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Summary 
Mie Scattering Rotating Compensator Ellipsometry and Infrared Absorption Spectroscopy are 

diagnostics to in-situ monitor dust particles formed in or injected into an RF discharge. 
Knowledge of the particle characteristics, their behavior, and their formation in an RF discharge is 
essential for the optimization of various industrial processes, e.g. the etching or deposition of 
layers in the semi-conductor industry. 

A Mie Scattering Rotating Compensator set-up has been built, tested, and integrated in a set
up containing an RF discharge. Ellipsometry is a measurement technique based on the analysis of 
the polarization state of light. In this case, we study the polarization change which is associated 
with the (Mie-) scattering of light of particles suspended in an RF plasma. 

For the first time this technique is used to in-situ monitor the etching of particles in an 02 RF 
plasma. Simulation of the etching of Melamine-Formaldehyde particles results in an etch rate of 
1.1 Asec-1 which is comparable to the etch rates of polymer layers in a similar oxygen plasma. 
Simulations indicate a particle size distribution broadening during the etching process from a 
relative monodisperse population to a more polydisperse population. This is probably caused by 
the ion focusing around the vertically layered particles in the Coulomb solid. After a certain 
residence time in the 02 plasma the etching of the particles appears to stop. This is probably 
caused by a less effective ion bombardment due to a smaller negative charge on the particles. The 
particle trapping was visually observed to become less effective and this was confirmed by the 
measured scattering intensity. A new equilibrium between the forces will cause a small 
displacement of the particles, and this displacement may be large enough to make the particles 
'leap' over the edge of the potential well the particles are trapped in. 

Fourier Transform InfraRed (FTIR) absorption spectroscopy has been applied to several silane 
plasmas. Bonds in particles in an RF discharge can be identified by their infrared activity. The 
technique is non-intrusive and supplies very detailed chemical information. 

Infrared spectra measured in a pure silane plasma show the gas phase absorption of SiH4 
molecules and the solid state absorption of Si-Hx bonds in the powder particles. The powder 
particles are formed in the gas phase. Their growth starts from negative ions, which are trapped in 
the glow and have a large residence time. They grow to macromolecules by molecular 
recombination. The macromolecules can grow further by polymerization and/or ion impact. The 
resultant powder particles are large enough to acquire a permanent negative charge which keeps 
them trapped in the plasma. By modulating the RF power it is possible to control the particle size. 
The increase of the powder particle size and/or density has been visualized with the infrared 
absorption spectra. The correlation between infrared absorption and negative ion mass 
spectroscopy supports the above proposition that negative ions are the precursors of powder 
particles. Different admixtures of silane with the molecular gasses CH4, C2H2, 02, and N1 yield 
evidence of chemical compound bonding. In particular, the absorption and mass spectra show 
bonds such as Si-CH3 and Si-0. 

I 



Index 

~1 
1.1 General .... .. .. .......... ............. ... .......................... .. .. .. ........ .. .. ...... ............... ......... ............. ...... 1 
1.2 Mie Scattering Rotating Compensator Ellipsometry ...... ........ ................... .......... .... .. ......... 4 
1.3 Infrared Absorption Spectroscopy ........ ............... .... ...... ........ ....................... ........ ........ ...... 5 

2. Mie Scattering Rota~f!i9!.f2ompensator Ellipsometry · 

2.1 Abso!J.?tion and scitJllilllllll~mall particles 
2.1.1 Introduction .. .. .............................................................. ....... .. .. ... ....... .... ...................... ..... 6 
2.1.2 Homogeneous media .................... ........................... ............ .. ...... .. ... ....... ......................... 7 
2.1.3 Multiple scattering .............................................. .... .. ... ... ........................ .. .. ...................... 7 
2.1.4 Scattering by one particle .. .................................. .. ...... ............ ......... ..... .. ....... .. ... ............. 7 
2.1.5 Cross sections ........ .. ................ .................................... ... ...... .... .. .. .................... ................ 8 
2.1.6 Scattering by many particles .................................. .... .... ...... .... ... .. .. ................. .. .......... .... 9 
2.1.7 Forward and backward scattering direction ....................... .. .... .. .. .................. .. ....... ......... 9 
2.1.8 Rayleigh scattering ......................................................... .... .. .. ........ .. ......... .. ................... 10 
2.1.9 Mie theory applied to a sphere ...... .. .................................... .. .. .. .. .. ........ .............. ........... 10 

2.2.1 Introduction .......... .. .. ... .. ................................ .. ................ .. ................... ........... .. ............. 16 
2.2 .2 Definition of ellipsometric quantities ':I' and ~ ................... ......................... ... .... ........... 16 
2.2.3 Behavior of a rotating compensator .... .. .. ...... .. .. .................... ...................................... ... 18 
2.2.4 Characterization of the compensator and calibration of the RCE set-up .... .... ............... 22 

2.3 Experimental set-up 
""" 

2.3 .1 Introduction ......................................................... .... .... .. .......... .. .......... .. .. .. ............ ......... 25 
2.3.2 Mie scattering ellipsometry set-up .. .. ...... .. .... ... ... ...... .. .. ...... .. .. .. .. .. .. .. .................... ... ... ... 25 
2.3.3 RF plasma reactor ............. .. ................. .......... .. ...... .. ..... .. .. ... ... .... .. .. .. .......... .................... 25 

2.4 Results 
2.4.1 Introduction ......... ........ ..... .. .... ........ ..... .... ......... ...... .. .......... ...................................... ...... 27 
2.4.2 Calibration of the compensator ............................................................... .. .. .. ... .. .. .......... 27 
2.4.3 Measurements of ':I' air and ~air ........ ................................................................ .. .... .... .. 27 
2.4.4 Calibration of the Mie scattering set-up .................. .. .............. .. ................ .............. .... ... 29 
2.4.5 Measurements of ':I' silicon and ~sil icon .......... .. ............ ................... .. .... ................ ..... 29 
2.4.6 Measurements of ':I' gold and ~gold .. .... .. .. .... ...... .. ... .. .... .... .. ........ .. .. .... ... .. .. ...... ..... ....... 30 
2.4.7 Measurements and simulations on initially monodisperse polymer particles trapped 

in an oxygen RF plasma .. .. ........................ .... ............................................. .. ... .... .......... 31 

2.5 Conclusions ... .. ... . ... ... .... .. ....... .. ............ .. ........... ................. ..... ... .. ·~ ..... 41 

II 



3 .1.1 Introduction .................... ............................. .............. .................................. ................... 42 
3 .1.2 Vibrational and rotational states in a diatomic molecule 

3.1.2.l The (an)harmonic oscillator ..... ..... ... .................... ......... ...... ......... .... ................. 42 
3.1.2.2 The molecule as a rigid rotator ......................... ........................ ....... ... .............. .43 
3 .1.2.3 Transitions between vibrational and rotational states ...................................... .44 
3 .1.2.4 Thermal distribution of quantum states ..... ....... .... ............................. ................ 4 7 

3 .1.3 Polyatomic molecules ............. .............. ...................... .... ........ ....... .... ................. .. .......... 48 
3 .1.4 Solid sate absorption ................................. ........... ... ........ ............................ ... ................. 48 

· · ;.;· ,., .. JM" 'W.>n_;,,-__ \:_s:;_y;;1rA;:ggro:i<r~ 

3.2 Expenmental set;.~P~rl;iw L~e,~;;,, 
3 .2.1 Introduction ......... ...... ... ....... ........ .... .. ...... ...... ... .... .. ......... ...... ..... ........ .................. .. ... .... . 51 
3.2.2 The plasma reactor ............ ........ ....... .. ..... .... ... ....... ...... ... ...... ......... ...... .... ........................ 51 
3 .2.3 Infrared spectroscopy .... ............. ....... ......... ....... ..... ............................. ............. .............. 51 
3.2.4 Mass spectroscopy ...... .. ..... .................. ....... .... ................ ............... ...... ..... .... ......... ......... 52 

3 .3 .1 Introduction ..... .... ... ....... .... .......... ...... ....... ... .................. ................... ... .... .. ..... ...... .......... 53 
3 .3 .2 Measuring a gas absorption spectrum ............................................................................ 53 

3.3.3 Clusters 
3.3.3 .1 Silane clusters ......... ....... ....... ..... ......... ......................... ................. ........... .... ....... .. .. ... .. 55 
3.3.3.2 Silane clusters trapped in an argon plasma .... .... .... ....... ................ .... ....... .................... 58 
3.3.3.3 SiJLi + CH4 clusters ..... .. ........ ........................................... .................................. ......... 59 
3.3.3.4 SiH4 + C2H2 clusters ............................... .............. ............ .... .. ....... ....... ...................... 59 
3.3.3.5 Si!Li + N2 clusters ........ ............. .... .............................................................................. 60 
3.3.3.6 SiH4 + 02 clusters .................. .... ....... ..................... ..... ....... ..... ........ ............... ............. 60 
3 .3 .4 Deposition of powder on the windows ...... .............. ..... ......... ..... ...... ....... ...... ................. 61 
3.3.5 Coating powders with 02, CH4, C2H2, and N2 ............. .... ........... ....... ... ...... .. ................ 62 

3.4 Conclusions .... ~"':~ .......... ~=························ · ·· · ··················· 

4. Conclusions .................................... .......... ·.: ............. .......... ... ......... ~ .. .. 63 

'V 

:_.:.:;.~;,,,;..:,,;.;.:..;.;,,,~.: ,:;;. ,·,,; .. -,:,. :~,;,.-~,- -· -: : -· ...... .. ·,,;,;;~,;.~· ... . .................. 66 

A A mathematical description of polarized light and its application to a RCE set-up .......... 69 
B. Rigorous solution of scattering by a sphere 

B 1. The Maxwell Equations ...................... ...... .......... .......... .............. .... ... .. ... ... .................. 73 
B2. The scalar and vector wave equation ............. .......... ........ ....... .... ..... .... .... .... ... ...... ... .... 75 
B3. The formal solution of Mie ........ ..... ....... ...... ........ ...... ................. ........... ...................... 76 

C. RF plasma, trapping of negative particles in an RF plasma and the Coulomb crystal.. .. .. . 78 
D. Errors in 'I' and~ ..... .... ....... ........................................... ... ......... ......................................... 80 
E. Elementary theory of dispersion applied to wave propagation in a conducting medium ... 80 

Technology assessment. ..................................................... ................................................... 84 

III 



1.Introduction 

1.1. General 

Particles suspended in RF plasmas have received a lot of attention in the last decade. In the 
1920's, Langmuir observed clouds of particles trapped in a low-pressure argon plasma [28] . The 
particles were formed by the condensation of tungsten evaporated from the discharge cathode. 

Controlling the formation and the trapping of the dust particles is important for e.g. the 
semiconductor industry. The presence of dust particles is a serious problem in etching discharges. 

The particles can come from the etched surface itself [13] or they can flake from the wall. 
Once released from the wall, they will be charged negatively by the electrons in the plasma (see 
figure 1). 

radical 

~ 
electron 

Fig. 1: Charging of a dust particles suspended in an RF plasma. 

The positive space charge in the region around the plasma glow (the sheath) will trap the 
negatively charged particles in the glow (see figure 2). Typically, the presence of a silicon wafer 
on the electrode changes the electrical field strength distribution, and potential traps are created 
near the edges of the wafer [32] (see figure 3). The particles will migrate to those potential traps. 
This may lead to spectacular 3-D localization effects, like dome-shaped clouds and/or rings of 
particles above the silicon wafer. When the plasma is switched off, the particles will be deposited 
on the wafer surface. Thus, the plasma is a very effective dust particle pump: all particles present 
in the vacuum chamber will be transported to the silicon wafer surface and deposited there. 

Nowadays the feature size in integrated circuits is steadily decreased to 0.17 microns and 
below. This implies that even the smallest particles can be "killer particles", and their presence 
has to be avoided. In order to be able to tackle this problem, a reliable in-situ diagnostic for the 
detection of the size of the particles is vital. In this report we will introduce Mie scattering 
ellipsometry as a candidate for this (see chapter 2). 

To understand the formation and trapping of particles in a plasma it is needed to briefly 
discuss the basic plasma physics [28]. A typical plasma (see figure 2) used for surface processing 
(etching and/or deposition) is produced by an electric discharge between two electrodes and 
confined in a vacuum vessel at low pressure (a few mbar or less). The discharge is only weakly 
ionized (a few parts per 1,000-10,000). This in contrast to the dense, high temperature plasmas 
needed in fusion physics (e.g. in a Tokamak reactor). 
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Fig. 2. Trapping of the particles in the plasma glow. 
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The ionization is due to electron-neutral collisions and, depending on the gas used to form the 
plasma, only requires electron energies of tens of eV. In fact only a small fraction of the free 
electrons need to have such high energies to maintain a weakly ionized plasma and the mean 
electron energy is generally a few eV. Due to the efficient kinetic energy transfer in collisions 
between ions and neutrals (which are of comparable mass), both species are in thermal 
equilibrium with each other and the walls of the vessel confining the plasma. 

The stationary nature of the plasma implies that the ionization rate in the discharge volume is 
equal to the rate of loss of charge from the plasma to the walls of the vacuum vessel. For the 
plasma to remain neutral, the fluxes of electrons and positive ions escaping the plasma must 
balance each other, in spite of the electron velocity being 1,000-10,000 times higher. This means 
there must be some kind of energy barrier to prevent too many electrons from escaping the 
discharge and this barrier must be at least a few times the mean electron energy. Due to the 
difference in mobility between the electrons and the ions such an energy barrier is formed in the 
initialization period of the plasma near the electrodes and the wall. These energy barriers, the 
sheaths, are regions between the plasma and the electrodes or the wall of the vessel of non-neutral 
ionized gas. These sheaths are associated with voltage drops in the electrostatic potential 
preventing too many electrons from escaping the glow, the part of the plasma that is roughly 
equipotential. Not only electrons, but all negatively charged particles will 'see' this energy 
barrier. 

Now consider a particle immersed in the glow. Such a particle can be formed spontaneously 
in the plasma gas or can be injected by reactions with the plasma wall, the RF electrodes, or a 
silicon wafer present for etching and/or deposition processes. Another possibility is that particles 
can be injected deliberately (e.g. to examine their behavior). Electrostatic equilibrium requires a 
balance of the net fluxes of electrons and ions impinging on the particle surface. Therefore the 
particle must have a surface potential which is negative Gust as the wall of the vessel and the 
electrodes have a potential negative compared to the plasma glow) compared to the plasma 
potential. The particle achieves this potential by the attachment of electrons onto its surface. 
Again the energy barrier is a few times the mean electron energy. Particles can support a large 
number of electrons to reach this potential (roughly 1 elementary charge per nm radius [13]). 
With such high negative charges, the particles are repelled by the sheaths even more than the 
electrons and the particles will be trapped in the plasma glow. The potential drop between the 
plasma and the particle is achieved by a cloud of positive ions (Debye shielding) surrounding the 
particle (a 'dressed' particle) which electrostatically screens the particle from the plasma. The 
trapping effect explains why particles are common in discharges: even very slow kinetics have 
plenty of time to play a role in particle growth. 
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Fig. 3: Trapping of dust particles in potential wells over a silicon wafer mounted on the electrode of an 
etching plasma [32]. 

Generally the attachment of the electrons dramatically lowers the free electron density by 
some 90%. The positive ion concentration remains the same and the charge balance in the plasma 
is essentially maintained by the negatively charged particles. The consequence is that dust greatly 
increases the resistivity of the plasma and, in addition, the high electric field set up in the plasma 
leads to a large increase in the mean kinetic energy of the electrons. This in turn, leads to an 
increased electron excitation and dissociation of the gas, even though there are about ten time 
fewer electrons than in a 'clean' plasma. But using this property, and simultaneously avoiding the 
deleterious effects of the particles on surface processing, remains a challenge. 

Several forces work on the particles. 
• The electrical force. The mobility of electrons is larger than the mobility of positive 

ions. This phenomenon causes dust particles to charge up negatively. Since all particles have 
a negative charge, they will repel each other. In general the plasma glow is surrounded by a 
space charge region. In this region there is an electrostatic field directed towards the 
electrodes and chamber wall. This electrostatic field also traps the negatively charged dust 
particles in the plasma glow. 

• Gravity. The gravitational force pulls the particles down. It is only important for the 
larger sized particles (larger than a few tenths of a micron). 

• Flow drag. The gas flow exerts a frictional force on the particles, which will tend to 
move the particles in the direction of the gas flow. 

• Ion drag. The positive ions in the plasma collide with the particles and also exert a 
frictional force. This force is only important in regions where there is an ion wind, like the 
boundary between sheath and glow. 

• Thermophoresis. The thermophoretic force is caused by gradients in the gas 
temperature. It will tend to move the particles into the direction of the lower temperatures. 
Of course all forces must balance. The force balance determines where the particles will go. 

Three cases can be distinguished (see figure 4). 

In the case of etching plasmas, typically the particles are large (of the order of 1 micron). 
Therefore they will float over the lower electrode (case (a) in figure 4). 
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Figure 4. Three regimes of particle trapping. If the particles are large (several microns), then gravity is 
one of the dominant forces, and the particles will float in a layer above the bottom electrode (A) . Smaller 
particles will feel the drag force of the ion wind near the sheath edges, and they will concentrate in layers 
close to both electrodes (B). The smallest particles (smaller than 0. I micron) will not feel the gravity or ion 
wind, and they will be suspended all over the plasma glow (CJ. 

Not only in etching plasmas but also in depositing plasmas (e.g. in silane or methane), the 
presence of dust particles may be a problem. Deposition is always a compromise between quality 
(low concentration of active species) and a high deposition rate (high powder densities). For RF 
silane plasmas Watanabe et al. [29] showed that the modulation of the RF voltage with a square 
wave is effective for suppressing the particle growth. Howling et al. [26] observed that powder is 
not formed when the RF silane plasma is modulated with a frequency less than 3 kHz. Then the 
anions, like SinH£ in a silane plasma, do have the time to be evacuated in the afterglow. This 
may be evidence for negative ions as powder precursors in low pressure silane plasmas. Typically 
the formation of particles is believed to start with an initial nucleation/polymerization leading to 
macromolecules (- 2 nm), followed by a coagulation phase (-100 nm), and further growth taking 
place by deposition on the surface (-1 µm). 

However, recent developments have indicated that the dust formation can also be turned into 
benefit. The particles may improve the quality of the deposited layer, e.g. its electronic, opto
electronic, optical and mechanical properties. Also, the presence of the dust influences the 
discharge. Electrical power coupling can become more effective, and the deposition rate may go 
up. In these situations it is of course also essential to have a reliable in-situ particle size diagnostic 
at one's disposal. In addition, since the particles may be incorporated in the deposited film, it is 
desirable to be able to determine the chemical composition of the particles while they are still 
suspended in the plasma glow. For this, we will use in-situ infrared absorption spectroscopy (see 
chapter 3). The research decribed in this chapter has been performed and written in collaboration 
with a fellow graduate student: W. de Zeeuw. The actual measurements have been done in 
collaboration with Ch. Hollenstein, C. Courteille, A.A. Howling, and G.M W. Kroesen at Le 
Centre de Recherches en Physique des Plasmas (CRPP) de !'Ecole Polytechnique Federate de 
Lausanne (EPFL). 

1.2. Mie scattering rotating compensator ellipsometry 

For the first time the size of particles trapped in an RF plasma have been monitored in-situ by 
using Mie Scattering Rotating Compensator Ellipsometry. This technique is based on the work of 
Tachibana et al. [20] who developed Mie Scattering Ellipsometry for monitoring particle growth 
in plasmas. With this diagnostic, based on a Rotating Analyzer Ellipsometer, they could infer size, 
size distribution, density, and refractive index of the particles grown in methane discharges. 
Usually ellipsometry techniques are used to determine the polarization state of light after it has 
been allowed to interact with a sample. The resulting ellipsometric angles \fl and ~ are used to 
determine sample properties such as the thickness and refractive index of the various layers. But 
ellipsometry is also suited to determine the polarization state of light scattered by a collection of 
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particles trapped in an RF plasma. In contrast with the work of Dorier [3], who measured the ratio 
of the intensity of the light scattered by the particles perpendicular and parallel to the plane of 
incidence ('¥) at various scattering angles 8, with Mie Scattering ellipsometry it is also possible to 
measure the phase difference (Li) and ergo the polarization state (ellipsometry) of the scattered 
light. The particles were injected in an RF plasma and acquired a negative charge. Since the 
Coulomb solidification criterion [15, 16] has been met (see section 2.4.7 and appendix C), the 
negatively charged particles are trapped in a Coulomb solid structure. This offers the possibility to 
control and treat the particles. Measurements of the polarization state of the light scattered by the 
particles enabled us to determine the average size of the particles as a function of their residence 
time in an oxygen plasma. To connect the particle size to the ellipsometric angles '¥and Li the so
called Mie solution for spherical, homogeneous, and smooth particles is used in our simulations. 

