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Abstract 

A relatively new type of coatings, hybrid coatings, demonstrates a unique combination of 
chemica! and physical properties by combining both organic and inorganic parts in the 
coatings. One type of these hybrid coatings, synthesized in this graduation project, 
consists of a polymerie film with nanometer-sized incorporated particles. These hybrid 
nanocomposite films are currently synthesized by means of wet chemica! techniques, 
which involve several production steps and the use of solvents. These disadvantages 
might be reduced or eliminated by rnaicing use of Plasma Enhanced Chemica! Vapour 
Deposition for the synthesis of these hybrid films. This graduation project is involved 
with the synthesis of nanometer-sized Si02 particles from homogeneaus gas phase 
nucleation of Tetraethoxysilane (TEOS) in a Ar/ 0 2 Capacitively Coupled rf Plasma 
(CCP). 

In-situ Fourier Transfarm InfraRed (FTIR) spectroscopy bas been used to detect SiOx (x 
:S 2) particles, dispersed in the CCP. To quantify the radius and number density of the 
particles, the solid state absorption peaks as well as the baseline tilt due to Rayleigh 
scattering have to be measured. Due to the synthesis of very small particles (radius 
typically smaller than 50 nm, determined ex-situ), Rayleigh scattering could not be 
detected. The appearance and disappearance of solid state absorption peaks bas been 
measured in time with varying plasma conditions to study the trapping phenomena of 
SiOx particles at the sheath edge above the powered electrode. Trapping conditions for 
particles have been found and can be rationalized with the presence of several forces 
acting on the particles. Lower values of the [üJ/[TEOS] ratio result in more partiele 
trapping, probably due to lower mass density of the particles. Lower total flow rates also 
result in more partiele trapping, due to the lower ion and neutral drag forces on the 
particles. 

The highest amount of trapped particles is found at a value of the [Ozl /[TE OS] ratio of 
l.S. Ex-situ FTIR measurements on collected powder on a Si wafer, consisring of large 
agglomerates of particles, show the synthesis of carbon-containing, stoichiometrie Si02 

particles at these conditions. At values of the ratio equal to 3 or higher, carbon-free Si02 

particles are synthesized, as concluded from ex-situ FTIR and XPS depth proftie 
measurements. While TEOS molecules already contain the Si04 monomerunit for the 
synthesis of Si02, in-situ FTIR measurements show the necessity of the presence of 
oxygen in the plasma to combust the carbon groups of TEOS in order to obtain 
stoichiometrie Si02, as opposed tonon-stoichiometrie SiOx (with x< 2). 

Two procedures for the deposition of hybrid nanocomposite f1lms have been tested. 
With simultaneous deposition, TEOS/02 and CH4 are simultaneously injected to the 
plasma reactor in order to synthesize SiOx particles and deposit hydrogenated amorphous 
carbon (a-C:H) f1lms, respectively. No films have been deposited, because much of the 
plasma power is used for the synthesis of SiOx particles. With sequentia! deposition, 
TEOS/02 and CH4 are injected after each other. Carbon-free Si02 particles are first 
synthesized and trapped, foliowed by the deposition of a-C:H. This deposition bas been 
observed around the trapped particles with in-situ FTIR spectroscopy, accompanied by an 
increasing baseline tilt, due to Rayleigh scattering. Calculations by means of equations for 
Rayleigh scattering and solid state absorption show a maximum value of 140 nm of the 
radius of the uncoated Si02 particles, at the end coated with an approximately 100 nm
thick a-C:H layer. 
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1 Introduetion 

1.1 Technology assessment 

Many everyday life products make use of the properties of coatings. For example, 
coatings can be used to colour objects (paint and lacquer) or to proteet the underlying 
material against mechanica! failure due to corrosion, scratches and wear. Coatings also 
play a very important role in the packaging industry. The deposition of a coating on a 
plastic package can prevent the penetration of unwanted gases, which decrease the shelf 
life of the packed food or drinks, like cheese, meat, chips, soda drinks or beer. 

