michelson interferometer, as shown in 
Figure 3.6, is used. The beam from a white light source is split by a 
beamsplitter and led into the two arms of the interferometer. One arm 
has a fixed length, whereas a moving mirror is mounted in the other arm. 
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Figure 3. 7: The P, Q and R branches of the v3 band of CF2, simulated 
for Trot = 300 K. 

distribution of absorption strength over different J's and K's, belonging 
to a vibrational band), are called Honl-London factors (AK,J) and for a 
symmetric top molecule they are is given by: 

A J2-K2 
K,J = J(2J+I) 

K2 
AK,J = J(J+I) 

for P branch 

for Q branch 

(J+1)2-K2 
AK,J (J+i)(2J+i) for R branch 

The shape of the simulated spectrum is shown in Figure 3.7. 
Moreover, as the integrated absorption coefficient for the CF 2 v3 band 
(,,;) can be found in literature [113], the vibrational transition proba­
bility need not be calculated anymore. Substituting Equation 3.15 into 
Equation 3.17 and remembering that: 
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we obtain the total density: 

1 LJ,K AJ,K9v,J,K exp(-Evib(v)/kbTvib) exp(-Eroi(J,K)/kbTrot) 
ntot = ttl:ix AJ,K9v,J,K exp(-Evib(v)/kbT.,;0 ) exp(-Eroi(J,K)f koTrot) 

X fline In /o(u(J)du (3.24) 
v,J 

In the above Yv,J,K = 9spm(2J + 1) (9spin = 1or3) and summation over 
the P, Q and R branches is included. As the CF 2 absorption is weak, 
the logarithmic term is linearized. 

In this approach we implicitly use the fact that the vibrational tempera­
ture kTvib is much lower than the vibration energies for CF2 ("" 0.1 eV) 
and consequently the density of CF2 in high vibrationally excited states 
is negligible. Indeed, it has been shown by Haverlag [30], that both vi­
brational and rotational temperatures in an rf discharge are almost equal 
and close to room temperature. Some results on the rotational tempera­
ture can be found in Chapter 7. A change of the rotational temperature 
can also lead to an error in density determination from Equation 3.24. 
For the determination of ntot the J 21 and 22 lines have been used, for 
which the error is about 10% for temperatures between 300 and 400 K. 

3.3.6 Principles of the tunable diode laser 

A semiconductor diode, used for generation of laser radiation, consists 
of an active medium embedded in a p and n type layer (Figure 3.8). 
The band gap of the active medium is smaller than that of the sur­
roundings, which traps electrons in the lasing medium. The electron 
density in the conduction band is further increased if a current fiows 
through the diode. At a certain current inversion between the valence 
and the conduction band occurs, resulting in laser action. The index 
of refraction of the p and n layer and the side walls is higher than that 
of the medium, which secures the confinement of photons in the laser 
channel. Finally the laser cavity is determined by reflecting end sur­
faces. The laser wavelength corresponds to the band gap of the active 
medium. However, most diode lasers have several active modes. The 
possible laser wavelengths of the modes are: 

.-\ == 2n(T)L 
k 

(3.25) 
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Figure 3.9: A typical mode chart of a diode laser. 
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(3.26) 

By setting the filter frequency of the lock-in on the laser current fre­
quency w or the double frequency 2w the first and second derivative of 
the absorption can be found. This technique is very useful in extract­
ing narrow absorption peaks (with a large dl / dA.) from a broad banded 
background absorption. Besides, the characteristic shape of dl / dA. for 
narrow peaks can be much easier identified within a noisy signal. 

3.3. 7 Setup for diode laser spectroscopy 

In our experiments a Laser Photonics tunable diode laser system has 
been used. It is supplied with a 15731 Closed-Cycle Refrigerator and 
15710 Compressor, which allow to maintain the temperature in the diode 
chamber in the range of 10-100 K with a stability better than 3x 10-4 K. 
The temperature is set by a 15720 Cryogenic Temperature Stabilizer, 
with an accuracy of 10-3 K. The 15820 Laser Current Control Module 
sets the current through the diode with an accuracy of 0.1 mA. The 
modes of the laser are selected with a 1 m monochromator. Two laser 
diodes have been used, with wavelength ranges of about 1055-1130 cm-1 
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energy. This is achieved by focusing the ions on the mass spectrometer 
by means of an ion lens, which accelerates or decelerates the ions to the 
desired energy. 

This setup allows us to collect energy spectra of various ions arriving at 
the grounded electrode with an energy resolution of 1 eV. Such spectra 
give insight into the sheath dynamics and the collisional processes in 
the sheath (see Chapter 6). The integrated energy spectrum is used to 
determine the total flux of a particular ion while the high energy part 
of the spectrum is used in the evaluation of the plasma. potential. The 
mass spectrometer is mounted on a separate, but mechanically equiva­
lent plasma reactor to the one described in Chapter 2. 

3.4.2 Optical emission spectroscopy 

Optical emission spectroscopy is used to study laser particle interaction 
in CChF2 and SiH4 discharges (Chapter 9 and 10). Moreover, in many 
cases supplementary information about the plasma has been obtained 
from emission spectra. Unless specified otherwise, the spectra a.re col­
lected using an Optical Multichannel Analyzer (OMA). The basic setup 
is shown in Figure 3.13. The plasma emission is focused with a quartz 
lens on a quartz fiber guiding it to a 25 cm Yobin-Ivon monochroma­
tor supplied with a 150 grooves/mm grating. Finally the light signal 
is detected by a diode array with an image intensifier, which is part of 
the OMA III system (EG&G model 1461). A Model 1303 pulse inter­
face and a Model 1304 pulse amplifier are used to gate the diode array, 
with a minimum gate width of 100 ns. Software has been developed 
for a flexible control of the 0 MA system. It can be programmed to 
trigger the plasma generator or the Nd:YAG laser and synchronize the 
measurements, allowing to collect spectra as a function of time. The 
transmission of the optical system and the sensitivity of the diode array 
have been determined using a tungsten ribbon la.mp and the corrections 
are implemented in the spectra. Since the gain of the OMA decreases 
rapidly in the near infrared region, only visible and near UV spectra 
(300-800 nm) are collected. 






















































































































































































































































































































































































