The Rotating Compensator Ellipsometer that, like other ellipsometers, works real-time, in
situ, is very sensitive, is non-intrusive and has some distinct advantages over other ellipsometers 
(e.g. Rotating Analyzer Ellipsometry) such as the non-ambiguous determination of the 
ellipsometric angle Li, no need for the DC level to determine '¥ and Li, its insensitivity to source 
and detector polarization, and a complete determination all four Stokes parameters. Ellipsometry 
is by reputation a very difficult technique, and this we can only confirm. But when it is used 
properly, it is a powerful diagnostic tool to perform real-time and in-situ measurements. 

1.3. Infrared absorption spectroscopy 

Infrared absorption spectroscopy is a technique with which bonds in materials can be 
identified. Some chemical bonds have characteristic absorption bands in the infrared due to 
vibrational excitation. Absorption peaks by chemical bonds that are part of a molecule (gas 
absorption) are very sharply defined. In some cases the whole molecule can also be rotationally 
excited and this gives additional absorption peaks next to the main vibrational absorption. When 
the bond is part of a solid or a cluster of molecules, the rotational peaks are no longer present and 
furthermore, the vibrational absorption peaks are not as sharp as in the gas absorption due to 
damping of the vibration in the solid. The wave number of the so-called solid state absorption 
will be at approximately the same position as the gas absorption. 

Our interest was to have a closer look at the various bonds present in powders/particles 
produced by a silane plasma and diluted silane plasmas. These powders and particles are usually 
small (several nm to 0.2 µm) , so they are uniformly distributed throughout the plasma glow (see 
figure 4c). Usually infrared absorption spectroscopy is performed with solids or particles 
embedded into KBr tablets. A disadvantage of this method is that it is an ex-situ technique. 

For the first time in-situ measurements have been performed in collaboration with the CRPP 
lab which is part of the EPFL in Lausanne. A Bruker Fourier Transform InfraRed (FTIR) 
interferometer has been used to measure the infrared spectra. 

With mass spectroscopy, in addition to the chemical bonds present in the dust particles, the 
composition of the dust particles can also estimated. From the analysis of the mass-spectra the 
positive ions, negative ions, and neutrals can be identified. Measuring the negative ions is only 
possible by modulating the plasma, so no in-situ information about the negative ion densities 
inside the plasma can be deduced from the spectra. We used a Balzers Mass spectrometer which 
was able to measure particles with mass numbers up to 2000 amu. 



2. Mie Scattering Rotating 
Compensator Ellipsometry 

2.1 Absorption and scattering by small particles 

The scattering of light by small particles has been extensively studied and most of the theory 
in this chapter can be found in [ 1-6]. 

Hardly ever is light observed directly from its source. Most of the light reaches our eyes in an 
indirect way. The sky is perceived as being blue because of the scattering of the solar rays by the 
air molecules and since blue light is scattered more effectively the sky appears to be blue. Without 
scattering the heavens would be black. Other optical phenomena in the atmosphere such as the 
colors of the sunset, the rainbow, the glory (a series of colored rings, around the shadow of an 
airplane flying above the clouds), the corona, and the halo are due to scattering either by aerosols, 
by ice crystals, or by water droplets. The zodiacal light seen in the western sky is due to scattering 
by interplanetary dust and astrophysicists try to describe the interstellar particles by analysis of 
the scattered and transmitted light. 

The interaction of light with matter can be viewed through the classical mechanism of 
polarization. The charged particles associated with the atoms and molecules are stretched to form 
dipoles under the influence of the electromagnetic field. Since the induced dipoles mutually 
interact, to at least some degree, the number of dipole combinations is enormous. When dipoles 
are created and/or stretched by the electric field , energy is absorbed from the exciting field. The 
absorbed energy takes the form of a secondary field because accelerated charges radiate EM 
energy in all directions. This is called the scattered field. In addition to reradiating EM energy, the 
excited elementary charges may absorb part of the incident EM energy by transforming it into 
other forms of energy like e.g. thermal energy. The total attenuation of a beam due to scattering 
and absorption is called the extinction which can be observed by looking directly (under 0°) at a 
light source. The sun, for instance, is fainter and redder at sunset than at noon. This indicates an 
extinction in the long air path which is strong in all colors but even stronger in the blue light than 
in the red light. Whether scattering or absorption is mainly responsible cannot be judged from this 
observation alone. Looking sideways at the air, through which the sun shines, it is observed that 
blue light is scattered more strongly than red light. Measurements show that all light taken away 
from the original sunbeam appears as scattered light. So in case of the sun the observed extinction 
is caused by scattering. 

Scattering and absorption by a medium are often neglected. Looking, for instance, carefully at 
light incident on a transparent medium light is observed outside the plane of incidence. Therefore 
Snell's law only tells us a part of the story since it asserts that the refracted ray lies in the plane of 
incidence and it takes no account of the light scattered in all directions. Reflectivity, transmissi
vity and index of refraction are material constants that are actually the result of averaging millions 
of coupled scatter events. As such, the so-called laws of reflection and refraction are merely 
statistical results that are true only in an average sense and depend heavily on material 
homogeneity. Keeping this in mind a reflected beam of light can be viewed as the summation of a 
huge number of scatter components that are similar in direction, phase and frequency. 

6 
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2.1.2 Homogeneous media 

The optical properties of a medium are characterized by its refractive index (see appendix E), 
and as long as the medium is uniform, light will pass through the medium undeflected. But 
whenever there are small scale density fluctuations, the refractive index will show variations and 
part of the radiation will be scattered in all directions. If the fluctuations are periodic, then so is 
the scatter pattern, while random fluctuations produce a random scatter pattern. It is exactly this 
property that makes scatter measurements such a valuable tool for characterizing inhomogeneities 
whether this are particles embedded in a homogenous medium or defects (small bubbles, 
inclusions, irregularities) in an otherwise homogeneous medium. 

Everything, except a vacuum, is heterogeneous in some sense. All media consist of individual 
particles (atoms and molecules) that all scatter light. Whether the scattering is effective depends 
on the arrangements of the particles. When a perfect crystal is considered at 0 K, consisting of 
perfectly homogeneously arranged particles, the waves scattered by the crystal interfere in such a 
way that no scattering occurs, but merely a change in the overall velocity of propagation. 

The particles are assumed to be embedded in a medium where the atomic or molecular 
heterogeneity responsible for scattering is small compared to the wavelength of the incident 
beam. Furthermore, fluctuations of the number of molecules in a volume causing density 
fluctuations, that give rise to scattering in an optical dense medium, will be ignored. So only the 
particles embedded in the medium are responsible for the scattered signal. The particles will be 
regarded in macroscopic terms. In this case the optical properties of the particles are completely 
specified by frequency dependent optical constants and the interaction of photons with elementary 
quantum excitations need not be considered explicitly. When only elastic scattering is considered 
the frequency of the scattered light is equal to that of the incident light. This excludes quantum 
mechanical inelastic phenomena like Raman scattering, which gives rise to additional frequencies, 
and Brillouin scattering, which arises from the Doppler shifts associated with the motion of the 
scattering particles. 

If the particle separation is much less than the wavelength of the incident light one should take 
into account the secondary field of all of the other particles since the field in the vicinity of a 
given particle induces an oscillating dipole moment in the other particle, which in tum gives rise 
to secondary dipole radiation. The final result then is cooperative scattering by all particles and 
the scattering pattern depends on the phase relations between the waves scattered by neighboring 
particles. But if the number of particles is sufficiently small and their separation sufficiently large, 
the total field scattered by all the particles is small compared to the external field and multiple 
scattering may be ignored. Then the total scattered field is just the sum of the fields scattered by 
the individual particles. To put it differently, the particles are just exposed to the incident field 
and not to the fields scattered by their neighboring particles. A mutual distance of three times the 
radius appears to be a sufficient condition for independent scattering. A simple test for 
independent scattering is to double the concentration of the particles. If the scattered intensity is 
also doubled there is no multiple scattering. Even in a dense fog there is only one droplet in Icm3, 
which means that the mutual distances are some 20 times the radii of the drops. But for a very 
thick cloud this is not true for not each droplet is illuminated by full sunlight and only 10 percent 
of the scattered light emerges after a single scattering. 

The problem is to relate the properties of the scatterer (shape, size and refractive index) to the 
angular distribution of the scattered light. A complete description of the scattered light entails 
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knowledge of the wavelength, amplitude, phase and polarization of the radiation emanating in 
each direction from the scatterer. This also provides the information necessary to calculate the 
amount of absorption and the light pressure upon the particle. 

Rayleigh (1871) studied scattering by considering the simple case of well-separated particles 
much smaller than the incident wavelength (see section 2.1.8). He found the scattered intensity 
from isolated particles to be proportional to 1 over the wavelength to the fourth power and this 
relationship was used to explain the blue color of the sky and the red sunsets. 

Consider an arbitrary particle divided into small regions. An applied oscillating field (the 
incident beam) will induce a dipole moment in each region. These dipoles oscillate at the 
frequency of the applied field and therefore scatter secondary radiation in all directions. The total 
scattered field at a point P is the resultant of all the wavelets scattered by the regions into which 
the particle is subdivided. The scattering by dipoles is coherent, meaning there exists a systematic 
relation among the phases of the waves scattered by the individual regions, and the field at P 
depends on the phase relations between the different regions. In general, the phase relations at P 
change for a different scattering direction. For a particle that is small compared with the 
wavelength (Rayleigh scattering), all the secondary waves are approximately in phase and for 
such a particle not much variation is expected with scattering direction. Therefore, the larger the 
particle, the more peaks and valleys in the scattering problem. 

In the far field (kr » I and Er ::::: 0 with k the wave number of the incident light, Er the radial 
electric vector and r the distance from the scattering particle) the scattered wave has the character 
of a spherical wave. The scattered irradiance equals 

I = F(B,cp) 10 

sea k2 r2 ' (2.1) 

with Io the irradiance of the incident beam and F(B, <p) a scattering function which value depends 

on the scattering angle B, and the azimuthal angle rp (see figure 2.1.3). 
Let the scattering cross section Csca [m2] be equal to the total energy scattered per second in 

all directions divided by the incident irradiance Io [Wm-2] 

Csca = I 
0 

ffF(B,cp)I0 2 • 

k2r 2 r smBdBdcp 
(2.2) 

Likewise the absorption cross section Cabs is the total absorbed energy per second divided by 
the incident irradiance Io (Cabs = 0 for non-absorbing particles) and the extinction cross section 
Cext equals the total removed energy per second from the original beam divided by the incident 
irradiance Io and 

(2.3) 

Usually Cext> Cabs and Csca are made dimensionless by dividing them by some geometrical 
cross section G characteristic for the particle under investigation (for spheres G = rca2 with a the 
radius of the sphere) 

(2.4) 
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which, for spheres, are independent of both the orientation of the particle and the state of 
polarization of the incident light. 

2.1 

Scattering by a collection of particles with random separations will be incoherent. The phases 
depend on the precise position of each particle and because a small change in a particle's relative 
position will involve large phase shifts, the phase relations between the various particles will 
change rapidly even during one experiment. So there exists no systematic relation between the 
phases scattered by the individual particles and the intensities may be added without regard to 
phase. Therefore the total irradiance [Wm-2] scattered by the collection of particles is just the 
sum of the irradiances scattered by the individual particles. Usually the measurements available 
are the irradiances, the energy flux confined to a very small solid angle, and the polarization state 
for one or more scattering directions. The amplitude and phase of the scattered light are much 
harder to acquire. 

Assuming a cloud of n identical particles per m3 in a volume V which is optically thin, so that 
each particle receives the same incident intensity, the intensity at a point P scattered by one 
particle lsca,i equals Eq. (2.1). If their separations are random the total scattered intensity equals 

(2.5) 

This summation rule also holds for Csca in Eq. (2.2) and Cext, Cabs in Eq. (2.3). The total 
scattered intensity per solid angle dm = Afr2 (with A the surface of the detector and r the distance 
from the detector to the cloud) equals 

I 101a1( e ) 
sea r, ,<p = 

Alr2 

LI; 
_;_ 

Al r 2 = 
n VF; ( B,<p )I0 

Ak2 
(2.6) 

The special features of the forward ( 8 = 0 ') and backward ( 8 = 180 ') scattering direction will 
be briefly discussed. 

For a collection of identical (size, shape, and orientation) particles, the phase differences in 
the forward and backward direction will vanish. This is illustrated for two identical particles in 
figure 2.1.1. 

2 

- ez 

lens 

detector 

Fig. 2. I. I: Scatttering by two identical (in size, orientation and shape) particles results in a phase difference 
between the two identical scatter fields in every direction, except in the forward and backward direction. 



2.1: The absorption and scattering of small particles 10 

The particles have identical scattering fields, except that there is a phase difference Ll¢ 
between them, which size is determined by the scattering direction e, (again considering the far
field region: kr »I and r1 » r12, r2 » r12) 

(2.7) 

with k the wave number of the incident light and ez and e, unitary vectors in the forward and 
scattering direction. The phase difference is independent of the particle separation and is zero for 
the forward and backward scattering direction. Generally a phase difference will change the state 
of polarization, for example from linearly to elliptically polarized, of the incident light. Only in 
the forward and backward direction the polarization state will be preserved, since for those 
directions the phase difference vanishes. So scattering near the forward direction is coherent. Two 
non-identical particles will have different scattering fields and the phase difference in the forward 
direction will not vanish. Another singular aspect of forward scattered light is that no matter how 

small you make the solid angle Ll.Q subtended by the detector, it is impossible to separate the 
incident light from the light scattered in the forward direction. 

2.1.8 Ra~leigh Scattering 
. -

Particles that are small compared to the incident wavelength exhibit Rayleigh scattering, 

where the scattered irradiance lsca is proportional to k4, regardless of shape. Rayleigh scattering 
tends to be uniform in angle, but polarization dependent. When light with intensity Ii and a certain 
polarization is incident on a particle of radius a and refractive index m, with m independent of the 

wave length A, in a medium of unity refractive index, the scattered intensity at a distance R from 
the particle equals 

2 

I.,w = 8JZ"4 a6 ni -1 (1 i ()) 
4 i -2 - +cos , 

I; A: R n +2 
(2.8) 

with the I in parentheses the term for incident light polarized perpendicular to the plane in which 
scattering is measured (1- in figure 2.1.2) and cos2 0 the term for incident light polarized in the 
measurement plane(// in figure 2.1.2). 

2.1.9 Nlle'fheory ap~lied to a s~here 

In 1908 Gustav Mie [6] found an exact mathematical solution (see appendix B) for scattering 
from a sphere by rigorously solving Maxwell's equations for a linearly polarized plane wave 

(2.9) 

incident on a sphere with radius a and refraction index m embedded in a vacuum (figure 2.1.3). 
At very large distances from the sphere (in the far field limit (kr »I) E, tends to zero) the 

scattered field outside the sphere, which consists of the incident wave plus the scattered wave, 
equals 
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A normalized scatter wl1h source l polOl1zed 

~~. 
small particle 

I WlScattcred 
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/ 1" 

polar1zed light 
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B. 

II 

normalized scatter 
wl1h source II polarized 

11 

Fig. 2.1.2: a) Normalized Rayleigh scatter intensity, in the plane of the figure, from a small spherical 
particle. The scatter pattern changes dramatically with polarization of the incident beam because b) the 
particle cannot radiate in the direction in which it is polarized [7]. 

(2.10) 

with the scattering amplitude functions 

~ 2n+l 
S1(B) = ~ {a11 7r11 (cosB)+b,,rn(cosB)} 

11=1 n(n+1) 
(2.11) 

"' 2n+l 
S2 (B) = L ( ) {b,,Jrn(cosB)+anr,,(cosB)} 

n=I n n + 1 
where 



2.1: The absorption and scattering of small particles 

z ---+ 

k 
-
E11 

plane of 
---+ incidence 
k 

-Eo..LA - .-y 
Eo11 ... -

Eo 

<p 

x 

Fig. 2.1. 3: Scattering by a sphere of an incident linearly polarized plane wave. 

} I 
;rr,,(cosB) = -.-P,, (cosB), 

smB 

d 
r,,(cosB) = - (P,,1(cosB)), 

dB 
with Pnl an associated Legendre polynomial. 

12 

(2.12) 

The scattered field, divided into components perpendicular to and in the plane of incidence, 
represents an outgoing spherical wave with an amplitude and state of polarization dependent on 
direction. The scattering amplitude matrix relating the scattered field to the incident field (see 
appendix B) equals 

(2.13) 

For spherical particles SJ(()} and S2(8) are the two nonzero components (for spherical 
particles they are not a function of the azimuth angle <p, the angle between the scattering plane and 
the incident field Eo) of the scattering amplitude matrix. 

Generally the scattered light is elliptically polarized, even if the incident light is linearly 
polarized, for S1(8) and S2(8) are complex numbers, that introduce a phase difference between 

Esca.1 and Escall· 
It is convenient to introduce the size parameter x 

21Ul 
x=ka=-A, . (2.14) 
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The dependence of the scattering field on the particle radius a and refractive index m are 
included in the coefficients an and bn (see appendix B) 

a = lf/;,(Y)lf/ 11 (x)-m1j1 11 (y)ljl~(x) 
11 

lfl;
1
(y);

11
(x)-m1j1

11
(y);;,(x)' 

b = mljl~(Y)lfl11(x)-1j1 11 (y)ljl;,(x) 
11 

mljl;1(y);
11
(x)-1j1

11
(y);;,(x)' 

(2.15) 

and using these coefficients the dimensionless cross sections Qext and Qsca (Qabs = Qext - Qsca) 
(Eq. (2.4)) are 

4 "' 
Qext = --2 ~)2n + l)9t{a11 + b,J, 

(ka) 11=1 

(2.16) 

If the particle is embedded in a medium with refractive index mmed, A, should be replaced by 

Avacuunlmmed, ka by kvacuummmeda and m by mspheresfmmed· 
Generally an experiment determines the amplitudes i..1. = IS 1(()) 12 and i// = I S2(()) 12 and the 

phase difference L1 between S1(()) and S2(()) (see section 2.2.3). 
To get an impression of the dependence of the scattering pattern on the size parameter x and 

the refractive index m, it is useful to look at some typical scattering distributions for a sphere with 

1. x « 1 (Rayleigh scattering) and m = ro (total reflecting sphere) (figure 2.1.4), 
2. various x and m = 1.55 (figure 2.1.5), 
3. x = 8 and m = 1.33 +various imaginary parts (figure 2.1.6). 

/,,,.,,..,,.. -- --------~ .......... 
/ ' 

/ ' I \ 

I ' , \ 
\ 
I 
I 

Fig. 2.1. 4: Polar scattering pattern (the incident light is polarized parallel (- -) or perpendicular (-) to the 

scattering plane) for a very small (x « I) totally reflecting sphere (m = oo) [I}. 

Because light of two different polarization states is scattered differently, the scattered light 
will be partly polarized if the incident light is unpolarized (figure 2.1.5). The degree of 
polarization P of a beam with intensity I equals 

~Q2 +U2 +V2 
P=------

1 
(2.17) 
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with Q, U and V the Stokes parameters (see appendix A) determining the various elliptical 
contributions to the beam (for an unpolarized beam P = 0 and for a fully linear (Q = 1) polarized 
beam P = 1). As noticed in section 2.1. 7 the polarization state of the incident light is preserved in 
the forward and backward scattering direction. 

SCATTERING 
m • 1. 55 

POLAR IZAT ION 

1.99 l·::Z:S:I 
0 , 

I 

- I ~I 

•• 2 404 

0 60 120 

Fig. 2.1.5: Angular scattering distribution (left) for various size parameters x and a refractive index m = 

1.55 (the incident light is polarized parallel (- - ) or perpendicular (-j to the scattering plane), and the 
degree of polarization as a function of the scattering angle (right) for incident unpolarized light [2]. 
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Fig. 2.1. 6: Angular scattering distribution (the incident light is polarized parallel (- -) or perpendicular 

(-) to the scattering plane) for a size parameter x = 8, a real part of the refractive index 1.33 and various 
imaginary parts [5]. 
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Looking at the scattering process macroscopically, the scattering for x » I is a combination of 
1. diffraction: a wave front passing a particle, results in an incomplete wave front, 

which gives rise to a certain angular distribution of the intensity, independent of the 
particle composition or of the nature of its surface (dependent on x but not on m) , 

2. refraction and reflection: rays hitting the particle are partially reflected and 
partially refracted (both dependent on m but not on x). The refracted light may emerge 
after another refraction or after one or several reflections and another refraction. 

The Mie theory gives the rigorous pattern of both effects combined. For x «I all interference 
effects are gone and all scattered light is approximately in phase. And for x » I the pattern 
approaches the pattern that follows from geometrical optics where diffraction may be neglected. 
An increasing x is accompanied by an increasing number of bumps in the scattering pattern. 
Interestingly enough, the scattering pattern depends only upon the ratio of a characteristic 
dimension of the particle to the incident wavelength and the refractive index rather than explicitly 
upon the size of the scatterer. This results in quite similar phenomena, apart from the difference in 
refractive index, for the scattering of radio waves by artificial earth satellites and the scattering of 
microwaves by raindrops. If the scattering particles are nonspherical there will be orientation 
fluctuations and the scattered signal will show an azimuthal dependence. This results in scattering 

amplitude functions Sj(B,cp), S2(B,cp), S3(B,cp), and S4(B,<p) exhibiting an azimuthal (cp) 
dependence. The shape and surface dependence of the scattering distribution indicates that one 
should be very careful in using the Mie solution. 