Traditionally, coatings can be divided into organic and inorganic. Organic materials are 
usually flexible and have a high impact resistance, whereas inorganic materials exhibit 
high mechanica! strength, high wear and abrasion resistance. A relatively new type of 
coatings, hybrid coatings, demonstrates a unique combination of chemical and physical 
properties by combining both organic and inorganic parts in the coatings [1]. These 
hybrid coatings can exhibit organic and inorganic properties, which can be separately 
emphasised by altering the volume ratio of the organic to the inorganic phase. 

Hybrid coatings have a lot of application possibilities, because of their braad range of 
properties. Dependent on the interaction between the organic and inorganic phase and 
the volume ratio of the phases, a hybrid coating can exhibit flexibility [2,3], hydrapbobic 
[4,5], hydrophilic, anti-fogging, anti-fouling [5], anti-refleerion [6] and adhesion properties 
on several substrates [1,7], tagether with hardness, scratch and abrasion resistance 
[2,3,6,8], low permeability to gas es and liquids [9] and transparency in the visible [1 0,11] . 

Plastics could be a good replacement for the much heavier glass used in architectmal 
glazing, car windows and car headlights, due to the easier moulding into the preferred 
shape and the higher toughness, providing, for example, a better proteetion against 
burglary [1,10]. However, plastics have an inferior scratch resistance compared to glass. 
With the deposition of a hybrid coating, plastics may exhibit the same anti-scratch 
properties as glass. Hybrid coatings are also used in ophthalmic applications to imprave 
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INTRODUCTION 

scratch resistance and anti-refleerion properties [1 ,6]. Finally, hybrid coatings are very 
useful in the packaging industry, because of the improved barrier properties [9]. 

Hybrid coatings can be classified, on the basis of the volume ratio and the interaction of 
the organic and inorganic phase, into: (1) inorganic matrix with organic clusters, (2) 
organic matrix with inorganic clusters, (3) non-covalently bonded interpenetrating 
networks and (4) covalently bonded organic and inorganic networks [1,7]. The second 
type of hybrid coatings can consist of relatively large inorganic networks or smaller 
nanometer-sized particles homogeneously dispersed in the organic matrix. This last type 
of hybrid coatings is sametimes referred to as nanocomposites, which consists of a 
polymerie film with particles incorporated. The incorporation of particles in a polymerie 
film results in a higher scratch, abrasion, UV and chemical resistance and improved anti
refleerion properties, while maintaining the flexibility and transparency, typical for 
polymers [6,7,12-14]. 

Nanocomposites are currently synthesized by means of wet chemica! techniques, 
accompanied by several disadvantages. Several production steps are needed to obtain the 
final coating, which raises production time and costs. Due to the use of solvents, the final 
coating is obtained only aftera curing step (e.g. evaporation of the solvent). 

The use of vapour phase deposition techniques for the synthesis of nanocomposite hybrid 
coatings provides several advantages over wet chemical techniques. Less production 
steps are needed for the synthesis of a coating, as solvents are eliminated. This will result 
in a reduction of the process costs and environmental problems. In many cases, the 
coating density is improved with the use of vapour phase deposition techniques, which 
helps to imprave material properties, like barrier properties, mechanica! strength and 
toughness. 

Vapour phase deposition techniques can be roughly divided into Physicai Vapour Deposition 
(PVD) and Chemica! Vapour Deposition (CVD). With PVD, a material is evaporated or 
sputtered and finally deposited on a substrate. Therefore, PVD is a line-of-sight 
technique, which deposits only on surfaces directed towards the beam of the evaporated 
or sputtered species. As no chemical reacrions take place, the final coating generally has 
inferior adhesive properties to the ones produced by e.g. CVD. With CVD, gaseous 
precursors are fragmented and deposited on a substrate to form a coating. This is 
achieved with the addition of heat to the process (thermai CVD) or with the application 
of an electtic field (Plasma Enhanced CVD1 PECVD). The advantage of PECVD over 
thermal CVD is the synthesis of films at much lower temperatures, which extends the 
applicability to thermo-sensitive substrates (e.g. plastic substrates). PECVD, however, 
usually operates at low pressure, which limits its applicability and raises the production 
costs. 