2.2 Ellipsometry 

2.2.1 lntroduction 

Ellipsometry is a measurement technique which is based on the analysis of the polarization 
state of a light wave. It is used to obtain information about an optical system that modifies the 
state of polarization as can be found in [8-1 O]. During an ellipsometric experiment polarized light 
is allowed to interact with the optical system under investigation. This interaction changes the 
state of polarization of the light wave. Measurements of the initial and final states of polarization, 
by modulation of the state of polarization and simultaneous measurement of the intensity, lead to 
the determination of the transformation properties of the system, as described by its Jones or 
Mueller matrices. In section 2.2.2 the ellipsometric angles '¥ and ~ are defined and in section 
2.2.3 closer attention is paid to a specific ellipsometry method, Rotating Compensator 
Ellipsometry (RCE), which offers several advantages as compared to other methods. Finally, in 
section 2.2.4, the characterization of the compensator and the calibration of a RCE set-up are 
described. 

2.2.2 Definition of the ellipsometric quantities (\f, ~) 

An optical system can be characterized by the ellipsometric angles '¥ and ~. The angles '¥ and 
~ are related directly to the optical parameters (refractive index and size) of the optical system 
under investigation (figure 2.2.1). One distinct advantage of the use of '¥ and ~ is their 
independence of the positions of the optical components, i.e., in contrast with other ellipsometric 
quantities such as for example the Fourier coefficients resulting from a modulation of the 
polarization and a Fourier transformation of the measured intensity. 

."'E 
II 

Fig. 2.2.1: An interpretation of 'P and Lt: 

EJ. 

(a) consider a linearly polarized beam with EJ.: E;; = 1 : 1 interacting with a spherical particle, where 
E11 lies in the plane of incidence, which is determined by the incident and reflected light beams, and EJ. is 
perpendicular to the plane of incidence. After the intera~tion with the particle the ratio of EJ. and E;; will 

result in the ellipsometric angle '¥, 
(b) before the interaction with the particle there is no phase difference between EJ. and E;; , 
(c) the ellipsometric angle L1 describes the induced phase difference between EJ. and E;;, after the 

interaction with the particle, which will change the polarization state of the incident linear polarized beam. 

16 



2.2: Ellipsometry 17 

When a plane wave is not nonnally incident on a surface, but obliquely or when scattering 
angles other than forward or backward are considered, the polarization state of the incident beam 
will detennine the polarization state of the reflected wave. Solving the boundary conditions at the 
interface for unpolarized light obliquely incident on a plane boundary the reflected beam is found 
to be polarized according to the famous Fresnel equations 

mcose -m cose 
I 0 I 

(2.18) 

with Eo; and Eor the amplitudes of the incident and reflected beam, the amplitude reflection 
coefficients parallel (rp) and perpendicular (rs where s indicates the Gennan Senkrecht) to the 

plane of incidence with ei the incident angle ( ei = er from the law of specular reflection), et 
the transmitted angle (et is complex when the wave is incident on an absorbing medium), mo the 
complex refractive index of the ambient medium, and m the complex refractive index of the 
medium 

m=n(l-iK). (2.19) 

A medium with K z 0 (Knot to be confused with the wave number k) is highly transparent 

while a medium with large K is highly absorbing (see appendix E for details). For aluminum, a 
conductor, E;;, is always nonzero. Whereas for an insulator, E;;, becomes zero at a certain angle 

of incidence ei = ep, the Brewster angle 

m 
tane =

p m 
0 

(2.20) 

For both insulators and conductors E1 r is always nonzero and E11r, if the angle of incidence is 

other than 0° or 90°, is smaller than E1 r. Like Snell's law the Fresnel equations contain no 
infonnation of the electric vectors that, due to scattering, will appear outside the plane of 
incidence. The ratio of the two complex reflection coefficients rp and rs defines a new complex 
quantity p. This quantity p is a measure for the change of polarization and is usually written in 
terms of the two ellipsometric angles '¥ and Li 

.!J. r 
p =tan 'Pe' = _!!_, 

rs 
(2.21) 

where the tangent of '¥represents the relative amplitude change of E1 and E;; and Li represents 
the relative phase shift (0°::; '¥::; 90°, 0°::; Li::; 360°) between E1 and E;;. 

The reflection at a surface can be represented using Jones (2*2) for monochromatic, fully 
polarized plane TE waves and Mueller (4*4) matrices for quasi-monochromatic plane TE waves 
(see appendix A). 
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2.2.3 Behavior of a rotating compensator 

The ellipsometric angles \J' and Li are determined in an ellipsometric measurement. Rotating 
compensator ellipsometry (RCE) offers several distinct advantages compared to other 
ellipsometry methods like e.g. Rotating Analyzer Ellipsometry (RAE): 
• The non-ambiguous determination of Li, since in RCE the tangent of Li instead of the cosine is 

determined, allows RCE to discern between complementary polarization states with equal 
azimuth but opposite handedness, 

• The rotating compensator is positioned between two fixed polarizers that cancel out a possible 
partial polarization of the source or polarization sensitivity of the detector, 

• There is no need for a DC level which may contain interference from background emission 
since RCE determines 5 Fourier coefficients and only three are needed to fully determine \J' 
and Li in a measurement, 

• Because the tangents of both \}' and Li are determined by RCE there are no regions in the \J' -
Li plane where the ellipsometer dramatically loses accuracy. 

A typical RCE configuration contains a light source, a polarizer P, the optical system S, with 
certain ellipsometric angles\}' and Li, under investigation, a compensator C (a quarter wave plate) 

rotating with frequency m and thereby modulating the scattered signal with frequencies 2m and 
4m (depending on whether the scattered light is linearly or circularly polarized (figure 2.2.3)), an 
analyzer A and a detector measuring the intensity as a function of the compensator azimuth 
(figure 2.2.2). This is the so called PSCA configuration where the compensator is placed behind 
the optical system S. A compensator (a quarter wave plate) is an optical device that induces a 
phase shift between two orthogonally linear polarization components. 

I 

optical 
system S 

-=-o-:_ - --------< !-------- -----; 

/ 1' 

light 
source 

polarizer P 

(\}',Li) 

rotating 
compensator 

analyzer A 

~-'---~ modulated 
!\/\; signal l(C) 
~-~ on detector 

Fig. 2.2.2: The PSCA rotating compensator configuration. The light emitted by the source traverses the 
polarizer and the polarized light interacts with an optical system S which can be characterized by the 
ellipsometric angles 'I' and A. The light coming from the optical system is modulated by the rotating 
compensator after which it traverses the analyzer and finally hits the detector. 

The detector signal l(C) depends on the angular position C =mt of the compensator 

I ( C) = A0 + A2 cos(2C) + B2 sin(2C) + A4 cos( 4C) + B4 sin( 4C). (2.22) 

The transmitted intensity !(CJ shows second and fourth order harmonic contributions in the 
compensator azimuth angle C. Fourier analysis of the detector signal yields the Fourier 
coefficients Ao, A2, B2, A4 and B4 
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1 1r 

A0 = - f l(C)dC, 
1r 0 

2 1r 

A2 = - f I(C)cos2CdC, 
1r 0 

2 1r 

B2 = - f I(C)sin2CdC, (2.23) 
1r 0 

2 1r 

A 4=- fl(C)cos4CdC, 
1r 0 

2 1r 

B4 = - f J(C)sin4CdC. 
1r 0 
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If the light hitting the detector is fully linearly polarized A2 = B2 = 0. When it is fully 

circularly polarized A4 = B4 = 0. To illustrate this suppose light of azimuth a= 45° and ellipticity 
tan(x) (see appendix A) is incident on an ideal rotating compensator. Before hitting the detector 
the light passes an ideal fixed analyzer (A = 0°). The detected intensity of the various ellipticities 
is plotted vs. the azimuth of the compensator fast axis, with the analyzer azimuth A as a reference 
(figure 2.2.3). Linear polarized light is modulated with a frequency 4C whereas circular polarized 
light is modulated with a frequency 2C. The different relative intensity between circularly and 
linearly polarized light is due to the fact that circularly polarized light can be described as a 
rotating E-vector of constant length while linearly polarized light is described by an oscillating E
vector with an average length of 11i--J2 that of the rotating E-vector. 
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Fig. 2.2.3: The behavior of a rotating compensator for linearly polarized light C (X = 0), right-handed 
circularly polarized light (X = n/4) and left-handed circularly polarized light (X = - n/4). The rotating 
compensator modulates linearly polarized light with a frequency 4C whereas circularly polarized light is 
modulated with a frequency 2C. All other ellipticities lie somewhere in between these extremes [10] . 

Evaluation of the Fourier coefficients, using the appropriate Mueller matrices (see appendix B 
for a more detailed analysis of the PSCA set-up) to determine the first component I= l(C) in Eq. 
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(2.22) of the Stokes vector (see appendix A), leads to the Fourier coefficients for a PSCA 
scattering by a sphere measurement. The Fourier coefficients are related to the particle 
properties, incorporated in the scattering amplitude functions S1 and s2. For P = 45° and A = 0° 
the Fourier coefficients are 

ISJ + 3IS2 l
2 

+ sin2\f'e cosL\IS2 l
2 

- sin2\f'e cosL\IS11

2 
A - '---'-------''---'----------'-----'--------'--'--

o - 4k2r2 ' 

cos2'1'elS2 !
2 

A2 = k2r2 , 

B _ .3(S1s;) sin2\f'e sin lie - cos2\f'e~(S1 s;) 
2 - k2r2 ' (2.24) 

-IS11
2 

+ IS2 l
2 

+ sin2\f'e cos lie ISJ - sin2\f'e cosilelS2 l
2 

A - ----'-----'---'---'---------'--'---------'--~ 
4 - 4k2r2 ' 

B _ ~(S1 s; )(1- sin2\f'e cosilJ 
4 - 4k2r2 ' 

with SJ(fJ) and S2(BJ the scattering amplitude functions (since the particles under investigation are 
assumed to be spherical S3 = S4 = 0 and there is no azimuthal dependence <p), 'Pc and ~c 
describing the non-ideal behavior of the compensator, k the wave number of the scattered light 
wave, and r the distance from the scattering particle to the detector. The Fourier coefficients in 
Eq. (2.24) depend only on the particle properties, but the Fourier coefficients in Eq. (2.23) can 
also be related to the ellipsometric angles '¥ and ~ and the azimuths of the polarizer P and the 
analyzer A 

A0 = 1-cos2Pcos2\f' + Yi(l + Ye)[cos2A(cos2P-cos2\f') 

+ sin2A sin2Psin2\f' cosil], 

A2 = xe(cos2P- cos2\f') + xe cos2A(l- cos2Pcos2\f') 

- ze sin2A sin2P sin2\f' sin Li, 

B2 = x e sin 2 P sin 2 'I' cos Li + z e cos 2 A sin 2 P sin 2 'I' sin Li 

+ xe sin2A(l - cos2P cos2\f'), 

A4 = Yi(l- yJ[cos2A(cos2P- cos2\f')- sin2A sin2Psin2\f' cosil], 

B4 = Yi(l - yJ[cos2A sin2P sin2\f' cosil + sin2A(cos2P- cos2\f')], 

where the quantities Xe, Ye· and ze represent the non-ideal behavior of the compensator 

Xe := COS2\f'e, 

Ye= sin2\f'e COSLle, 

ze = sin2\f'e sin Lie, 

(2.25) 

(2.26) 

with tan '¥ c the relative attenuation and ~c the induced phase difference of the compensator. An 
ideal compensator('¥ c = 45° and ~c = 90°) yields Xe = 0, Ye = 0 and ze = 1. 
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This results in the following definition connecting~ and L\ to S1 and S2 (see appendix A) 

(2.27) 

The ellipsometric quantities~ and ,'.\and the particle properties, as incorporated in s1 and S2, 

are linked since both can be found from the Fourier coefficients in Eq. (2.24) and Eq. (2.25). This 
makes ellipsometry a suitable method to monitor particle characteristics. 

Consider a common case in RCE, in which P = 45° and A= 0°. This will simplify Eq. (2.25) 
considerably 

A0 = 1 - Yi 4 + y c) cos 2 \f, 

A2 = xc (1- cos2\f), 

B2 = xc sin2\f cos~+ zc sin2\f sin~, 

A4 =-Yi 4- yJcos2\f, 

B4 =Yi 4- yJ sin2\f cos~. 

(2.28) 

Now there are five equations from which ~ and L\ may be solved. This is an overdetermined 
system, allowing the luxury of throwing away Ao, which is very convenient, since the DC 
component may contain interference from background emission. For an ideal compensator Xe will 
be close to zero and, as a consequence, A1 will also be close to zero. Therefore application of this 
Fourier coefficient will introduce large errors in ~ and i'.\. Fortunately A4, B2 and B4 suffice to 
fully determine ~ and i'.\. Since no absolute intensity is measured in ellipsometry, the absolute 
values of the Fourier coefficients can not be determined and, consequently, only the ratio of the 
Fourier coefficients may be used. Using A4 for normalization gives the following expressions 

Bz 2xc 2n1 A 2zc 2n1 · - = - --tan r cos L.1 - --tan r sm ~ 
A4 1 - y c 1 - y c ' 

B 
-

4 = -tan2\f cos~. 
(2.29) 

A4 

To simplify the resulting expressions, two intermediate quantities X1 and X2 are introduced 

and, using X1 and X2 the expressions for ~and L\ can be derived from Eq. (2.29) 
' 

tan2\f =~X1 2 +X2
2

, 

x 
tan~ =-1 

X2 

(2.30) 

(2.31) 

And, like mentioned before, because the tangents of both ~ and L\ are determined by RCE, 
there are no regions in the ~ - L\ plane where the ellipsometer dramatically loses accuracy. 
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However, there is one complication, since '¥ comes from tan 2'¥, which is determined from a 
root, thereby eliminating negative values, and Li comes from tan Li, the quadrant in the '¥ - Li plane 
remains to be determined. This can be done by looking at the signs of B4 and A4 

ifB4 < 0, then Li= Li+ 180° and if Li< 0, then Li= Li+ 360°, 
(2.32) 

if A4 > 0, then 'I'= 90° - 'I'. 

2.2 . .¢2\!Cfiaracten~ation of the cornper}sator and the calibritfon' of tlrlerRCE 
set-u _ _,~.__. ........ ""'~ .... ~ ............... . 

In order to get reliable measurements of 'I' and Li a calibration of the set-up is needed to 
determine the angular position of all polarizing components relative to the plane of incidence. The 
plane of incidence is, as mentioned before, defined by the incoming and reflected beam and is as 
such normal to the plane of the optical system under investigation (in our case normal to the 
tangent plane of our particles). An incorrect position of any component is directly translated to 
erroneous values of 'I' and Li. The results of the calibration procedure may not be dependent on 
the optical system parameters and all other system parameters. 

But before calibrating the RCE set-up, the polarizing properties 'I' c and Lie of the retarder in 
use (for an ideal retarder 'Pc= 45° and Lie= 90°) will have to be known exactly. They can be 
determined by performing a so-called straight-through measurement (figure 2.2.4). First the 
polarizer and analyzer azimuths have to be calibrated. The 'plane of incidence' (there are no 
incident and reflecting beam to determine a plane in a straight-through measurement) is found by 
taking the compensator and analyzer out of the set-up and then minimizing the detector signal by 
adjusting the polarizer. By turning the polarizer 90° it is now parallel to the polarization of the 
incident light (in our case a laser). Now the analyzer is put back in the set-up and the detector 
signal is again adjusted to a minimum. The analyzer is now perpendicular to the polarization 
direction of the incident light and by turning the analyzer 90° it is parallel to this direction. The 
polarizer and analyzer are now calibrated and by putting them to P = 45° and A = 0° relative to 
the 'plane of incidence', the compensator calibration measurement is ready to be performed. 
Without an optical system under investigation changing the polarization state, Eq. (2.28) is 
simplified by inserting 'I'= 45° and Li= 0° 

I 

~ - 'O'.'.... • / 1' 

light polarizer 
source 

A0 =1, 

A2 =Xe, 

B2 =Xe, 

A4 = 0, 

B4 =Yi(I-ye). 

~ 
rotating 
compensator 

~ 
analyzer 

(2.33) 

modulated 
signal l(C) 
on detector 

Fig. 2.2.4: Straight-through measurement in order to determine compensator characteristic angles '¥0 and ~c· 

To keep the characterization procedure more general, it will be assumed that the zero azimuth 
Co of the retarder's fast axis is unknown. The integration of the intensity over the angular position 
of the compensator Chas caused this quantity to drop out, but the Fourier coefficients from Eq. 
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(2.33) depend on Co, the zero position of the retarder's fast axis azimuth relative to the polarizer 
azimuth 

C = C'+C0 , (2.34) 

where C is the real azimuth of the fast axis relative to the plane of incidence and C' the azimuth 
relative to the position of the compensator in the holder. Since the plane of incidence is 
configuration dependent also Co is configuration dependent. Depending on Co the Fourier 
coefficients will transform according to a transformation matrix derived by Den Boer [8] 

A0 =1, 

A2 = xe(cos2C0 + sin2C0 ), 

B2 = xe(-sin2C0 +cos2C0 ) , 

A4 =Yi 4- yJ sin4C0 , 

B4 =Yi 4- yJcos4C0 • 

(2.35) 

Solving Eq. (2.35) yields the quantities Xe and Ye from Eq. (2.26) describing the non-ideal 
behavior of the compensator 

12A 2 + 2B 2 -+" 2 2 X e - - ' 
2A0 (2.36) 

The sign of Xe cannot be determined with this method without further knowledge of the 
retarder. 

The values of'I'c and ~c can also be derived from Eq. (2.26) 

A Ye 
COSo e = ~ 

2 
• 

1-x e 

(2.37) 

Besides the values of Xe and Ye, the zero azimuth angles 2Co and 4Co of the compensator 
relative to the polarizer may also be found from Eq. (2.35) 

(2.38) 

Note that these two expressions can be used to obtain separate compensator azimuths for the 
second and the fourth harmonic contributions to the intensity I(C) in Eq. (2.22). In a set-up with a 
continuously rotating retarder the amplification circuits in the intensity detection may exhibit a 
frequency dependence [8]. 

The next step is the calibration of the compensator in the PSCA configuration (figure 2.2.2). 
The polarizer and analyzer are calibrated similar to the straight-through case. Now the incident 
and reflected beam determine the plane of incidence. Putting both the polarizer and the analyzer at 
0° with respect to the plane of incidence, Eq. (2.25) applies 
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A0 =Yi~ - yJ(l - cos2\J'), 

A2 = 0, 

B2 = 0, 

A4 =-Yi~ - Yc)(l- cos2\J'), 

B4 = 0. 

24 

(2.39) 

Of course the zero position of the retarder fast axis azimuth dC, the error angle, is unknown at 
the time of PSCA calibration and dC is defined in a similar way as Co in Eq. (2.34) 

C=C' +dC, (2.40) 

where C is the real azimuth of the fast axis relative to the plane of incidence and C' the azimuth 
relative to the position of the compensator in the holder. 

Therefore the same transformation leading to Eq. (2.34) causes the transformation of the 
Fourier coefficients in Eq. (2.39) from which Co can be also determined 

A4 =-Yi~ - Yc)(l- cos2\J') cos4dC, 

B4 = Yi ~ - y J(l - cos2\J') sin 4dC. 
(2.41) 

Only the fourth harmonic Fourier coefficients are shown because the others either vanish or 
remain unchanged. The error angle dC is now straightforwardly calculated from Eq. (2.40) 

B4 tan4dC=--. 
A4 

(2.42) 

Now all azimuth angles and the compensator characteristics are known and, after setting P = 
45° and A= 0°, the rotating compensator ellipsometer is ready for measurements. 



2.3 Experimental set-up 

In this chapter the Mie Scattering experimental set-up and the RF plasma reactor will be 
discussed. 

The light source used in our experiments (figure 2.3.1) is a LEXEL85 argon-ion laser which 
emits vertically polarized light with a wavelength of 488 nm and has an output power of 300 mW. 
By means of a prism the light coming from the laser passes a polarizer P (Melles Griot 
03PGL301/A) that polarizes the light linearly. This polarized beam enters the RF plasma reactor 
and is allowed to interact with the powder particles trapped in the plasma. The beam that passes 
the reactor without interacting and the forward scattered light is passed through a Brewster 
window in a dump to avoid backscattering in the reactor. The scattered light that emerges from 
the reactor at 90° from the incident light passes a Melles Griot 02WRQ04/488/078 compensator 
mounted in a Heidenhain ERN620 encoder, driven by a Neckar R862 motor, and characterized by 
the ellipsometric angles 'I' c and ~c. to modulate the scattered light with a frequency co = 3 7 .5 Hz. 
The compensator, a quarter wave plate, has a diameter of 30 mm and is coated on both sides to 
avoid multiple reflections. The compensator is a first order retarder assembled from a pair of 
plates which are very nearly of equal thickness to avoid a temperature dependence of the 
retardation. These plates have orthogonal optical axis directions, so that the roles of the ordinary 
and extraordinary rays are interchanged in passing from one plate to the other. Both plates expand 
and contract, due to temperature variations, essentially the same amount, and so almost cancel 
each other's temperature effects. After the compensator the beam is led through a second 
polarizer, the analyzer A (Melles Griot 03FPG007) at an angle of 0° with the plane of incidence. 
Finally the intensity of the beam, after passing a diaphragm, to limit the detection angle d.Q, and 
after being focussed by two lenses, is measured using a Thorn EMI QL 30F/RFI photo-multiplier. 
The signal coming from the photo-multiplier, after being amplified, as well as the trigger and 
clock pulses coming from the rotating compensator encoder are led to a Keithley DAS 1602 board. 
A computer is used to communicate with the board and to determine the ellipsometric angles 
'I' sea and ~sea from the acquired data. 

2':13.3 RF elasma reactor 

The RF plasma reactor (figure 2.3 .2) has a diameter of 15 .5 cm and the RF electrode a 
diameter of 12 cm. The grounded electrode consists of two aluminum blocks, whose insides are 
cylindrically shaped, each of 18 cm height, closed by an aluminum plate. A roots and a turbo 
pump can get the pressure in the plasma reactor in a reasonable time down to 1.0 · lo-3 mbar. 
Since most experiments are done with oxygen at pressures between 0.1 and 2.0 mbar the turbo 
pump is not always used. Two transparent glass windows, covered with black cardboard to avoid 
scattering light from other parts of the reactor will reach the detector, provide optical access to the 
plasma reactor. The RF power is capacitively-coupled to the RF electrode via a 7t matching 
network, needed to optimize the power input into the plasma, with a maximum power of 36 
Watts. A cylindrical aluminum block, with a diameter d = 9.8 cm and a height h = 4.0 cm, is 
placed on top of the RF electrode to allow optical access to the particles and to trap them farther 
from the gas injection region so as not to disturb or evacuate the suspended particles. An 
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aluminum saucer is placed on top of the aluminum block to enhance the particle trapping. The 
particles are injected in the plasma using an injection mechanism placed on top of the reactor with 
access through a hole in the top aluminum plate. 

Matching 
network and 
RF enerator 

prism 

Plasma 

RC 

clock + trigger Keithley 
DAS1602 

amplifier IV\;I 
scope 

+ + photo 

A multiplier 

Ar-ion Laser 

Fig. 2. 3.1: Experimental set-up consisting of an argon-ion laser as a light source, a prism, a polarizer P, an 
RF plasma reactor containing the scattering particles, a Brewster window, a dump, a compensator RC 
rotating with frequency m, an analyzer A with a diaphragm, two lenses, a photo-multiplier, an amplifier, a 
Keithley DASI 602 board, an oscilloscope, and a computer. 

18.0 
cm 

Brewster 
window 

particle 
injection 

mechanism 

Particles trappped in the plasma 
in a Coulomb solid structure 

I 
0 0 0 0 0 
0 0 0 0 0 

saucer 

~ 
aluminum plate 

reactor 
window 

incident laserbeam 

9.8 cm 
rr-T'-'-----=R:--=F:-e-:-le-c-tr-

0
-:d-e __ __.__,..,_-1---- teflon insulator ring 

L___l@1_L __ J:S..t..Jfil~QQlL __ _LU!:::::j---gas injection ring 
.____. 
1.75 cm 

12 cm ....__... 
1.75 cm 

Fig. 2.3.2: The RF plasma reactor consisting of an RF electrode, 2 cylindrically shaped aluminum blocks 
acting as the ground electrode. A cylindrical aluminum block and an aluminum saucer are placed on top of 
the RF electrode. The particles are injected from above in the plasma through a hole in the top aluminum 
plate. 



2.4 Results 

In this chapter the calibration results of the compensator and the Mie scattering set-up will be 
presented. This is followed by the first measurements on air, silicon and gold to test the 
ellipsometric performance of our rotating compensator set-up. The chapter ends with in-situ 
measurements and simulations of polymer particle etching in an oxygen plasma to test the Mie
scattering ellipsometric performance of the PSCA set-up (figure 2.2.2) and the use of this set-up 
to in-situ monitor the size of particles trapped in a plasma discharge. 

2.4.2 Calibration of th:e cotrip~ifsator 

The behavior of the rotating compensator was outlined in section 2.2.3 and the calibration in 
section 2.2.4. To perform reliable measurements with a rotating compensator the polarizing 
properties 'I' c and ~c of the retarder in use (for an ideal retarder 'I' c = 45° and ~c = 90°) and Co, 
the zero position of the retarder fast axis azimuth relative to the polarizer azimuth, have to be 
known exactly. They can be determined by performing a straight-through measurement (figure 
2.2.4). In comparison to the compensator calibration set-up outlined in section 2.2.4 the properties 
of the plasma reactor windows, such as a possible depolarization of the beam, also have to be 
included to properly characterize the compensator. Because the intensity (Eq. (2.22)) measured is 
much larger than the scattered intensity during experiments, a photo-diode detector is used instead 
of a photo-multiplier. It is imperative that both the photo-diode and the photo-multiplier are linear 
with intensity. 

First of all the zero azimuths of the polarizer P and the analyzer A will be put perpendicular to 
the polarization direction of the incident laser beam. They have to be perpendicular instead of 
parallel to be in the 'plane of incidence' because of the relation of the 'plane of incidence' to the 
laser polarization direction. This will be illustrated in the next section. The compensator and the 
analyzer are removed from the set-up and the signal on the scope is minimized by putting the 
polarizer at an angle of 90° (extinction) with the polarization direction of the incident laser beam. 
Then the polarizer is turned 90°. Now the polarization of the incident laser beam and the polarizer 
are parallel to each other. Now the analyzer is put back in the set-up and again the signal on the 
scope is minimized. By turning the analyzer 90° the analyzer is also parallel to the polarization 
direction of the incident laser beam. Now the polarizer P and the analyzer A are both turned 90° to 
get them in the 'plane of incidence' (it should be noted that the polarizer and analyzer are in 
extinction to get them in the plane of incidence). The real angles as read from the rotation tables 
define the zero azimuth angles. The zero azimuth angles are found to be P = (90.0 ± 0.5)0 (= 0°) 
and A = (92.0 ± 0.5)0 (= 0°). Comparison of successive calibrations results in an error of 0.5° in 
the zero azimuth angles. For the calibration measurements the polarizer is put at 45° and the 
analyzer at 0° with these zero azimuth angles. After the compensator is put back, the set-up is 
ready for a calibration measurement. This results in 'I' c = ( 44.4 ± 0.5)0 and ~c = (87 .9 ± 0.5)0 and 
a compensator azimuth relative to the polarizer azimuth 2Co = ( 41 ± 3)0

, for the second harmonic 
contributions, and 4Co = (68.4 ± 0.5)0

, for the fourth harmonic contributions. The compensator is 
now ready to be used in the PSCA set-up. 

The set-up as depicted in figure 2.2.4 is also suited to perform ellipsometric measurements 
with air as the optically active medium and thus to determine the ellipsometric angles 'I' air and 
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~air (figure 2.4.1). Since air has a real refractive index close to 1 it resembles a vacuum and 
should barely change the polarization of the incident light. The measurements yield 'I' air = ( 4 7 ± 
5)0 and ~air= (0.7 ± 0.5)0

• 

The errors in 'I' and~ (see appendix D) may be expressed as 

Calculating d'I' and d~ results in d'I' = 5° and d~ = 0.5°. In the calculation an ideal 
compensator (xe = 0, Ye= 0, and ze = 1) is assumed, the various partial derivatives are calculated 
using Eq. (Dl) with&>= 0.5°, M = 0.5°, L1C = 0.5°, &Co= 1°, L14Co = 0.5°, M 4 = 0.04, &Ji= 

0.002, and L1134 = 0.03. Eq. (Dl) shows the error in 'I' is larger than the error in~ in this part of 
the 'I'-~ plane. The relative large error in the compensator zero azimuth angle 2Co arises from the 
fact that it is calculated using A1 and B2 while 4Co is calculated using A4 and B4. The 2C Fourier 
coefficients A1 and B2 are much smaller than the 4C Fourier coefficients A4 and B4 and this will 
result in a relatively larger error in 2Co. 

The error in ~ = 1° is smaller than the error in 'I' = 4 7°. This arises from the fact that the 
variation in 'I' depends mainly on the variation of the Fourier coefficient A4 and the variation in ~ 
mainly on the variation of B2 and in these measurements the variation of A4 exceeds the variation 
of B2. 

... . . . . . . . .. · . . ... · .. · .. · .. ·.· ... ...... · ... :· .. · . . .. ·· .. ···.·········· ........ ···.. .. . ·.. ···.·.· . .. . ·. .. 
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Fig. 2.4.1: Ellipsometric angles 'Fair and '1air for air determined by performing a straight-through 
measurement as depicted in figure 2.2.4. 
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2.4.4 Calibration of the Mie scattering set-up 

When the compensator characteristics have been determined in a straight-through 
measurement the azimuth angles of all components relative to the plane of incidence in the PSCA 
configuration have to be determined. For the calibration a polished silicon plate is used instead of 
powder particles trapped in the plasma, and, instead of the photo-multiplier, a photo-diode 
detector is used to measure the intensity (Eq. (2.22)). The silicon plate is placed, at (45 ± 1)0 

(figure 2.4.2) with respect to the incident beam, on the RF electrode in the plasma reactor. Again 
the properties of the plasma reactor windows are taken into account as well. First of all the plane 
of incidence has to be determined. The incident beam and the beam reflected at the silicon plate 
determine the plane of incidence. The compensator and the analyzer are removed from the set-up 
and the signal on the scope is minimized by putting the polarizer at an angle of 90° (extinction) 
with the polarization direction of the incident laser beam. Then the polarizer is turned 90°. Now 
the polarization of the incident laser beam and the polarizer are parallel to each other. Now the 
analyzer is put back in the set-up and again the signal on the scope is minimized. By turning the 
analyzer 90° the analyzer is also parallel to the polarization of the incident laser beam. Now there 
are two possibilities, either all components are perpendicular or parallel to the plane of incidence. 
This depends on the direction in which the laser is polarized (figure 2.4.2). Since the laser is 
vertically polarized the polarizer and analyzer will both have to be turned 90° to get them in the 
plane of incidence. The zero azimuth angles are thus found to be P = (90.0 ± 0.5)0 (= 0°) and A= 
(92.0 ± 0.5)0 (= 0°). Again comparison of successive calibrations results in an error of 0.5° in the 
zero azimuth angles. Now the polarizer is put at 45° and the analyzer at 0° relative to the plane of 
incidence. After the compensator is put back, the set-up is ready for ellipsometric measurements. 

incident 
laser light 

analyzer 

Silicon plate 

prism 

first polarizer 

Fig 2.4.2: The laser is polarized perpendicular, as in our case, or parallel to the plane of incidence. When 
the polarizer and analyzer are set perpendicular to this polarization direction, they are in or perpendicular 
to the plane of incidence depending on the laser polarization direction. If they are perpendicular to the 
plane of incidence they both have to be rotated 90° to get them in the plane of incidence. 

2.4.5 Measurements of \J' smcon and ~mcon 

After determining the plane of incidence, the ellipsometric angles 'I' silicon and ~silicon (see 
figure 2.4.3) of the silicon plate are measured to test the performance of the ellipsometer. 

Averaging 'I' silicon and ~silicon over these measurements results in 'I' silicon= (35 ± 3)0 and 
llsilicon = (177 ± 2)0

• Silicon has a refractive index m = (4.367 - 0.079i) with a real and an 
imaginary part for a wavelength A, = 488.1 nm [11]. Using the computer program ELSIM to 
simulate the ellipsometric angles associated with this refractive index results in '¥silicon = 36° 
and ~silicon = 180°. 

The simulation shows that the variation in 'I' silicon partly arises from the error in the angle 
(45 ± 1)0 of the silicon plate with the incident beam. This results in an error of± 1° for 'I' silicon· 
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~silicon is less sensitive for variations of this angle. Furthermore, the errors in '¥silicon and 
~silicon (using Eq. (2.43) with comparable numbers) are of the same order of magnitude since A4 
and B2 and their variations are of the same order of magnitude. The shift in~ is mainly due to 
oxidation of the top layer of the silicon plate. 
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Fig. 2.4.3: Ellipsometric angles If/silicon and L1silicon for silicon determined using a Rotating Compensator 
Ellipsometer as depicted in figure 2. 3. 1. with a silicon plate instead of particles, and a photo-diode detector 
instead of a photo-multiplier to measure the intensity. 

To further test our ellipsometer the silicon plate is replaced with a gold plate. Measurements 
of'¥ gold and ~gold are depicted in figure 2.4.4. Averaging yields '¥gold = (31 ± 3)0 and ~gold 
= (210 ± 3)0
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Fig. 2.4.4: Ellipsometric angles 'Pgold and L1gold for a gold determined using a Rotating Compensator 
Ellipsometry set-up as depicted in figure 2. 3. I. with a gold plate instead of a particles, and a photo-diode 
detector instead of a photo-multiplier to measure the intensity. 

Gold has a refractive index m = (1.05 - l.796i) with a real and an imaginary part for a 
wavelength A.= 488.0 nm [11]. The refractive index m for A.= 488.0 nm is found by interpolation 
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(figure 2.4.5). Again using the computer program ELSIM to simulate the ellipsometric angles 
associated with this refractive index results in 'I' gold = 3 7° and Li gold = 213 °. 

The errors in 'I' gold and Ligold (again using Eq. (2.43) with comparable numbers) are of the 
same order sinceA4 and B2 and their variations are of the same order of magnitude and B4 shows 
little variation. The simulation shows that 'I' gold and Ligold are both sensitive for variations in the 
angle of the gold plate on the RF electrode. This results in an error of± 1° for both 'I' gold and 
Ligold ifthe gold plate's position on the RF electrode equals (45 ± 1)0 with the incident beam. 
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Fig. 2.4.5: Refractive index m of gold as a function of wavelength {11}. 
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12.4.7'. .ftlleasM:t~menSlii'.and sim~,!~lJpns on initially monodisperse 
particles trapJ ect in an ox~!f~n RF plasma 

Monodisperse spherical MF (Melamine-Formaldehyde) particles obtained from Specht 
Messtechnik with a diameter d= (4.79 ± 0.08)µm, a real refractive index m = (1.68 ± 0.05) for a 

wavelength A, = 488.0 nm and a density p = 1.51 gcm-3 were injected and trapped in an oxygen 
RF plasma. 

Before being able to measure the ellipsometric angles associated with the particles, which 
have a size parameter x = 30.8 (Eq. (2.14)), the right plasma conditions to properly trap the 
particles had to be found. With a plasma pressure of 1.3 mbar, a plasma power of 36 W and an 02 
flow of 20.0 seem the negatively charged particles are trapped at an optically accessible height in 
the reactor in a Coulomb solid structure (see appendix C and figure 2.3.2) with the coupling 

constant I'-::::! 1000 (with Qpartic/e '/::! 2400e [13], b '/::! 300 µm, and Tpartic/e '/::! 310 Kin Eq. (C2)). 
The coupling constant I' equals the ratio of the average Coulomb energy to the average kinetic 

energy of a particle. A coupling constant I' > 170 suffice to have a Coulomb solid structure (see 
appendix C for the Coulomb solidification conditions). 

To get an idea of the trapping of the particles, the trapping of MF particles in an argon plasma 
is depicted in figure 2.4.6 (a Coulomb solid) and in figure 2.4.7 (near the transition of the gas 
phase to a Coulomb liquid). The MF particles are trapped in a GEC reactor. 

It is assumed, in the absence of evidence to the contrary, that surface charges on a particle 
only slightly perturb the scattering and absorption properties [2]. 

The particles are thus trapped in the sheath of an oxygen plasma which oxidizes them and 
thereby changing the size of the particles. The ellipsometric angles 'I' particles and Liparticles will 
also change since they are related to the particle properties through Eq. (2.27). Initially the 
particles are spherical, homogeneous and smooth. With the assumptions that the particles will 
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remain spherical, homogeneous and smooth and that chemical reactions in the 02-plasma will not 
give rise to layers with a different refractive index, Mie theory and Eq. (2.27) allow us to in-situ 
monitor the particle size. 

Fig. 2.4.6: The trapping of MF particles in an argon plasma in a Coulomb solid structure. This picture was 
shot in a GEC reactor using a CCD camera at the DLR Kain. 

Fig. 2.4. 7: The trapping of MF particles in an argon plasma in the transitional regime between the gas 
phase and a Coulomb liquid. The picture was shot in a GEC reactor using a CCD camera at the DLR Kain. 
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The FORTRAN program ellips.for written by Snoeijs [31] has been adjusted to simulate the 
measurements. The ellipsometric trajectory in the '¥-~ plane is calculated for particles with a 
refractive index m = 1.68, a scattering angle e = 90° and incident light with a wavelength A, = 488 
nm. The evolution of the ellipsometric angles over the dispersity of the injected particles (figure 
2.4.8) and the notion that in experimental conditions this trajectory is translated to one point in a 
'¥-~plot (e.g. the'¥ and~ at t = 58 s (the measurement did not start at t = 0 s because the quality 
of the scattering signal had to be checked) of the measurement depicted in figure 2.4.12), 
indicates the necessity to use a distribution function during the analysis of the measurements. 

A log-normal distribution function [12], which was verified to hold for the coagulation 
process of carbon particles in a methane plasma [20], given by 

N(d) = 1 exp{- [ln(d)-l~(d,,,)] 2 

}· 

J2; ad 2a 
(2.44) 

where dis the particle diameter, dm the geometric mean diameter with ln(dm) the mean of ln(d), 
and a the geometric standard deviation, is used translationally operated. 

The geometric standard deviation a is given by 
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Fig. 2.4. 8: The theoretical '¥-,1 plot calculated over the dispersity of the injected Melamine-Formaldehyde 

particles (the irljected particles have a diameter d = (4.79 ± 0.08)µm). Also the 'F and ,1 at t = 58 s of the 
measurement in figure 2. 4.12 have been included. 

In figure 2.4.9 and 2.4.10 the simulated'¥ and~ for a particle with a diameter d= 4.79 µmare 
shown for various values of the refractive index m. Initially m is real, but due to the ion 
bombardment on the particle's surface in the oxygen plasma, the particles can substantially heat 
up [13] to temperatures high enough to modify the material characteristics (for Melamine
Formaldehyde 300 °C is sufficient) or non-uniform etching may cause vacant positions at the 
surface of the particles and this results in a smaller real part of the refractive index m. In figure 
2.4.11 the simulated '¥ and ~ are depicted for various particle radii with a complex refractive 
index m = 1.68 - 0.li. 
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A typical measurement and a simulation of the measurement are shown in figure 2.4.12. The 
ellipsometric angles tend to go, in a helix like way, to '¥ = 56° and ~ = 0° at t = 2600 s. From t = 
2600 s to t = 4000 s '¥ and ~ are constant, or the measurement is unable to resolve a further 
evolution after t = 2600 s. After t = 4000 s it was observed visually that the trapping of the 
particles in the plasma sheath started to diminish and the particle density to decrease. The 
measured intensity in figure 2.4.13 confirms this observation. The DC level of the intensity is 
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Fig. 2.4.9: The simulated 'ff and L1 as a function of the refractive index m = n(J-iK) with 1r-O for a particle 

with a diameter d = 4. 79 µm. According to the specifications the initial refractive index m equals (1 . 68 ± 

0.05). 
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Fig. 2.4.11: The simulated If' and LI for various particle radii with a complex refractive index m = 1.68 -
0.1i. 

almost constant until, at approximately t = 4000 s, the DC level starts to drop due to the 
diminishing particle density. After t = 7500 the DC level drops exponentially. The simulated 
intensity (S 1 )2 + (S2)2 in figure 2.4.14 shows a variation as a function of the particle size. This 
may account for the small intensity variations in figure 2.4.13 between t = 58 s and t = 2600 s, 
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Fig. 2.4.12: A typical etching measurement ( •) and the associated simulation (o) for Melamine
Formaldehyde particles trapped in an oxygen RF plasma operated at 36 W, 20 seem oxygen flow and a 
pressure of 1.3 mbar. \JI particles and ~particles are plotted as a function of time and particle radius. A cos2-
function was used to smooth the measured data. Between adjacent points in the plot there is a time 
difference of ±23 s ( •) and a size difference of 3 nm (o) respectively. 
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since not only the polarization state of the scattered light depends on the particle size, but also the 
scattered intensity (S1)2 + (S2)2. From the change in the intensity of the scattered light (see figure 
2.4.13) due to a change in particle size, information can be obtained about the particle density and 
the interparticle distance. 
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Fig. 2.4.13: The DC level of the measured intensity as a function of time. After approximately 4000 sit was 
observed visually that the particles started to 'leak' out of the trap leading to a decrease of the DC level. A 
cos2-function was used to smooth the measured data. 