PECVD can be very useful for the synthesis of nanocomposites, because polymers can 
be deposited with a high cross-linking density and particles can be formed by 
homogeneaus gas phase nucleation and incorporated into the growing polymer ftlrn. By 
making use of two separate rf plasmas, theoretically both the inorganic and organic phase 
can be optimized separately before combining them. In this case, the properties of the 
polymer film and the particles can be controlled, so the properties of the final hybrid film 
can be manipulated. If the influence of several process parameters (e.g. pressure, 
precursor concentrations, plasma power) on these properties is investigated, a process 
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controlled deposition system can be set up. PECVD provides this opportunity, which 
makes it preferabie to other synthesis techniques. 

In this graduation project, a plasma reactor is used in which a Capacitive(y Coupled rf Plasma 
(CCP) synthesizes particles and deposits polymerie films. Finally, these particles have to 
be incorporated into the growing polymerie film. Several precursors have been tested for 
the synthesis of particles and polymer films [15, 16]. Deposition of silicone-like films by 
means of plasma polymerisation at low temperatures (below 150 oq has been 
demonstrated. The flims exhibit good adhesion and mechanica! properties, compared to 
wet chemically synthesized films, while maintaining the organic functional groups of the 
precursor [15,16]. Tetraethoxysilane (TEOS) has been found to deposit carbon-free Si02-

like films at relatively high plasma powers (1 kW) with the ICP, based on ex-situ FTIR 
measurements [15, 16] . Si02-like particles have not been detected befare the start of this 
graduation project. Due to the deposition of carbon-free Si02-like films, the use of 
TEOS looks promising as a precursor for the synthesis of carbon-free Si02 particles. 

1.2 Goal of the project 

This graduation project concerns with the preliminary work needed to set up a process 
controlled deposition system for nanocomposite hybrid films, consisting of a polymerie 
matrix with nanometer-sized Si02 particles incorporated. The tasks involved in achieving 
this are the following. First, conditions for partiele synthesis have to be found. After that, 
the behaviour of particles in rf plasmas has to be studied. Furthermore, the plasma and 
partiele chemistry have to be investigated in order to relate that to the partiele 
composition. Finally, possible deposition procedures for nanocomposite flims have to be 
investigated. 

This graduation project has been organized as follows. First, plasma conditions have 
been tuned to find partiele formation by making use ofTEOS as a precursor in the CCP. 
Compared to the ICP, this plasma provides better opportunities to trap the particles in 
the plasma at a certain height above the electrode, the so-called sheath height, resulting in a 
higher signal when attempting to detect particles. Second, Fourier Tran.iform InfraRed 
(FIIR) spectroscopy has been tested as a possible tool to detect particles in the plasma by 
measuring their solid state absorption and Rayleigh scattering. By means of FTIR spectroscopy, 
which has been aligned at the sheath edge of the plasma, dependendes of partiele 
trapping on several parameters (e.g. concentratien of the precursors, plasma power, total 
flow rate) have been investigated. The effect of these parameters on the partiele 
composition has been studied. This knowledge has been used for testing two deposition 
procedures of hybrid flims, namely simultaneous deposition and sequentia/ deposition of the 
inorganic and organic phases of the final hybrid flim. With simultaneous deposition, bath 
the precursor for the deposition of a polymerie flim and the precursor for the synthesis 
of particles are injected simultaneously in the CCP in order to grow a hybrid film. With 
sequentia! deposition, first particles are formed and trapped in the plasma, foliowed by 
the deposition of a hybrid flim, while the particles are removed from the sheath edge and 
are incorporated in the growing polymer flim. The incorporation of particles into silicone 
films, which have several advantages over polymer flims [15,16], would be obvious. 
However, when using FTIR spectroscopy to detect the presence of particles in the flim, 
the absorption peaks of the Si02-like particles in the FTIR spectrum would overlap with 
the absorption peaks of the silicone film (e.g. Si-0-Si stretching vibration). Therefore, 
CH4 bas been used to deposit hydrogenated amorphous carbon flims. 
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This report is structured as follows. Chapter 2 will describe why particles are trapped in 
the plasma and what forces can act on these particles. Based on this knowledge, a 
literature overview of possible formation processes will be given. Chapter 3 will describe 
the basic principles of FTIR spectroscopy, solid state absorption and Rayleigh scattering. 
After that, the determination of the size and number density of particles out of these 
quantities will be discussed. Chapter 3 will finish with a discussion on the partiele 
chemistry. Chapter 4 will describe the plasma reactor, the diagnostic tools, the deposition 
procedures and the measurement conditions. Chapter 5 will discuss the results of the ex