The particles in the Coulomb solid could be viewed separately and this lead to the estimation 
of the interparticle distance b ~ 300 µm. This value is used in the calculation of the Coulomb 
solidification criterion (Eq. (C2)). Comparison with the calculated b then indicates that the 
calculated b is too small. 

The errors in 'I' and ~ (Eq. (2.43)) depend on the precise position in the 'I' - ~plot, since the 
partial derivatives in Eq. (2.43) depend on 'I' and~- The measurement, without the cos2-function 
to smooth the measured data, shows a variation of 'I' and ~ of 3 °. The ambivalence in the sign of 
Xe in Eq. (2.36) entails another error in 'I' and~ of 2°. This amounts to an average total error of 5° 
in 'I' and ~- Mie scattering calculations by Praburam et al. [30] indicate a ±20% error in the size 
determination which can result either from an uncertainty of ±1 either in the real or imaginary 
part of the refractive index or from a particle shape that deviates significantly from a sphere, and a 
±5% error resulting from a ±0.1° error in aligning the scattering angle B. 

In order to fit the simulation to the measurement, the standard deviation had to be varied, 
since a simulation with a constant standard deviation (figure 2.4.15) does not show the helix-like 
structure to the center as observed in the measurement (figure 2.4.12) and the simulation with a 
complex refractive index (figure 2.4.11) does show the helix-like structure, but is situated in the 
wrong part of the 'I' and ~-plane and the particle size, compared to the measurement, evolves in 
the wrong direction. In further simulations the refractive index m = 1.68 of the particles is 
assumed to be constant and real. 

A more polydisperse particle distribution will result in an evolution in the 'I' and ~-plane 
towards the values 'I' = 56° and ~ = 0°. The standard deviation of the particles is assumed to vary 
linearly with the particle size. This assumption is necessary to be able to simulate the 
measurement in figure 2.4.12. The geometric standard deviation is found to be a= 0.078 at t = 58 
s and a= 0.19 at t = 2600 s. 
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Fig. 2.4. 14: Simulated relative intensity (S1)2 + (S2)2 scattered by the particle as a function of the decrease 
in particle sizer as compared to the initial size ro. 

The initial geometric standard deviation m the simulation is larger than the specified 

geometric standard deviation a= 0.05 of the manufacturer. The difference is possibly due to the 
fact the measurement starts at t = 58 sand the particles were already more polydisperse at t = 58 s 
than at t = 0 s. 
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Fig. 2.4. I 5: A 'F - L1 simulation with a constant standard deviation a= 0. 078 lacks the helix-like structure 
present in the measurement in figure 2. 4. I 2. 

The linearly increasing standard deviation indicates the particle population is getting more 
polydisperse during the measurement. 

A possible explanation of the broadening is the ion focusing around vertically layered 
particles in a Coulomb solid (33, 34]. The ion flux into a particle near the top of the Coulomb 
solid will probably change when the particle is situated in the wake of the particle of an upper 
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lying layer (see figure 2.4.16). This causes the etching of especially the particles near the sheath
glow edge since the ion flux into the particles in the layers situated further down to the electrode 
is small compared to the ion flux into the particles on top of the Coulomb solid. This shielding 
results in a more polydisperse particle distribution. 

The Coulomb solid etching contrasts with the case where you only consider one particle in the 
sheath. For such a particle the etch rate would depend on its size, through the geometrical cross 
section nr2, and its charge, through the Coulomb interaction cross section. A large particle is 
closer to the RF electrode and is more negatively charged than a small particle and is therefore 
etched faster than the small particle situated further from the RF electrode. 

wake 
Sheath 

Fig. 2.4.16: Illustration of the shielding of the ion flux by the particles at the top position of the Coulomb 
solid. Particle 2 is situated in the wake of particle 1 [33, 34]. This shielding will cause a more polydisperse 
particle size distribution since the particles on top are etched faster than the other particles in the Coulomb 
solid. 

The simulation shows the etching in the oxygen plasma causes the average particle radius to 
decrease from r = 2.442 µm tor = 2.179 µm in approximately 2600 seconds. Comparison of the 
initial radius of the simulation r = 2.442 µm with the specifications of the manufacturer r = 2.40 
µm shows a difference of 0.042 µm. This may be attributed to the dispersity of the injected 
particles or to the assumptions (spherical, homogeneous, and smooth particles) made to be able to 
use the Mie solution. 

Furthermore, the simulation seems to lack an asymmetry the measurement clearly possesses. 
The deviation from this symmetry may contain extra information on the particle modifications 
during the etching process, maybe resulting in non-spherical particles (then S3 * 0 and S4 * 0 in 
Eq. (2.13)), additional layers with a different refractive index, and a more rough surface. Future 

measurements, using a GEC plasma reactor, will allow other measurement angles such as 8 = 0° 
(extinction measurement), 8= 45° and 8= 135°. These other measurement angles together with 8 
= 90° measurements may be used to, for instance, calculate the S3 and S4 scattering amplitude 
coefficients in Eq. (2.13). These coefficients are related to the departure from the spherical shape 
and surface modifications of the scatterers. The shape of the particles will, in the near future, also 
be checked by comparing SEM (Scanning Electron Microscope) pictures of the particles before 
and after the etching process. It is also possible that the particles do remain spherically shaped 
when the particles carry out random rotations in the Coulomb solid and, as a consequence, are 
being etched homogeneously. 

The simulated particle radius is plotted as a function of the measurement time in figure 2.4.17 
to get an indication of the etch rate. The linear fit indicates an etch rate of 1.1 Asec-1, which is 
reasonable for particles in a low power oxygen plasma when compared with etch rates in a 
comparable oxygen plasma [14] on samples layered with the polymers polystyrene and 
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polymethyl-metacrylate. These layers have a lower refractive index (nPS = 1.590 and nPMMA = 1.488 
for 632.8 nm) and are placed on top of the RF electrode where the ion energies are higher than for 
the particles suspended near the sheath-glow edge. This is due to the acceleration of the ions 
across the total length of the potential drop in the sheath before they impinge on the layered 
sample on the RF electrode. With a comparable RF plasma power the layers exhibited etch rates 
in the order of a few Angstrom per second. 
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Fig. 2. 4. I 7: The simulated particle radius as a function of the measurement time. The linear fit results in an 
etch rate of I .I Asecl. 

Since the particle trapping pos1t10n in the plasma depends on the balance between the 
gravitational and the electric forces acting on the particles, some caution seems appropriate. To be 
able to in-situ follow the size of a collection of particles, one has to be sure the particles in the 
detection volume remain the same particles in time. The negative charge, which is proportional to 
the particle radius [13], and the mass of the particles will change during the etching process as a 
result of the change of particle size caused by the ion bombardment in the oxygen plasma. 

The dominant forces on a particle are the gravitational force and the electric force. For 
simplicity's sake, the ion drag force (ions have a Coulomb interaction with the negatively charged 
particles), is assumed not to be important in the force balance. It is possible to take the ion drag 
force into account, but therefore it is necessary to know essential plasma parameters such as the 
ion velocity, the ion velocity distribution function, the ion density, and the calculation of the ion 
drag force requires knowledge of the rate coefficient for momentum transfer [13]. 

Relatively unimportant are other forces [13] such as the neutral drag force, caused by a 
velocity difference between the particles and the neutral gas in which they are embedded; the 
thermophoretic force, where particles from the hotter area of the plasma, having a higher velocity, 
will push the particles to the colder parts in the plasma; and the photophoretic force, the 
momentum transfer from photons can become important when a stronger laser beam is used. They 
will be neglected and furthermore it is assumed that the electric forces between the particles in the 
Coulomb solid balance each other or are small compared to the electric force caused by the 
potential drop in the sheath. 

So the forces that have to be in equilibrium with each other in the plasma sheath are the 
gravitational force and the electric force (caused by the potential drop near the RF electrode (see 
figure 2.4.18)). The gravitational force on one particle can be calculated using the specifications 

of the manufacturer. For an initial particle size of 4.79 µm and a density p = 1.51 gcm-3, the 
gravitational force Fz equals 8.5· 10-13 N. The charge Q on the particle roughly equals 2400e 
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assuming 1 elementary charge per nm radius [13). This results in an electric field Ez = 2200 Vm- 1 

to balance Fz. The simulation indicates a particle diameter of 4.36 µm at t = 2600 seconds. For 
this diameter Fz equals 6.4· 1 o-13 N and with a charge Q :::; 2200e, the balancing electric field 
equals 1800Vm-1

• 

The particles have moved a distance L1x in the sheath and L1x depends on the shape of the 

potential drop. If the potential drop is very rapid the distance L1x over which the electric field 
changes from 2200 to 1800 Vm-1 may be neglected and the particles will approximately be at the 
same position in the sheath during the entire measurement. Then the 'I' - ~ evolution in time 
results from the change of size of the same particle population as the one at t = 58 s and not from 
migration effects due to different particles moving in and out of the detection volume. 

PLASMA GLOW 
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Fig. 2.4.18: The potential drop near the RF electrode causes an electric force acting on the negative 
charged particles in the Coulomb solid which has to balance the gravitational force to properly trap the 
particles in the sheath. 

Simulations by Goedheer [34] in a similar oxygen discharge have resulted in a L1x of 
approximately 0.05 mm. Therefore migration effects seem negligible. On the other hand, the 

change in particle position L1x may be enough to account for the 'leaking' after t = 4000 s in figure 

2.4.13. The particles are trapped just under the edge of the potential well and L1x may be large 
enough to make the particles 'escape' from the well and to leave the plasma with the gas flow or 
to drop to the bottom of the plasma reactor. 

The Coulomb solidification criterion (Eq. (C2)) is still valid for particles with a charge Q :::; 
2200e (I':::; 870 > I'c = 170) and therefore the decrease in intensity cannot be the result of the 
disintegration of the Coulomb solid. 

It is mentioned before that the evolution of the ellipsometric angles appears to stop at t = 2600 
s. Since the average charge Q on a particle is decreasing with time, the positive sheath around a 
negatively charged particle [13] is also decreasing with time and this causes the ion bombardment 
on a particle to become less effective in time. This may be the reason why the etching stops at t = 
2600 s. But it is also possible, as mentioned before, that the measurement is unable to resolve the 
evolution of'!' and~ between t = 2600 sand t = 4000 s. 

A possible scenario, using the shielding of the ion flux by the top layer in the Coulomb solid, 
is that, at first, only the top particles are etched until they reach a certain minimum size at t = t1. 
Apart from a transitional period where the etching of the second layer already starts, the etching 
of the second layer starts at t = t1, and so on. A further possibility is that the top layer, after being 

etched has moved a distance large L1x and 'leaked' out of the potential well . In this case the 
second layer will be the new top layer of the Coulomb solid. 

But this is not what was observed and measured. The particle density decreased, at first, 
primarily from the left and right sides of the detection volume and not from the top. The Coulomb 
solid became narrower (a Coulomb solid strives for a minimal energy). From approximately t = 
7000 sit was observed the particle density was decreasing rapidly until, at t = 11,000 s, there were 
few particles left in the detection volume. Because the laser beam determined a detection volume 
with a height of 1.1 mm, it was not yet possible to select a specific layer in the Coulomb solid. In 
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the future a beam expander will be used to narrow the laser beam to approximately 0.3 mm. Then 
it will be possible, with an interparticle distance of 300 µm to do measurements on one specific 
Coulomb solid layer. 

2.5 Conclusions 
Mie Scattering Rotating Compensator Ellipsometry, an in-situ diagnostic suited to monitor the 

particle size of particles embedded in an RF plasma, has been built, implemented, and tested. The 
ellipsometric performance was tested using air, gold, and silicon as the optically active media and 
the measurements are in good agreement with the simulations. The use of the ellipsometer as a 
diagnostic to monitor the particle size and the particle size distribution of Melamine
F ormaldehyde particles trapped in an oxygen plasma, was evaluated. The simulations, using the 
Mie solution for spherical, homogeneous, and smooth particles, are in fair agreement with the 
measurements. 



3. INFRARED ABSORPTION 

SPECTROSCOPY 

3 .1 Spectroscopy 

In addition to electronic excitations in a atom, a molecule can also experience vibrational and 
rotational excitations as can be found in [22-25]. In the next section a simple model for the 
vibrational and rotational states in a diatomic molecule is presented, explaining the transitions 
between them and the thermal distribution of quantum states. In section 3.1.3 the more 
general case of polyatomic molecules and in particular of silane (SiH4) is considered. In the 
last section 3 .1.4 the solid state absorption is briefly discussed. 

3.1.2.1 The (an)harmonic oscillator 

The simplest possible assumption for the vibrations is to view the diatomic molecule as a 
harmonic oscillator with classical vibrational frequency 

(3.1) 

with k the spring constant of the bond between the atoms and µ the reduced mass of the 
molecule. The potential energy V of a harmonic oscillator is a quadratic function of the 
distance (r-ro) between the atoms 

(3.2) 

Solving the Schrodinger equation using this potential yields equidistant energy levels 

(3.3) 

with the vibrational quantum number v, h Planck's constant and Vose the vibrational 
frequency. The harmonic oscillator is only a first approximation of the anharmonic potential 
that describes the vibrations in a molecule (see figure 3.1.1). The harmonic potential model is 
only valid for small values of (r-ro). This is evident in the observation that the energy levels 
of most molecules are not exactly equally spaced. 

42 
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Fig. 3 .1.1: The anharmonic attractive potential between two atoms and the harmonic 
approximation. 

3.1.2.2 The molecule as a rigid rotator 

The rotational Eigenstates are found by regarding the molecule as a rigid rotator. The distance 
between the atoms is fixed and evaluating the Schrodinger equation with V = 0 results in 
single valued, finite, and continuous solutions of the Schrodinger equation for certain values 
of rotational energy 

(3.4) 

with J the rotational quantum number, I= L,µr2 the momentum of inertia and m the radial 
frequency. A molecule has three orthogonal principal momenta of inertia Ia, lb, and 16 for a 
diatomic molecule Ia=O and lb=lc. Silane (Sif4), an important molecule in our experiments, 
is a symmetric top (tetrahedral) molecule which implies that Ia *lb = le (see figure 3.1.2). 
Different relations between the three principal momenta of inertia yield different rotational 
structures associated with their vibrational absorption. So from the contour of the absorption 
spectrum one can guess the symmetry. 

Only certain rotational frequencies are possible and since ~ J ( J + 1) :::::: J and m = 2.nvrot the 
expression for the rotational frequency is 

hf 
vro/ ::::::--2-· 

47r I 
(3.5) 

A molecule cannot be rigid when it is also able to vibrate in the direction of the line joining 
the two nuclei. As a result of the centrifugal force the internuclear distance increases with 
increasing rotation, thereby increasing anharmonicity. Generally the deviations of the 
rotational states from the model of a rigid rotator can be neglected but deviations of the 
vibrational states from the model of the harmonic oscillator are by no means negligible. 
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H 

Fig. 3.1.2: A Silane molecule (SiH4) with three principal rotational axes with momenta of 

inertia Ia:;elb=lc. 

3.1.2.3 Transitions between vibrational and rotational states 

Generally the transition between two states is only possible when the energy of an 
absorbed/emitted photon exactly matches the energy difference between the states. 
Vibrational and rotational transitions are visible in the infrared. The probabilities of the 
transitions under the influence of radiation are determined by the Eigenfunctions of the states 
involved. If the Eigenfunctions are known it can be calculated whether a transition between 
two states is possible. When only dipole interaction is considered, the transition probability 
equals zero, except for 

~v = ±1, (3.6) 

for vibrational transitions and 

LV = ±1, (3.7) 

for rotational transitions. These are the selection rules, usually due to some symmetry 
restrictions, for vibrational and rotational transitions. Transitions caused by electromagnetic 
waves, i.e. photons, involve dipole interaction with the molecule. Therefore only diatomic 
molecules with a permanent dipole moment have a transition probability in the infrared other 
than zero. Diatomic molecules that consist of two identical atoms cannot absorb photons in 

the infrared for this reason. For the rigid rotator the wave number aof absorbed photons, with 
M = ±1 between two rotational states, equals 

(J' = --3!!._(Jlll + 1), 
8Jr2 cl 

(3.8) 

with Jin= 0, 1, 2, ... the initial rotational state. The spectrum of a simple rigid rotator consists 

of a series of equidistant wave number lines. For the harmonic oscillator the wave number a 
of absorbed photons, with Liv= ±1 between two vibrational states, equals 

Vose 
a=--. 

c 
(3.9) 

At room temperature most of the molecules are in the lowest energy level, with v = 0, and 
most transitions obeying the selection rule in Eq. (3 .6) contribute to the fundamental 

absorption band v = 0 -+ v = 1. For example , the population of the v = 1 level of HCI at 300 
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K compared to the v = 0 level is 1 over 106. But at higher temperatures the v = 1 state 

becomes more populated and consequently also transitions like v = 1 --+ v = 2 will occur. 

Since the potential well is not a harmonic one, the transition v = 1 --+ v = 2 has a slightly 

different energy and wave number than for v = 0 --+ v = 1. These additional peaks which are 

smaller then the main v = 0 --+ v = 1 transition are called hot bands. The difference may be 
used as a measure of the anharmonicity of the vibration. The intensity of the hot bands 
relative to each other are an indication for the population for the different vibration levels and 
thus for the temperature. Also the harmonic oscillator selection rule in Eq. (3.6) is not rigidly 
obeyed, and for most heteronuclear (two different nuclei) diatomic molecules overtones 

weakly occur at approximately 2 Vose' 3 Vose etc. Two effects contribute to the intensity of 
these overtone bands. The dipole momentum of the molecule depends linearly on the 
interatomic distance for small values of the vibrational displacement (r-ro) and, as mentioned 
before, the assumption of a harmonic potential is only valid for small (r-ro) . 

For a vibrating rotator, vibration and rotation are not independent of each other and energies 
cannot simply be added. But for simplicity the interaction between vibrational and rotational 

states will be neglected. Consider a molecule with initial state lFi and J=Jm (m = 0, 1, 2 ... ). 
Obeying the selection rules the possible absorbed wave numbers are 

a P = a( v = i ~ v = i + 1) - h J 
4;r2 cl m 

h h 
(j R = a( V = i ~ V = i + 1) + + 2 J m 

4;r2 cl 4;r cl 

(3.10) 

(3 .11) 

(3.12) 

with P, Q, and R the different kinds of rotational transitions (M = -1, 0 and +1) and <Y 

( V-=i--+ v.=i+ 1) the pure vibrational transition. All possible transitions together form a 
vibrational band with a P branch, a Q branch, and an R branch (see figure 3 .1.3). With a 
diatomic or linear polyatomic molecule the ~J = 0 transition is not possible because the 
vibrational transition momentum is directed along the molecular axis forcing the rotational 
state to change. Therefore the vibrational band of a diatomic or linear polyatomic molecule 
contains no Q branch. The different lines in the Q branch usually coincide because 

a( V-=i--+ v.=i+ 1; Jm --+ Jm) is the same for all m, when there is no interaction between 
vibrational and rotational states. Only when considering the interaction between the 
vibrational and rotational state or in case of hot bands (mixture of different Q branches due to 
anharmonic potential) individual lines are present in the Q branch. A typical gas absorption 
measurement containing a P, Q and R branch is depicted in figure 3 .1.4. The fine structures in 
the P, Q and R branches are clearly visible. 
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Fig. 3.1.3 : Energy level diagram explaining the fine structure of a rotation-vibration band 

with selection rules l1J = ±1 and Liv = ±1. Liv = 0 gives a pure rotational spectrum, Liv = I an 

absorption spectrum and Liv= -I an emission spectrum. 
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Fig. 3.1.4: a) Gas absorption spectrum of Silane (SiH4) in Argon at 0.1 mbar with b) a 
detailed look at the 2050-2300 cm-1 region containing the P, Q and R branch and c) the fine 
structure of the P branch. 
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3.1.2.4 Thermal distribution of Quantum states 

In the infrared it is much easier to determine frequencies of absorption than it is to measure 
intensity. The intensity of the various lines depends on the transition probability between 
states, the number of molecules in the initial state, the cross-section as a function of the wave 
number and the resolution in the spectrum. For example the intensity of absorption is 
proportional to the energy difference between the initial and final state. 

Consider a thermal equilibrium situation, as is almost always the case when dealing with 
infrared spectra. The number of molecules in each vibrational state with energy E is 
proportional to e-E/kT according to the Maxwell-Boltzmann distribution. Like the example of 
HCl at 300 K the population of the v= 1 state relative to the v= 0 state is usually of the order 
10-5-10-6. So almost all transitions observed in infrared spectroscopy have v = 0 in the initial 

state. The number of molecules NJ in a rotational state J of the lowest vibrational state v = 0 
for kT » E(J) or large I 

2h 2 (2J 1) 2h
2
J(J+l ) 

N = N-- + e s,,21kT 
1 8:r2 I kT ' 

(3.13) 

with E(J) the energy of the rotational level with quantum number J, I the moment of inertia 
and N the total number of molecules. Because each state J consists of (2! + 1) degenerate 
levels with coinciding energy in the absence of an external field, the occurrence (statistical 
weight) of state J is (2! + 1) times that of state J = 0. So assuming that the transition 
probability is independent of J and M , the variation of the intensity of the lines in a rotation
vibration band as a function of J is given essentially by the thermal distribution of the 
rotational levels. The intensity is proportional to the thermal distribution and this explains the 
shape of the P and R branch (see figure 3.1.5). If the P and R branch can be resolved and the 
separation !la between their peaks is measured and the temperature T is known, a rough 
estimate of the moment of inertia I can be obtained 
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Fig. 3.1.5: Relative population of different rotational levels at different temperatures T] and 

T2, with T2 > TJ . 
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,3 .1.3 ' p()'l~atomic molecules 

With more than two atoms in a molecule, molecular spectra are a little bit more complicated. 
Before N atoms are formed into a molecule, each atom can move in three independent 
directions, adding up to 3N degrees of freedom. Bonded together in the molecule, there are 
three independent directions of translation whilst rotation about three independent axes yields 
another three. Internal vibrations generally make up for the other 3N-6 degrees. For a 
molecule like SiH4 there are 9 of such vibrations (see figure 3 .1.6). 

It is not always necessary to consider all 3N-6 vibration modes since only those vibrations 
during which a change in dipole moment occurs can interact with photons in the infrared. 
Further symmetry in the molecular structure may lead to pairs and triplets of vibrations with 
coinciding frequency. For example: CH4 has only two fundamental (i.e. not counting the 
overtones or combination tones of different frequencies) absorption bands in the infrared. In 
contrast to diatomic molecules, polyatomic molecules do not need a permanent dipole 
momentum to have a finite dipole change during vibration. CH4 for instance has a zero dipole 
momentum and still has vibrational modes during which a dipole moment appears. 

Things get more complicated when you closely consider the possible structures in a molecule. 
Sometimes internal rotation of a certain group within a molecule or even within a solid is 
possible yielding remarkable absorption behavior. 

.--- H 

(a) (b) (c) 

Fig. 3.1.6: Examples of vibration modes in silane (SiH4) assuming mass Si »mass H· (a) 
symmetric stretching (b) asymmetric stretching (c) symmetric bending. 

When considering solid state absorption instead of gas phase absorption, the rotational 
structure disappears in most cases from the spectra because of interactions with neighboring 
molecules. In a solid state the molecules have far less freedom of movement. The transition 
from a molecule to a solid causes the rotations slowly to disappear from the spectrum and a 
broader vibrational band, due to damping, to appear. In certain cases, notably those involving 
hydrogen bonding like SiH4, there may be a marked interaction between the molecules in the 
solid state which will result in a change of the whole character of the spectrum. This change is 
not surprising, for the absorbing species in the solid state, taking SiH4 as an example, may not 
be a monomer like SiH4 but a multimer like (SiH4)n. The solid state may involve bonds like 
Si-Si not present in the gas phase. Interactions (overlapping of electron clouds) and collisions 
cause shortened life vibrational states and hence a blurred energy value. Also frequency 

displacements are noticed, generally o-gas>atiquid>O"solid· Certain bands can arise in the solid 
state that were forbidden in the normal pressure gas phase, for example due to changes in 
molecular symmetry. 
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Because all measurements involve silane, methane, oxygen, acetylene and nitrogen mixtures 
several absorption lines that can be present in such mixtures are presented in table 3 .1. To 
clarify the different transition assignments, also some normal vibration modes have been 
added for common groups like CH3, CH2, OH and CO (see figure 3.1.7). 

Group 

SiH 

SiH3 

SiO 

SiH-0 
Si-0-Si 
SiH-02 

SiH2-0 

0-H 

SiC 
Si-CH3 

CH2 

CH3 

C2H2 

Si-Si 
SiN 

N-H2 

N-H 

wave number (cm-1
) 

2000 
600 
2080-2090 
880 
630 
2090-2140 
890 
845 
630 
2120-2140 
905 
860 
630 
1150 
950-1100 
2100 
790-820 
2185 

2160 

3225 

670 
780 
1250 
2850,2910 
1450 
2890,2940 
1350 
612 
729 
1974 
2100-2150 
3295 
3373 
480 
482 
840 
880 
920 
1550 
3280 
3400 
1200 
3350 

Assignment 

stretching 
bending 
stretching 
bending-scissors 
rocking 
stretching 
bending-scissors 
wagging 
rocking 
stretching 
degenerate 
symmetric 
rocking 
surface 
bulk, stretching 
SiH with one 0 in 
strong coupling with 
SiH with two 0 in 
local cluster 
SiH2 with one 0 
bonded to Si 
vibrations in 
(SiOH)2 compounds 
stretching 
rocking or waging 
bending 
stretching 
bending 
stretching 
bending 
trans bend H-C=C-H 
cis bend H-C=C-H 
C=C stretch 
C=C stretch 
asymmetric CH 
symmetric CH 
stretching 
symmetric stretching 
stretching 
vibration 
asymmetric 
bending 
symmetric stretching 
stretching 
bending 
stretching 

Table 3 .1: Absorption wave numbers of different groups in a solid. (sources: Lucovsky et al. 
1979, Tawada et al. 1982, Cardona 1983, Shinar et al. 1987, Langford et al. 1990, spectra of 
atoms and molecules by Peter F. Bernath 1995, handbook of spectroscopy by J. W. Robinson 
1974 and properties of amorphous silicon Inspec 1989). 
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+ 

CH
1 

Asymmetr ic stre1ch. CH, Twist. 

CO Stretch . 

OH Streich. 

\ 

COC Symmetric suetch. 
COC Asymmetric stretch. 

CH 1 Symmetric bend 

+ + 
Vinyl C=C rwist. 

CH 1 Wag. 
OH ln·plane be nd . 

Vinyl CH 1 wag. 

\ 

CH 1 Rock. 

CH 3 Asymmetric stretch. CH, Symmetric ~nd 

(''umbrella"). 

CH, Sy mmetric stre1ch. CH 1 Sy mmetric stretch. 

CH1 Torsion. 

CH J Asymmetric bend. CH, Rockin~. 

OH Torsion. 

Fig. 3.1.7: Form and designation of normal vibration for common groups (source: handbook 
of spectroscopy by J W. Robinson 197 4). 



3.2 EXPERIMENTAL SET-UP 

The set-up as used in Lausanne for all measurements is depicted in figure 3.2.1. It consists of 
a plasma reactor, with an Michelson interferometer and a detector placed at opposite sides. A 
mass spectrometer is also hooked to the reactor. The several items are discussed in the 
sections below. 

Detector 

Balzers Mass 
spectrometer 

Fig. 3 .2.1: The experimental set-up. 

,3 .2.2~lasma ~eactor 

Bruker IFS66 
Interferometer 

·data acquisition 

~ 
L_J 

The experimental apparatus is a parallel-plate RF capacitive reactor with 13 cm diameter 
electrodes and a 2.5 cm electrode gap. The vacuum chamber is grounded. The RF power is 
on/off modulated at kHz frequencies with an excitation frequency of 13.56 MHz capacitively
coupled to the RF electrode via a 7t matching network. 

The turbo pump (which is not depicted in ,figure 3.2.1) can get the pressure in the plasma 
reactor down to 10-4-10-5 mbar. Most experiments are done at 0.2 mbar. There are two ZnSe 
windows which are transparent in the infrared region until about 500 cm-1. A small HeNe 
laser is used as a visual aid to see the powder. It is possible to heat the lower electrode in the 
plasma reactor to a temperature of 160 °C. 

3 .2.3 Infrared s~ectroscopy 

All infrared analyzers require a source, a detector, an absorbing medium and a method of 
wavelength selection. In these experiments a globar infrared light source, which is present in 
the interferometer, is used. Then the beam enters the actual Michelson interferometer and 
passes the plasma reactor, which is the absorbing medium. The plasma reactor has two ZnSe 
windows which are transparent in the infrared from 500 cm-1 till above 4000 cm-1. Behind 
the plasma reactor a parabolic mirror focuses the beam on a MCT detector (MCT is an 
abbreviation for Mercury Cadmium Telluride). 

51 
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All data is acquired by a PC, which Fourier transforms the detector signal into a spectrum. 
The whole package including the PC and the interferometer is the commercially available 
Bruker IFS66 interferometer. The interferometer is purged with nitrogen gas to stabilize the 
water and C02 content. The resolution of the infrared spectra is approximately 1 cm-1. 

In these experiments a PPM 421 Balzers mass spectrometer which can measure neutrals, 
positive and negative ions up to 2000 amu, is used. 



3.3 MEASUREMENTS AND RESULTS 

3 .3 .1 Introduction 

The process of powder production in a silane plasma is something that is still not understood 
completely. To gain more insight it is useful to detect clusters or powders in a plasma with 
infrared absorption techniques, in combination with mass spectrometry. The infrared 
absorption spectra are measured during plasma operation. Different kinds of clusters have 
been produced with pure SiH4 plasmas and diluted SiH4 plasmas with CH4, C2H2, N2 or 

' 02. Also different plasma conditions have been used; parameters like electrode temperature, 
plasma modulation, gas flow, and powder trapping in an inert gas plasma are the tools with 
which the powder can be controlled to a certain extent. Further we have attempted to detect 
the surface adding of C, N, or 0 to silane powders that were already grown beforehand. 
Difficulties in previous infrared absorption measurements were low signal to noise ratio of the 
solid state absorption by the powder in the plasma. The powder densities in a plasma are 
usually much less than in an ex-situ measurement of an absorption spectrum. In ex-situ 
measurements an arbitrary amount of powder can be collected and be put in a solvent or in a 
matrix of infrared transparent material like KBr. 

3 .3 .2 Measuring a gas absorption SJ>ectrum 

Before jumping to the measurements of the infrared absorption by clusters in a plasma, it is 
good to show a few typical measurements of gas absorption lines when no plasma is operated. 
Measuring an absorption spectrum requires measuring two spectra. One spectrum is measured 
with the gas of which we want to know the absorption; this kind of measurement is called the 
sample measurement. The other, reference, spectrum is measured without this gas. The 
absorption spectrum is calculated by subtracting the sample of the reference. All absorption 
bands should point upwards in the spectrum. 

Typical reference, sample and absorption spectra of SiH4 gas are shown in figure 3 .3 .1 a, b 
and c. The reference in this case is measured with pure Ar (50 seem, 0.2 mbar), which does 
not absorb in the infrared region because it is an inert gas. During the sample measurement 
the partial pressures are 0.032 mbar for SiH4 and 0.168 mbar for Ar (50 seem, 0.2 mbar in 
total). Because SiH4 is a very explosive gas when used in its pure form, it is diluted with 
argon, which does not interact chemically with the SiH4 molecules. In the absorption 
spectrum many gas absorption peaks can be seen that are due to Si84. The resolution of all 
spectra is 1 cm-1; the range is limited on the lower side by the KBr window to about 500 cm-1 
and on the upper side to 4000 cm-1 by the infrared light source. The time of taking a spectrum 
takes about three minutes; some spectra were measured using different settings of the 
acquisition system and these take about twenty minutes. 

It has to be remarked that when the sample spectrum has an overall lower intensity than the 
reference spectrum by a certain factor, due to scattering and/or absorption by a high powder 
density, it is better to calculate the absorption spectrum by dividing the reference by the 
sample spectrum to compensate for the intensity loss. A plain subtraction would yield an 
absorption spectrum in which the baseline, which is flat ideally, is an image of the source 
spectrum times a certain factor. In figure 3 .3 .2 and 3 .3 .3 the gas absorption spectra of CH4 
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Fig. 3 .3 .1: a) Reference, b) sample and c) absorption spectrum of silane gas at 0.1 mbar. 
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Fig. 3.3.3: C2H2 absorption spectrum. 

3.3.3 Clusters 

55 

4000 4500 

In all experiments clusters are produced by operating a radio-frequency (RF) plasma with a 
frequency of 13.56 MHz. Our main interest is seeing the growth of the SiH4 clusters in the 
infrared absorption spectra. Also the absorption spectra of clusters in SiH4/CH4, SiH4/C2H2, 
Si84/N2 and SiH4/02 diluted plasmas have been investigated. 

3.3.3.1 Silane clusters 

To observe the different stages in the growth of a SiH4 cluster we have to control the cluster 
size in the plasma. A way to achieve this is to use a modulated RF plasma. Absorption spectra 
have been measured with different plasma-on times keeping the plasma-off time constant. In 
figure 3.3.4 a until g the measurements are shown for plasma-on times of 110 µs, 370 µs, 
800 µs, 1200 µs, 1750 µs, 2300 µs, and 3500 µs respectively, with a plasma-off time of 
300 µs, 50 seem SiH4 (0.1 mbar) and T=160 °C. In figure 3.3.4 h a plasma is operated 
continuously. In all spectra an absorption band is located at about 2150 cm-1. To the left of 
1900 cm-1 the H20 absorption peaks are visible. This is just water in the ambient, outside the 
plasma vessel. When the humidity in the ambient is constant the water absorption is constant 
in the sample and reference spectrum and will cancel in the absorption spectrum. From 
2100 cm-1till2400 cm-1 the C02 band is present. Also this band from C02 in the ambient is 
only there if the concentration in the sample and reference spectrum are different. 

The important part is the absorption band from 2100 cm-1 till 2300 cm-1 which is the Si-H 
vibrational excitation in a solid or large particle like a cluster. Increasing the plasma-on time 
yields a larger Si-H absorption band. This can be due to a combination of bigger powder 
particles and higher powder density. When the plasma-on time is larger, powders are trapped 
in the plasma for a longer period in which they can keep growing. Above the plasma-on time 
of 1200 µs the solid state absorption is approximately constant. The difference between the 
absorption for plasma-on times of 1750 µs , 2300 µs and 3500 µs is negligible. Also there is 
not any difference between the modulated plasma with 3500 µs on time and the continuous 
plasma in figure 3.3.4 h. This indicates that after a plasma-on time ofroughly 2000 µs the dust 
particle size and density is stable. 
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Fig. 3.3.4: Absorption spectra in modulated silane plasmas, 50 seem SiH4, T=f 60 'C, 
V=520 V, plasma-off time 300 µs, increasing plasma-on times in figure a tog. In figure h an 
absorption spectrum of a continuous plasma is depicted. 
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Fig. 3.3.5: Mass spectra of modulated silane plasmas, 50 seem SiH4, T=l60 'C', V=520 V, 

plasma-off time 300 µs, increasing plasma-on times infigure a toe. 

Besides the solid state absorption, which is the hump pointing upwards, there are also some 
sharp Sif4 gas peaks pointing downwards. Peaks that point downwards indicate that there 
was SiH4 gas absorption that is smaller in the sample spectrum than in the reference 
spectrum. This means that some of the SiH4 is dissociated in the sample measurement in 
which the RF plasma is operated. The largest gas absorption peak of Sif4 that is 
superimposed on the solid state absorption of the cluster is the Q-branch of SiH4 at about 
2190 cm-1. Looking at the size Q-branch and also the other sharp SiH4 peaks in the different 
spectra, the Sif4 dissociation is larger for increasing plasma-on time. 

Though the SiH4 dissociation is distorting the solid state absorption band by the clusters, the 
cluster absorption is still clearly visible. However, no specific identification can be made 
about the cluster absorption because it may contain more than one peak. The Si-H, Si-H2 and 
Si-H3 peaks found in earlier studies are all in the same region (see table 3.1): Si-H stretch 
mode at 2000 cm-1 , Si-H2 stretch at 2080-2090 cm-1 , (Si-H2)n stretch at 2090-2140 cm-1 
and Si-H3 stretch at 2120-2140 cm-1. These a-Si:H absorption peaks (in a thin film) have 
been found and identified in several studies [Lucovsky et al. 1979, Tawada et al. 1982a, 
Cardona 1983, Shinar et al. 1987, Langford et al. 1990]. In other studies slightly other 
identifications have been made, but these are generally only small shifts. 
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Mass spectra 

Simultaneously with the IR absorption measurements negative particles are extracted from the 
modulated plasma in the off period to get an idea of their masses using a mass spectrometer. 
Since the plasma-off time associated with the different plasma-on times is constant you 
collect comparable amounts of negative charged particles. In figure 3.3.5 the mass 
distributions associated with the different plasma-on times are depicted. With a larger plasma
on time the amount of negative particles is decreasing. This supports the theory that negative 
ions are the precursors of dust particles [26, 27]. Increasing plasma-on time favors the 
polymerization of the negative ions, decreasing the number of negative ions. This is evident 
also in the IR measurements which yield a larger Si-H solid state absorption with a larger 
plasma-on time due to increasing particle density and/or size. 

3.3.3.2 Silane clusters trapped in an argon plasma 

In figure 3.3.4 the solid state absorption coincides with the SiH4 gas absorption. We can get 
rid of the Si84 gas absorption by growing SiH4 clusters first with a SiH4 plasma, then cutting 
off the Si84 flow and trap the particles in an Ar plasma. Then the absorption spectrum of the 
powder that is trapped in the argon plasma is measured, without the SiH4 gas absorption. In 
figure 3.3.6 such a measurement is shown. Unlike the measurement of figure 3.3.4 which was 
done at 160 °C, this measurement is done with cold (room temperature) electrodes, to get 
more powder. When the SiH4 flow is cut off, most powder disappears. Therefore we need a 
large amount of powder before the SiH4 flow is cut off, to detect any solid state absorption. 

In figure 3 .3 .6 also another phenomenon can be seen: the baseline of the absorption spectrum, 
which is a division of the reference by the sample minus one, is somewhat tilted. This is due 
to the scattering of the infrared beam by the dust particles. Photons of larger wave numbers, or 
small wavelengths compared to the particle size, are scattered more than smaller wave 
numbers (see section 2.1.8: Rayleigh scattering). The amount of tilt might be a good measure 
for the powder density. 
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Fig. 3.3.6: Absorption spectrum of silane powder trapped in an argon plasma (JO W, 
0.2 mbar). 

3.3.3.3 SiH4 + CH4 clusters 

A measurement has been done with 42 seem Ar, 20 seem CH4 and 8 seem SiH4. The 
absorption spectrum is shown in figure 3 .3. 7 in which three peaks can be identified. The 
different Si-H modes are now located at about 2100 cm-1 . CH2 stretching at 2850 cm-1, 
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2910 cm-1 , CH3 stretching at 2890 cm-1, 2940 cm-1 [Langford et al. 1990] can be assigned 
to the absorption band at 2800-3000 cm-1. Multiple absorption bands seem to be present here, 
but they overlap and thus cannot be resolved. At 1350 cm-I a CH3 bending mode is present. 
In our spectrum a small absorption band is visible at 1240 cm-1. On the left of about 
1100 cm-1 there is more than one possibility to assign the peaks to a bond (see table 3.1). 
Also many peaks seem to be overlapping there which makes the identification more difficult. 
Candidates are: 

• SiC stretching at 670 cm-1 

• Si-CH3 rocking or wagging at 780 cm-1 , 

• Si-H bending at 630 cm-1, 

• Si-H2 bending-scissors at 880 cm-1 , rocking at 630 cm-1 , 

• Si-H3 degenerate deformation at 905 cm-1 , symmetric deformation at 860 cm-1 , rocking 
at 630 cm-1, 

• (SiH2)n bending-scissors at 890 cm-1 , wagging at 845 cm-1 , rocking at 630 cm-1. 
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Fig. 3.3.7: absorption spectrum of 42 seem Ar, 20 seem CH4 and 8 seem SiH4, 10 W 
continuous plasma, 0.2 mbar. 

3.3.3.4 SiH4 + C2H2 clusters 

A measurement has been performed with 4 seem SiH4 and 40 seem C2H2. The absorption 
spectrum is shown in figure 3.3.8. Like in the measurement with SiH4 and CH4 three peaks 
seem to be present from 2800 cm-1 till 3000 cm-1 . Also the SiCH3 absorption band at 
1230/1250 cm-1 is there again. Just to the right of this peak, there is a lot of noise due to the 
changing H20 gas absorption in the ambient; it ranges from 1300 cm-1 till about 2000 cm-1. 
Still in this region three small absorption bands can be discerned. The CH2 bending mode at 
1350 cm-1 and the CH3 bending mode at 1450 cm-1 exactly match the two peaks in the 
spectrum. The small band at about 1750 cm-1 could not be identified. 
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Fig. 3 .3 .8: absorption spectrum of 4 seem SiH4 + 40 seem C2H2, 0.4 mbar. 
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Fig. 3.3.9: Mass spectrum of 4 seem SiH4 + 40 seem C2H2, 0.4 mbar. 
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In figure 3.3 .9 the mass spectrum of the plasma, that is mentioned above, is shown. Peaks like 
the one at 46 a.m.u. indicate that there are bonds between Si and C. 