situ analysis of the deposited particles, the partiele formation process and the two 
deposition procedures. The conclusions will be given in chapter 6 and the 
recommendations for future research will be given in chapter 7. 
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2 Partiele formation in the gas phase 
This chapter wil! first describe how charged species, !ike partic!es, behave in 
a capacitive!J coupled if plasma. After that, possib!e growth processes tf 
particles .rynthesized in a if plasma wil! be discussed 

2.1 Behaviour of species in a capacitively coupled rf 
plasma 

2.1.1 Characteristics of the capacitively coupled rf plasma 
In this project a cylindrical capacitive!J coupled if plasma (CCP) is used, which is shown 
schematically in figure 2.1. As shown, the cage is grounded and an asciilating rf potenrial 
is applied to the electrode. Due to the non-uniform electtic field across the plasma and 
the presence of sheaths (see section 2.1.2), the plasma glow does not extend throughout 
the whole region of the cage. The electtic field is directed from the electrode towards the 
grounded cage, due to the negative de bias on the electrode (see section 2.1.2). However, 
it is assumed that close to the substrate typical values for electron density and 
temperature for CCPs are also applicable to this plasma, when operaring with pressures 
of 1 Torr or lower and with plasma powers between 100 and 500 W. Fora CCP, the 

electron density n, is in the range of 1015 to 1017 m·3
, the electron temperature f , is 

typically 3 eV and the density of the neutral atoms n. is in the order of 1022 m-3 [17,18]. 
The plasma frequencies for electrans and ions, wpe and wp;, for an argon plasma can be 
determined by means of equations 2.1 and 2.2: 

(2.1) 

(2.2) 
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plasmaglow 
ca ge 

13.56 MHz 

~------------~ ~ ~-------------; 

Figure2.1 Schematic drawing of the CCP used in this project, which is confined in a cylindrica/ grounded cage. 

where e is the electron charge, m, the electron mass, mAr the mass of an argon atom and &0 
the dielectric constant in vacuum. Typical values of wp. and wpi for a rf CCP are 
approximately 900 MHz and 3 MHz, respectively. Consequently, when using a rf plasma 
with a frequency of 13.56 MHz, the electrans will be able to follow the oscillations of the 
applied electtic field, but the ions, due to their heavier mass, will only respond to the 
time-averaged field. 

2.1.2 Presence of sheaths 
When an isolated object, like a particle, is present in the plasma, it will charge negatively. 
This will result in a potenrial drop from the plasma to the object. As a consequence, only 
the high energetic electrans can overcome this potenrial difference, whereas ions are 
accelerated towards the objects. This will result in an equilibrium between the electron 
and ion flux towards the object. A positive space charge region will surround the object, 
which can be observed as a dark region around the object. This particular region is called 
a sheath. Almost no light is emitted in this sheath, due to the absence of electrans in this 
region, which are responsible for the excitation of species. With relaxation, these emit 
light, which result in the glowing of the plasma. 
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For a sheath to be present around an object in a plasma, several ions must have a 
minimum energy (or velocity) to escape the quasi-neutral plasma glow. This is described 
by means of the Bohm sheath criterion, where the velocity of the ions at the sheath-plasma 
interface v, must be higher than the Bohm velocity v8: 

> _ _ B_ e 

(
k T J Yz 

V, - VB - mi > (2.3) 

where k8 is the Boltzmann constant, T, the electron temperature (in K) and mi is the mass 
of the ions. The derivarion of equarion 2.3 can be found in [19 ,20] and is valid for a 
collisionless sheath, in which no ionisarion occurs and where the electron density n, 
decreases over the sheath according toa Maxwell-Boltzmann distriburion: 

'~' (x ) 

n (x )= n e kBT, 
' J , 

(2.4) 

where rp is the potenrial at a distance x from the sheath edge. Furthermore, n, is the 
electron density at the sheath edge, which is by definirion equal to the ion density at the 
sheath edge. Because the plasma potenrial rpP is posirive with respect to the grounded 
plate in a CCP, the sheath edge is defined at rp = 0. 