3.3.3.5 SiH4 + N2 clusters 

Measurements of a 10 W plasma containing SiH4 and N1 (0.2 mbar in total) showed no 
bonding between the two kinds of molecules. 

3.3.3.6 SiH4 + 0 2 clusters 

The absorption spectrum of a measurement with a 10 W plasma (150 V peak to peak) 
containing 42 seem Ar, 8 seem Sili4 and 5 seem 02 is shown in figure 3.3.10. Several 
absorption bands can be identified: the large band from about 950 cm-1 till 1200 cm-1 is a 
SiO surface and/or SiO bulk stretching mode. The smaller band at 800-950 cm-1 could be the 
Si-0-Si which has been found in earlier studies at 780-820 cm-1. The Si-H cluster absorption 
is again located at 2150 cm-1. 
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Fig. 3.3.10: absorption spectrum of 10 W continuous plasma with 42 seem Ar+ 8 seem SiH4 
+ 5 seem 02. 
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Fig. 3.3.11: Mass spectrum of 10 W continuous plasma with 42 seem Ar+ 8 seem SiH4 + 
5 seem 02. 

Mass spectrum 

In figure 3 .3 .11 the mass spectrum of the plasma, that is mentioned above, is shown. Peaks 
like the one at 44 a.m.u. indicate that there are bonds between Si and 0. 

When measuring absorption spectra, the deposition of powder on the windows of the plasma 
vessel has to be taken in account. If the plasma is operated too long (more than approximately 
ten minutes in the plasma vessel configuration that is used), the absorption of powder on the 
windows can be of the same order of magnitude as the powder absorption in the plasma. The 
absorption spectrum of the powder deposited on the windows during two minutes of plasma 
operation is shown in figure 3.3.12. The plasma consists of 42 seem Ar, 8 seem Sif4 and 
5 seem 02. This is a good mixture to show powder deposition on the window because the 
0-H vibration band in crystalline (SiOH)2 at 3000-3400 cm-1 is a very dominating one. The 
absorption by this peak is only one per thousand in the short plasma operation time. When the 
plasma is on during a longer period the powder absorption increases linearly in time till 
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saturation. Another effect of deposition of powder on the windows is that the powder layer 
will yield some internal reflection. Internal reflections cause a parasitic peak in the 
interferogram which results in a small modulation on the absorption spectrum. Also this effect 
is linear with the time the plasma has been operated. 
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Fig. 3.3.12: absorption spectrum of powder deposited on the window of the plasma vessel 
during two minutes a plasma with 42 seem Ar, 8 seem SiH4 and 5 seem 02. 

To coat the surface of an existing powder, the powder needs to be trapped in a plasma. When 
the powder is floating in the plasma, which is an Ar (0.2 mbar, 50 seem, room temperature) 
plasma in this case, a gas or vapor of some material can be introduced into the plasma. 
Attempts to observe the coating process with infrared absorption have not succeeded. The 
confinement of the powders in the argon plasma was not sufficient to get any absorption 
signals. When the SiH4 flow is turned off, the loss of powder was clearly visible by means of 
a small HeNe laser. Most of the powder is 'flushed' from the glow or too heavy to be confined 
a long time. It was not visible in what way the powder left the plasma. 

3 .4 Conclusions 

In-situ infrared absorption spectroscopy has been performed on a pure silane plasma and 
diluted silane plasmas with CH4, C2H2, 02 and N2. In both cases powder production takes 
place. Absorption measurements in pure silane plasmas show solid state absorption peaks. 
The solid state absorption was found to be proportional to the plasma-on time, but did not 
increase any further after a certain maximum plasma-on time. The mass spectra show a 
decreasing number of negative ions with increasing plasma-on time. Both the absorption and 
mass spectra measurements on the diluted silane plasma show bonding between Si and C, Si 
and 0, and no bonding between Si and N. Not all absorption peaks could be identified. The 
powder density was too low to be able to measure particle surface coating. 
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• An in-situ diagnostic suited to monitor the particle size of particles embedded in an RF 
plasma, called 'Mie Scattering Rotating Compensator Ellipsometry', has been built, 
implemented, and tested. Software has been written to gather all the data and to calculate the 
ellipsometric angles '¥ and ~. Special attention was paid to the calibration of the set-up, 

• This diagnostic is very sensitive. Simulations indicate a sensitivity in the A regime, 
• Measurements of the ellipsometric angles associated with air, a silicon substrate, and a gold 

substrate were used to test the ellipsometric performance of the set-up. The results have been 
compared to simulations and are in good agreement with the measurements, 

• The use of the set-up as a diagnostic to in-situ monitor the particle size was tested by trapping 
initially monodisperse spherical Melamine-Formaldehyde particles in the sheath of an oxygen 
RF plasma. The interaction of the incident linearly polarized light with the particles in the 
plasma modifies the polarization state of the light. The polarization state of the scattered light 
is dependent on the particle size, refractive index, shape, and scattering angle. With the 
assumptions that the scattering particles are spherical, homogeneous, and smooth, the Mie 
theory offers an exact solution for the polarization of the light after the interaction with the 
particles. The polarization of the scattered light is measured and is characterized by the 
ellipsometric angles '¥ and ~. These angles are linked to the so-called scattering amplitude 
functions SJ and S2 following from the Mie theory. This enables the calculation of the'¥ and 
~ associated with a certain particle size, refractive index, and scattering angle and to attach 
vice versa a particle size to a certain '¥ and ~' 

• The ion bombardment in the oxygen plasma modifies the size of the particles and thereby the 
polarization of the scattered light. As a result the ellipsometric angles '¥ and ~ show an 
evolution in the'¥ - ~plane. Simulations of'¥ and~ are in good agreement and show the 
average particle radius to decrease. The simulated particle radius indicates an etch rate of 1.1 
Asec-1. This etch rate seems reasonable when compared to etch rates of polymer layers in a 
comparable oxygen plasma [ 14] that are in the order of a few Angstrom per second, 

• Because of the dispersity of the particles it was necessary to apply a translationally operated 
log normal distribution function to the simulated '¥ and ~. The simulations show that the 
initially almost monodisperse particles become linearly more polydisperse with time. This can 
be explained by the ion focusing around vertically layered particles in a Coulomb solid (33, 
34]. This causes an ion flux shielding in the wake of the particles on top of the Coulomb solid, 

• After a certain time the evolution in the'¥ - ~plane appears to stop. As a consequence of the 
decrease in particle size, the negative charge on the particles may no longer suffice to enable 
an effective ion bombardment. Another possibility is that the measurement is unable to 
resolve a further evolution, 

• The particles remained trapped in the plasma until it was observed visually that the particle 
density in the plasma gradually diminished. This was confirmed by a decrease in the intensity 
of the scattered light. Since the particles are trapped near the edge of a potential well, a small 
change in the position of the particles, due to their change in size a new force equilibrium has 
to be established, may suffice to expel them from the trapping in the Coulomb crystal, 

• Simulations of the potential in the sheath of an oxygen discharge by Goedheer (34] indicate a 
very small displacement of the particles. Therefore migration effects of the particles in and 
out of the detection volume can be neglected. The particles may also be included in the 
oxygen discharge simulations, but the low particle density seems unlikely to have a large 
effect on the discharge properties. 
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Plans for the near future: 
• The errors in the measurements of the ellipsometric angles of air, silicon, and gold indicate 

that with a further optimization of the set-up a factor 10 in accuracy can be easily gained, 
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• Using a more symmetric reactor configuration, a GEC reactor, will allow to measure the 
scatter signal at other angles such as 0° (extinction measurement), 45° and 135°, and to 
perform measurements on 2-D layers of particles. The 0°, 45° and 135° measurements may, 
for instance, be used to determine the cross polarization terms S3 and S4 in Eq. (2.13), which 
are non-zero for non-spherical particles. Since Ao is not calibrated, no absolute intensity could 
be derived by using Ao. This makes it difficult to determine the particle density from Ao. Ao 
can be calibrated by using calibration powders with a known size suspended in, for instance, 
an argon plasma. Extinction measurements seem to be more suited to determine the particle 
density, 

• The use of other plasma parameters will result in a Coulomb liquid. In contrast with a 
Coulomb solid, the particles are not expected to become more polydispersive during the 
etching process because there is no such thing as ion flux shielding with a Coulomb liquid, 

• Using S3 and S4, together with SEM pictures from the particles before and after the etching 
process, a possible departure from spherical particles during the etching process may be 
checked. The particle density may also be found by measuring the absolute scattered intensity 
and divide this by the calculated scattered intensity per particle, with the particle size, needed 
in the calculation, following from the '¥ and ~ measurements, 

• A more symmetric configuration will also enhance the trapping and control of the particles, 
• The laser beam used in the experiments has a diameter of 1.1 mm. A beam expander can be 

used to get the diameter down to approximately 0.3 mm. This results in a smaller detection 
volume and therefore a more selective experiment, 

• The Mie Scattering technique will also be used to monitor the growth of particles and 
particularly the coating of iron particles with aluminum in an RF discharge. The growth of 
little clusters in a SiH4-plasma may, perhaps in combination with absorption spectroscopy 
and mass spectroscopy (see chapter 3 of this report), also be monitored, 

• It might be fruitful to investigate new calibration possibilities to be able to better characterize 
the various properties of the compensator. Instead of the usual settings of the polarizer P = 
45° and analyzer A= 0°, the setting P =A= 45° seems promising [21]. In this setting the 
Fourier coefficients A1 and B2 are larger and this reduces the error in Co (Eq. (2.38)). 
Generally the P =A = 45° setting also reduces the errors in Xe and Ye and there is no apparent 
reason not to use different optimal settings for the determination of Xe and Ye· 

• In-situ infrared absorption spectroscopy has been performed on a pure silane plasma and 
diluted silane plasmas with CH4, C2H2, 02 and N2. In both cases powder production takes 
place, 

• The spectrum of a modulated pure Silane plasma shows an increasing solid Si-H absorption 
band and Siff4 gas dissociation with increasing plasma-on time possibly due to bigger 
powders and/or higher powder densities. After a plasma-on time of roughly 2000 µs the SI-H 
absorption band does not increase anymore, indicating that the dust particle size and density 
are stable. Since Si-H, Si-H2 and Si-H3 absorption are in the same region no specific 
identification is possible. Overlapping of the solid state and the gas phase absorption in earlier 
measurements is solved by trapping of the powders in an argon plasma, 

• The tilt of the absorption spectra due to Rayleigh scattering from the dust particles may be a 
good measure for the powder density, 

• Mass spectra (of negative ions) taken during the SiH4 modulated plasmas show a decreasing 
number of negative ions with increasing plasma-on time. This supports the theory that 
negative ions are the precursors of dust particles [26, 27] . This indicates that longer plasma-
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on time favors the polymerization of negative SiH4 ions, which finally result in powder 
particles, 
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• From mass spectra of plasmas which contain also C2H2, 02 and N2 it can be concluded that 
there is bonding between Si and C, Si and 0, but no bonding between Si and N. This is 
supported by the infrared absorption spectra, 

• In the spectrum recorded in a modulated plasma with a mixture of silane and methane or 
acetylene, CH2, CH3, and SiCH3 modes are present. A small band at 1750 cm-1 could not be 
identified, 

• The spectrum of a mixture of silane and N2 shows no solid state absorption modes, 
• The spectrum in the presence of oxygen in a silane plasma shows a Si-0 surface and a Si-0 

bulk stretching band while a Si-0-Si band can be present at 800-950 cm-1. Unknown 
absorption peaks are detected between 600 and 800 cm-1 , 

• The absorption of powder deposited on the windows, possibly crystalline (SiOH)2, can be of 
the same order of magnitude as the powder absorption in the plasma if the plasma is operated 
too long. Multiple reflections in the powder on the windows cause a modulation on the 
absorption spectrum, 

• The confinement in an argon plasma of the powder particles in an argon plasma is not 
sufficient to get absorption signals of possible coating of particle surface coating. 
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Appendix 

A. A mathematical description of polarized light and its application to an 
RCE set-up 

Elliptical polarization is the most general state of polarization of a strictly monochromatic 
light wave. Starting from three independent, linear, harmonic vibrations one can always find a 
plane in which the electrical field vector describes an ellipse [9] . 

The electrical field vector E (see figure Al) 

~ ~ ~ 

E = (a1 cos mt) u1 + (a2 sin mt) u2 , (Al) 

where UJ and u2 are the unit vectors in the u1 and u2 directions, is specified by 
• the azimuth a, the angle between the major axis of the ellipse and the positive x

direction, 
• the ellipticity tan(x), the ratio of the length of the major (a1) and the minor axis (a2) 

of the light. Linear and circular polarizations are in fact special cases of elliptical 
polarization, generated when the ellipticity assumes values of 0 (linear), + 1 (right
handed circular) and -1 (left-handed circular), 

• the orientation in space of the plane of the ellipse, 
• the absolute temporal phase. 

y 

major axis 

Fig. Al: elliptical polarized light with azimuth a 

Restricting ourselves to plane, monochromatic TE waves, only two coordinates, x and y, need 
to be considered to describe the polarization state. The third coordinate z is then the propagation 
direction of the wave and the spatial dependence of the wave is exp(-ikz). The electrical field of 
the wave varies sinusoidal with time at all points in space and all information necessary to 

describe this wave are the amplitudes E0 x and E0y and the phases £5x and bj.i of the wave at t = 0. 
The Jones vector E.. of a wave is defined as the vector spanned by the complex amplitudes of the 
Cartesian components of the electrical field vector of that wave 

(A2) 
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The intensity of the wave can be calculated by taking the inner product of the Jones vector and 
its complex conjugate 

I =E · E*. (A3) 

Two Jones vectors are orthogonal if 

(A4) 

and they are orthonormal if 

(AS) 

Some examples of Jones vectors (intensity normalized to 1) are given below 

1. Linear polarization along the x-axis: [~l (A6) 

[c~sa], sma 
(A7) 2. linear polarization with azimuth a: 

3. left handed circular polarization: l_J2[1 .]· 2 -l 
(AS) 

When a Jones vector is transmitted by an optically active element another Jones vector will 
emerge. The transformation from one Jones vector to another is described by a Jones (2*2) 
matrix. Some examples of Jones matrices are 

1. Reflection at a surface: 

2. perfect linear polarizer along the x-axis: 

[
t

0
an lJ' exp( i~) OJ 

1 ' 

[~ ~], 
3. linear retarder: [cos(~ I 2) + i sin(~ I 2) 0 ] 

0 cos(~/2)+isin(~/2)' 

4. Scattering by a spherical particle: 
e-ikr+ikz [s

2 

ikr 0 

5. Scattering by an arbitrary particle: 

a 
S3

] s . 
I 

(A9) 

(AlO) 

(All) 

(A12) 

(A13) 

In the last example the general amplitude scattering matrix for an arbitrary particle is given. 
Here S1 .. . S4 represent the four scattering amplitude functions as described in section 2.1.9. 
Comparison of the Jones matrix for scattering by a sphere (for a sphere S3 = S4 = 0), with the 

Jones matrix for reflection at a surface, now leads to the definition of the complex quantity p for 
spheres 
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p= 82 (()) =tan'Pe;~ (A14) 
SI (B) ' 

with S1 and S2 only depending on the scattering angle B, since for spherical particles they are not 

a function of the azimuth rp, and \f and Li the ellipsometric angles characterizing the polarization 
effects of the scattering sphere. 

When considering a quasi-monochromatic TE wave the Stokes formalism is used when it is 
not required to evaluate an absolute phase variable. The wave can be represented using a time 

dependent amplitude Eox(tJ, a time dependent phase Jx(t) and the mean values of the propagation 

number k and the frequency {J) 

(A15) 

The component in they-direction is represented by a similar term. From the components of 

the modulated amplitudes Ex(tJ, Ey(t), Jx(t), 8y(t) the Stokes parameters I, Q, U, and V are 
defined as follows 

I= (E; (t)) + (E; (t)) =Io =Ix+ Iy =I,+ I, =I++ I_' 

Q=(E;(t))-(E;Ct))= Ix -Iy, 

U = 2(Ex (t)Ex (t)cos(8 y{t)-8x (t))) =I+ - I_, 

V = 2(Ex(t)Ex(t)sin(8y(t)-8x(t))) =I, -I,, 

(A16) 

where the < > indicate a time average and Ii the irradiances used to measure the Stokes 
parameters. Measuring the intensity of the beam gives Io, using horizontal and vertical polarizers 
and measuring the difference between the two polarization states gives Ix - Iy, using polarizers 
that make an angle with regard to the plane of incidence of +45° ( +) and -45° (-) and measuring 
the difference gives I+ - L, and using right and left handed circular polarizers gives Ir - Iz. 

Together the four Stokes parameters form a vector known as the Stokes vector S 

I 

S= Q 
u 
v 

(A17) 

where I equals the intensity of the light and Q, U and V describing respectively the linear Ux - Iy 
and I+ - L) and the circular Ur - Iz) contributions to the beam. 

Some examples of Stokes vectors (intensity I normalized to unity) are given below 

1. Unpolarized light: 

1 

0 

0 ' 

0 

(A18) 
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1 

1 
2. linearly polarized along the x-axis: O 

0 

(A19) 

Again optically active components transform one Stokes vector to another Stokes vector. The 
so-called (4*4) Mueller matrices describe the various transformations. Before a Mueller matrix 

can act on a Stokes vector, it is necessary to rotate the Stokes vector over an angle B(this is, for 
instance, the polarizer angle with respect to the plane of incidence) to rotate the Stokes vector to 
the plane of incidence. The rotation of the coordinate system is represented by 

1 0 0 0 

0 cos2B sin2B 0 
R= 

0 - sin2B cos2B 0 
(A20) 

0 0 0 1 

A linear partial polarizer, with a the attenuation coefficient, being the ratio of the intensity 
transmission coefficients in the directions perpendicular and parallel to the transmission axes, of 
the polarizer, is represented by 

l+a 1-a 0 0 

1-a l+a 0 0 
P= 

0 0 2/;; 0 
(A21) 

0 0 0 2/;; 

If a is equal to zero the matrix represents an ideal polarizer. 
The behavior of an ideal retarder with retardation 8, for instance an ideal compensator in a 

RCE set-up, is represented by 

1 0 

0 1 

0 

0 

0 

0 
M retarder = Q 0 cos5 sin5 

0 0 - sin5 cos5 

(A22) 

The behavior of an imperfect retarder with a relative amplitude change l£' c (ideal retarder l£' c 

= 45°) and a retardance Lie (ideal retarder Lie= 8, with 8 the induced phase difference between 
the two orthogonal axis of the retarder) is represented by 

1 cos2\J'c 0 0 

cos2\J'c 1 0 0 
M = (A23) 

'Pc ,!J.c 0 0 sin2\J'c cos Li e sin2\J'c sin~ c 

0 0 - sin2\J'c sin~ c sin2\J'c cos~ c 
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The behavior of a non-ideal rotating compensator (without the necessary rotations concerning 
the compensator zero azimuth Co) is described by this matrix. 

The reflection at a surface is represented by 

1 - cos2lf' 0 0 

-cos2lf' 1 0 0 
Ms= 

0 0 sin2lf' cos~ sin2lf' sin~ 
(A24) 

0 0 - sin2lf' sin~ sin2lf' cos~ 

The Jones matrix for scattering by an arbitrary particle also has a Stokes equivalent. 
Considering a spherical particle, it is possible to obtain a relatively simple scattering matrix, for 
spherical particles S3 = S4 = 0, represented by [2] 

ls,12 +ls2l2 IS2 l2 -ls112 
0 0 

:: 1 1sJ-1s,12 Is, 12 + ls2 l2 
0 0 

Mscallering = 
2

k2r2 , (A25) 
0 0 2mcs,s;) 2:scs2s;) 
0 0 2:scs,s;) 2mcs1s;) 

where S1 and S2 represent the scattering amplitude functions as described in section 2.1.9, k = 
2rc//..., the wave number with A. the wavelength of the scattered light wave, and r the distance from 
the center of the particle. With this matrix it is possible to determine the behavior of spherical 
particles in light scattering experiments. 

In a RCE experiments l(C) (Eq. (2.22)) is measured with C the position of the fast axis of the 
compensator relative to the plane of incidence. This is in fact I, the first Stokes parameter in Eq. 
(Al 7). To get an expression for J(C) the Stokes formalism is used to calculate the transmitted 
Stokes vector At. The incident linearly polarized light is described by the appropriate Stokes 
vector Aj. This results in the following sequence of optical components, as present in the PSCA 
set-up and described by their appropriate Mueller matrices 

- - - - - - -
A, = ManalyzerR(A - C)McompensatorR(C)MscalleringR(P)Mpo/arizerAi' (A26) 

with A, C and P the analyzer, compensator and polarizer azimuth relative to the plane of 
incidence. Since these matrices do not commute one has to be really careful in multiplying them 
in the right order. The first component of At represents l(C). As shown in 2.2.3, l(C) can be 
separated in DC, 2C and 4C components, each with its associated Fourier coefficients. 

Since no absolute intensity is measured in ellipsometry, the absolute values of the Fourier 
coefficients can not be determined and, consequently, only the ratio of the Fourier coefficients 
may be used and this causes the k2r2 term in the denominator to drop out in the calculations of'¥ 
and~. 

8. Rigprous solution of scattering by a sphere (Mie solution) 

8.1 The Maxwell equations 

Assuming that there are no external free charges or currents, Maxwell's equations can be 
written in terms of the electric field E, the electric displacement D, the magnetic flux density B, 
and the magnetic field H, as 
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V·D=p, 

- as 
VxE+-=0, at 
V·B=O 

' 
- - oD 

VxH=J+- , at 

where pis the charge density and J the current density. 
The electric displacement D and the magnetic field Hare defined by 

- - -D=&0E+P, 

- B -H=--M, 
µo 

(Bl) 

(B2) 

where &o is the permitivity and µo the permeability of free space, P is the electric polarization 
(average dipole moment per unit volume) and M the magnetization (average magnetic dipole 
moment per unit volume). 
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These equations must be supplemented with the constitutive relations, which are not universal 
laws of nature, but merely describe a particular class of materials, given by 

- -J =er E, 
- -B=µH, 

(B3) - -P=&oxE, 

&=&o(l+x), 

where a is the conductivity,µ the permeability, x the electric susceptibility, and £the permitivity. 
These four coefficients depend on the medium under investigation, but will be assumed to be 
independent of the fields (the medium is linear), the position (the medium is homogeneous), and 
the direction (the medium is isotropic). 

Assuming no space charge p and taking the curl of the second Maxwell equation (B 1 ), 
substituting the fourth Maxwell equation to eliminate H, using Eq. (B2) and Eq. (B3) to eliminate 
P, and using the identity 

v x (V x E) = V(V. E)-V2 E, (B4) 

results in the following differential equation 

(BS) 

which is known as the wave equation in a conducting medium. An identical equation may be 
found for B by eliminating E. 

If exp(irot) time dependence is assumed for all fields, two very simple wave equations are 
found 
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V'21f + µ&OJ2 If - µaiOJlf = 0, 

where If/ represents the electric and the magnetic field, respectively. 

The introduction of a complex refractive index m = n(l-iK) with 

2 Lt;µ 
m = C~&µ---;;; , 

and the replacement of mlc with k, the wave number, simplifies the wave equation to 

a wave equation with a plane wave as the simplest solution. A solution is given by 

If = e -ikmz+iOJI ' 
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(B6) 

(B7) 

(BS) 

(B9) 

which represents a plane wave traveling in the positive z-direction in a medium with refractive 
index m. The wave is damped if m has a negative imaginary part and undamped if m is real. 

The most general plane wave solution, just considering the electric field for simplicity, is 
given by 

E- = E- -imkz+iOJI + E- -imkz+iOJl+i<p 
ax e oye ' (BIO) 

where <pis the relative phase difference between the two orthogonal waves. This phase difference 
determines the polarization state (see appendix A) of the wave. 

B.2 The scalar and vector wave equation 

The scalar wave equation (Eq. (BS)) is separable using spherical polar coordinates (r, (}, <p). 
General solutions that satisfy the scalar version of the wave equation are given by 

If emn = cos(m<p)Pn"'(cosB)zn(kr), 

If omn = sin(m<p)P,,"'(cosB)z"(kr), 

where zn is any of the spherical Bessel functions, defined by 

Zn (p) = r;-27r Z I (p), 
~lp n+2 

(Bl 1) 

(B12) 

in terms of ordinary Bessel functions Zn+\fi, and p = kr. The general solution of the scalar wave 
equation is a linear combination of such elementary solutions. It is stated without proof that 

elementary solutions of the vector wave equation M"' and N"' are found by using solutions If/ of 
the scalar wave equation 
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Ml{/ = V x (rlf/), 

mkNlf/ =Vx Ml{/, 

and M If/ and N If/ are related by 
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(B13) 

(BI4) 

A simple substitution in the Maxwell equations (Eq. (BI)) shows that, if u and v are two 
solutions of the scalar wave equation, and Mu, Nu. Mv, Nv are the derived solutions of the vector 
wave equation, the Maxwell equations are satisfied for [I] 

- - -E = M. +iNU, 

FI= m(-M,, +iN.). 
(BIS) 

B.3 The formal solution of Mie 

We now turn to the Mie problem [6]: scattering of a plane wave by a homogeneous sphere 
with an arbitrary refractive index m. Mie used the solution of the problem to explain the various 
colors of a gold solution in water where the Rayleigh criterion (the size parameter x « I in Eq. 
(2.14) for small particles) was no longer valid. For simplicity we will assume the sphere is 

embedded in a vacuum (m2 = 1), and the incident wave will be linearly polarized (rp= 0 in Eq. 
(BIO)). The origin is taken at the center of the sphere, the positive z-axis along the direction of 
propagation of the incident light, and the x-axis in the plane of vibration of the incident wave 
(figure 2.1.3). The incident wave is then described by 

E _ - -ikz+i(JJI 
i - exe ' 

H- - - -ikz+i(JJI ; - eye , 
(BI6) 

with ex and ey unit vectors directed along the x-axis and the y-axis. 
The incident electric field can also be represented, like postulated in Eq. (B13) and Eq. (BIS), 

by using the following solutions u and v of the scalar wave equations 

. ~ . 2n+l . 
u = e'(J)/ cosqy L,,(-z)" P,,1(cosB)Jn(kr), 

n=l n(n + 1) 

v=e;(JJ/sinqyI(-i)" 
2n+l Pn1(cosB)Jn(kr), 

n(n + 1) 

(BI7) 

where Jn is the spherical Bessel function in Eq. (BI2) derived from the Bessel function of the first 
kind, In+Yz and Pnl an associated Legendre polynomial. 

At the boundary between the sphere and the vacuum the condition is imposed that the 
tangential components of E and H must be continuous across the boundary separating two media 
with different properties 

(E; +Es -E111 ) x e, = o, 
(FI; +FIS - Fin,) x e, = 0, 

(BI8) 
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with Es and Hs the scattered field and Em and Hm the field inside the sphere. 
The field outside the sphere consists of the incident wave plus the scattered wave and its 

asymptotic behavior should represent an outgoing spherical wave. Together with the boundary 
condition in Eq. (B18) this leads to the following solutions u and v of the scalar wave equation 

. ~ . 2n+l 
u = e'ox coscp L..J-an(-1) 11 P,,1 (cosB)h,~2 >(kr), 

11= 1 n(n + 1) 

v = eiox sinm '°' -b (-i) 11 2
n + 1 

P 1 (cosB)h<2> (kr) 
't' L..J n n(n + 1) II II ' 

(B19) 

where the spherical Bessel function hi2J(kr) is derived from the Bessel function of the second 
kind Hn+Yi(2)(kr). It has been chosen because its asymptotic behavior, 

·11+1 

h(2) (kr) oc _z -e-ikr 
II kr ' 

(B20) 

which in combination with the factor exp(irot) represents an outgoing spherical wave. The field 
outside the sphere may be derived from Eq. (B19) by using Eq. (B13) and Eq. (B15). 

The size and optical properties of the sphere and the nature of the surrounding medium are 
incorporated in an and bn. The boundary condition in Eq. (B18) will be used to obtain explicit 
expressions for the scattering coefficients an and bn. Apart from some factors (and 

differentiations with respect to 8 and rp) which are the same for the waves inside and outside the 

sphere, the field components Ee and Erp both contain the expressions 

v and 
1 o(ru) 

m or ' 

and the field components He and Hrp both contain 

mu and 
o(rv) 

or 

(B21) 

(B22) 

These four expressions have to have equal values at either side of the boundary surface, r = a, 
with a the radius of the sphere. 

The Riccati-Bessel functions 

If/ 11 (z) = zj
11 
(z) = r;; J 1 (z), v2 11+-

2 

x
11
(z) = -zn

11
(z) = - r;; N 1 (z), v2 11+-

2 

(B23) 

;,,(z) = zh~2>(z) = FzH1~~i (z), 
2 

are used to simplify the boundary conditions to 
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[v ]: 'l'11(x)-b11~11(x) = d11'1'11(y) , 

[mu]: 1J1 11 (x)-a11 ;- 11 (x) = mc
11

1J1
11
(y) , 

[ ! 0z:)} \U~(x)-a.;~(x) ~ c.l":.(y), (B24) 

[ (}~rv)]: u 'I'~ (x)-b11 ~;, (x) = mdlJI;, (y) , 

where primes indicate the derivatives of the Riccati-Bessel functions, en and dn are similar 
coefficients like an and bn in Eq. (B19) for the field inside the sphere, x the size parameter in Eq. 
(2.14) andy = mka. 

Elimination of en and dn from Eq. (B24) results in the following solutions for an and bn 

'I'~ (Y)'I' II (x)- m 'I' n (y ) IJI~ (x) 
a,,= I I ' 

'I' 11 (y); 11 (x)-m l/f 11 (y)~11 (x) 

b = m 'I';, (y )'I' 11 (x )- '1'11 (y)l/f ;, ( x) 
11 m1J1;1 (y)~11 (x)-1J111 (y)~;,(x) ' 

(B25) 

With the scattering coefficients an and bn it is possible to calculate the scattering amplitude 

functions SJ((}) and S2(BJ in Eq. (2.11) and the scattered wave in Eq. (2.10). 

C. The RF plasn1! reactor, Qarticle traeping, and Coulomb solidific_at_io_n __ _, 

A schematic view of a capacitively coupled RF plasma [ 13] is depicted in figure C 1. By 
applying an AC voltage (13.56 MHz) to the lower conducting electrode a low pressure plasma 
(1.0 · lo-3 < p < 10 mbar) is generated between the two parallel electrodes. The upper electrode is 
grounded. 

Because of the high plasma frequency only the electrons are able to respond to the time 
varying field. The heavier ions mainly 'feel' the time averaged field. 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 difference in the mobilities of electrons and ions induces an electric 
field in the boundary layer, the sheath, in order to prevent an unbalanced electron escape and to 
assure charge neutrality in the plasma. The sheath is a region with a positive space charge, in 
which a strong varying electric field is present. The time averaged potential shows that positive 
ions will be accelerated in the sheath towards the electrodes (these ions are used to etch 
substrates). The sheath acts as an energy barrier for negative particles and is thus preventing the 
escape of too many electrons and causes the trapping of negative ions and negatively charged 
particles. This causes a balance between the electron current (no net current in the plasma) and the 
ion current. 

The dominant forces acting vertically on a relatively large and heavy negative ion are the 
electric and the gravitational force. The balance between these forces decides whether a particle is 
trapped or expelled from the plasma discharge. 

The particles used in the experiments to test the Mie scattering diagnostics are injected 
directly in the plasma discharge. The particles acquire a negative charge and are trapped in the 
sheath, instead of in the glow, because they are relatively large and heavy. The total charge on a 
particle is determined by the ion and electron currents going to the particle. In a stationary state 
the electrons and ion fluxes balance each other and the charge on a particle is experimentally 
found to be proportional to the particle radius [ 13]. The particles are not expected to affect the 



Appendix C: The RF plasma reactor, particle trapping, and Coulomb solidification 79 

plasma discharge if the particle density, and thus the charge collected on the particle, is 
sufficiently small as compared to the electron density in the plasma. The negatively charged 
particle is surrounded ('dressed' particle) with a positively charged cloud of ions (De bye 
shielding), in analogy to the sheath formed around all floating objects in the plasma (e.g. probes). 

matching 
network 

sheath 

PLASMA GLOW 

sheath 
t:··-·:.,. 

<V> 

Fig. CJ: A schematic view of a capacitively coupled RF plasma and the time averaged potential <V> 
between the two electrode plates. 

Small particles normally show chaotic behavior. But under certain conditions it is possible 
that the Coulomb energy becomes as important as the kinetic energy. Then a Coulomb lattice [15, 
16] may be formed. 

A system of small species of charged particles may be characterized by the coupling constant 

I', which is defined as the ratio of the average Coulomb energy to the average kinetic energy. For 
a system of charged particles obeying classical statistics, the kinetic energy per particle may be 
estimated approximately as kBT, with Tthe temperature of the particle and kB the Boltzmann 

constant. The Coulomb energy per particle equals (Q2/47rsob) where Q is the electrical charge per 

particle, so the permittivity of free space, and b the interparticle distance 

b = (3 I 4;rN) 3 , (Cl) 

where N is the particle density. Usually b is referred to as the ion-sphere radius or Wigner-Seitz 

radius. When r exceeds a critical value I'c, a Coulomb lattice is formed 

(C2) 

The solidification condition r > I'c requires a high particle density and low temperature 
system (low kinetic energy and high Coulomb energy). Furthermore, since the plasma shields the 

field of the negative particles, b must be smaller than the Debye length 2n for the particles to be 
able to interact with each other. The lattice collapses to the bottom of the plasma reactor ifthe 
gravitational energy is greater than the Coulomb energy. These conditions impose an upper limit 
on the particle size and a lower limit on the density N. 
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D. Errol'S in ~ and ~ 

The errors in qt and~ can be calculated using Eq. (2.43). The two matrices, assuming an ideal 
compensator (Xe= 0, Ye =O, and zc = 1), relating the errors in qt and L1 to those in the polarization 
angle P, the analyzer angle A, the compensator angle C and the Fourier coefficients B2, A4, B4, 

may be derived [8] 

a~ a~ 
-- --
oP oP 
a~ a~ 0 - - -sin2~ oA oA 2cos2~sin~ 

cos~ 
a~ a~ -4tan2~ sin~ -- 2cos~ -
oC oC cos~ = 1-cos2~ sin~ and = (Dl) 
a~ a~ sin2~ 

oB2 

2 oB2 0 
sin2~ 

a~ 
cos2~cos~ 

a~ -2sin~ 

oA4 oA4 sin2~ 

a~ a~ 

oB4 oB4 

E. Elementary theory of dispersion for wave propagation in a conducting 
medium 

The variation of the refractive index with frequency constitutes the phenomenon of dispersion 
[ 17] . If a non polar molecule is subjected to an EM wave, the electrons and the nuclei in the 
molecule start to oscillate and thus generating various oscillating dipoles. Since the nuclear 
masses are heavy in comparison with the masses of the electrons, their contributions may in first 
approximation be neglected. Assuming N identical molecules each containing several electrons 
with mass m forming harmonic oscillators with damping factor Yk (damping, which is also due to 
collisions between atoms, is an essential factor in the whole process as the vibrating electrons 
emit EM waves which carry away energy), and allowing several resonance frequencies Wk (the 
behavior in the region of a resonance frequency is depicted in figure El), where Nfk specifies the 

number of electrons corresponding to the resonance frequency Wk, results in the following 
expression for the complex refractive index m = n(l-iK) 

(El) 

where &o is the permittivity of free space. 
Since the resonance frequencies for free atoms lie in the ultraviolet, m for visible light usually 

is larger than unity. Unlike the relatively isolated atoms in a gas, those in a more dense material 
will also experience the induced field set up by their brethren. This effect has been incorporated in 
Eq. (El). 
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(b) Stron1 Absorption Aond 

Figure El: The variation of the refractive index m = n(J-iK) in the region of an absorption 

band with resonance frequency OJK = 2 n:cl }.K [ 18]. 

In metals, due to the non-zero conductivity a, the imaginary part of the refractive index m 
becomes predominant (nKbeing the attenuation coefficient). The solution of the Maxwell 
equations for a monochromatic plane wave 

(E2) 

with s the unit vector specifying the propagation direction, incident on an absorbing medium 

(a:;t: 0) corresponds to a wave equation in a non-absorbing medium ifthe real dielectric constant 

of the medium & is replaced by 

ia 
& =&--, 

OJ 

and thereby replacing the real wave number k with the complex wave number k' 

k'2 = m2 µk, 

withµ the permeability of the medium. 
Using the optical constants & and µthe constituents of the complex refractive index 

m =n(J - iK) can also be expressed as 

sµ[ a2 
] n = c - (1 + - 2- 2 ) + 1 , 

2 & {J) 

sµ[ a
2 l -nK = C - (1 + --) - 1 . 

2 &20J2 

(E3) 

(E4) 

(ES) 

The simplest solution to the wave equation is a plane wave with an attenuation coefficient 
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(E6) 

Since the energy density w of the wave is proportional to the time averaged <E2>, it follows 
that w decreases in the medium in accordance with 

(E7) 

with the absorption coefficient x 

x = nKk. (ES) 

The energy density w falls to lie of its value after the wave has advanced a distance 8= II x 
and this is usually a very small fraction of the wavelength. If we take for example bulk aluminum 

n = 0.695 and nK= 5.80 at Ao= 476.9 nm) we get 8~ 6.5 nm« Ao (e.g. in the coating process of 
an iron particle coated with aluminum the scattering pattern is only determined by the aluminum 

properties when 8 « Ao). 
Since the boundary conditions remain valid Snell's law still applies but since m is a complex 

number, so is 8/, and this quantity therefore no longer has the simple significance of an angle of 
refraction 

. B' sinBi 
Slll I=--

m 

with Bi the real angle of incidence. 

(E9) 

Since the surfaces of constant amplitude (planes parallel to the boundary) and of constant real 

phase (a function of Bi), in general, no longer coincide with each other, the wave in the metal is an 
inhomogeneous wave. It is possible to derive an equation which has the same form as Snell's law 

with a real angle Bt being the angle between the planes of constant real phase and the normal to 
the boundary 

. B sinBi 
Slll = ---;::;============ 1 

~sin2 Bi +n2q 2 (cosy-Ksiny) 2 

sin Bi 
' ' (ElO) 

m 

where the quantities q and yfollow from 

2 1-K2 
• 2 

q cos2y = 1- 2 2 2 sm Bi, 
n (1 +K ) 

(Ell) 

2 • 2 2K . 2 B q sm r = 2 2 2 sm ; . 
n (l+K) 

However, m' differs from the usual definition of the refractive index since m' now depends not 

only on the quantities that specify the medium, but also on the angle of incidence Bi. 
Similarly we can derive expressions for the amplitude and the phase of the refracted and 

reflected waves by substituting (E 11) in the Fresnel formulae. Only considering normal incidence 

(Bi= 0) and looking at the reflected wave, the distinction between R;; and R1 (the reflected 
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amplitude components in and perpendicular to the plane of incidence) disappears, since the plane 
of incidence is undetermined, results in 

2 2 
n2 (1+K 2)+1- 2n 

n2 (1+K 2 )+1+2n' 
(E12) 

with A;; and A1 the incident amplitude components in and perpendicular to the plane of incidence. 
Since we are dealing not with bulk material but with small particles we should keep in mind 

that the optical properties of solids are qualitatively different from the optical properties of their 
constituents atoms and molecules when isolated [19]. There does not seem to be a simple answer 
to the question where the optical properties of the bulk cease to be valid and one will need to 
consider the constituents. As a rule of thumb it may be assumed that when a cluster contains 
several tens of atoms or more the band structure is essentially the same as for the respective bulk. 
The approximate size at which the optical properties of small particles begin to deviate from the 
bulk constants is 5 nm. 



Technology assessment 

The production of powders in plasma etching and/or deposition processes has been considered a 
long time as a bottleneck in the semiconductor industry. The presence of powder limits the 
deposition rate and is a source for defects in the fabrication of integrated circuits. This can easily 
lead to the conclusion that powder formation is always unwanted but the powders can also be 
used in a constructive manner for synthesizing powders and/or layers with some desired physical 
properties (e.g. for the production of solar cells). 

This indicates the necessity for a real-time, in-situ, and non-intrusive diagnostic to study the 
powder particles in their natural environment (e.g. the deposition plasma reactor). In this report 
we introduce Mie scattering ellipsometry as a reliable candidate for the detection of the size of the 
particles. The other part of the report is devoted to Fourier Transform InfraRed (FTIR) absorption 
spectroscopy which has been used to determine the various particle bonds present in a pure silane 
plasma and different admixtures plasmas of silane with molecular gasses like C2H2. 

The Mie scattering ellipsometry technique has been tested and is used to in-situ monitor the size 
of Melamine-Formaldehyde polymer particles, trapped in a Coulomb solid configuration, being 
etched in an oxygen RF plasma. Comparison with simulations based on the Mie solution for 
scattering by a homogeneous and smooth sphere with arbitrary size and refractive index enables 
the determination of the size and particle size distribution. 
Fourier Transform InfraRed (FTIR) absorption spectroscopy was applied in combination with 
mass spectroscopy. Measurements of the solid state absorption and mass spectra are used to 
monitor the particle growth from macromolecules to dust particles and to determine the 
composition of the dust particles. 
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