The potenrial of the object, the floating potential rpp can be calculated by equaring the ion 
flux to the electron flux towards the object [19]: 

(2.5) 

A typ i cal value of the floating potenrial in an argon rf CCP ( T, ::::: 3 e V, see sec ti on 2.1.1) 

is -14 V. 

Sheaths can also be found around grounded walls and powered electrades in a rf plasma 
reactor. Similar to an isolated object, the powered electrode will acquire a negative 
potential, the so-called de se!f bias rpd<> which behaves as an off-set of the oscillating 
potenrial of the electrode (see figure 2.2). 

As the relarively slow ions (wp; « 13.56 MHz) only react to the generated de self bias, they 
will be attracted continuously towards the lower electrode. Electrons, on the other hand, 
are repelled by the electrode most of time, expect for a short period of time when the 
electrode has a posirive potenrial (see figure 2.2). This time is short enough to keep the 
discharge without de current. 
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IPe 
<Pmax 

- (ildc ------------------ --------- ----------. deself bias 

'Pmin --------------

Figure2.2 The asciilating rf potential of the lower electrode q>. as a tunetion of timet. 

To calculate the position-dependent potential rp(x), some assumptions have to be made. 
For high potential diEferences over the sheath, i.e. erpdc » k8T" n, drops very quickly in the 
sheath and can be taken equal to zero (see equation 2.4). The ion density in the sheath 
also decreases due to ion acceleration to the electrode, but not as quickly as the electron 
density. The Chifd law sheath model generates the position-dependent potential rp(x) and a 
value for the sheath thickness s [19]: 

(2.6) 

(2.7) 

which are shown in figure 2.3, with x = 0 at the sheath edge and x = s at the electrode, 
chosen for convenience. The value for s is typically 10 times the Debye length À.0 , given 
by: 

(2.8) 

so in the order of 1 mm fora rf CCP (with Cfdc::::: 100 V and see section 2.1.1 for typical 

values of T, and nJ. Figure 2.3 also shows the presence of a presheath, a quasi-neutral 

region, in which the ions are accelerated so that they acquire a velocity greater than the 
Bohm velocity v8 [19 ,21]. 

plasma 

Figure2.3 

presheath 

The potential q> as a tunetion of distance x trom the sheath edge to the electrode tor the Child law 
sheath model. 
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Equations 2.6 and 2.7 are valid in the case of a de discharge. For a rf discharge, some 
modifications have to be made, due to the non-zero time-averaged electron density in 
this case and the consequent reduction of space charge. It can be proven that the time
averaged sheath thickness s increases with respect to the sheath thickness sdc of a de 
discharge ( see equation 2. 7) [19]: 

S
- = /100 À ( 2e<p de )Y. _ lsO 

"./ 243 D kT -...;nsd, · 
B ' 

(2.9) 

The CCP dis charge, described in section 2.1.1, exhibits a curved sheath edge above the 
electrode (see figure 2.1), which makes the sheath thickness position dependent. 

2.1.3 Farces on particles 
As described in section 2.1.2, particles charge negatively in a plasma, due to the greater 
mobility of the electrans with respect to that of the ions. Close to the powered electrode 
the charged particles experience an electrostalie force F" which pushes the particles away 
from the substrate: 

- -
F, =- eZ PE, (2. 10) 

where ZP is the value of t~e partiele charge, which is proportional to the radius a of the 

(spherical) particle, and E the electtic field vector, which points from the grounded 
towards the charged electrode. 

Four other forces acting on (spherical) particles in a plasma are gravitational force ~' 
thermophoretic force F,h, ion dragftree F;d and neutral dragftree F.d [18,22,23]: 

F- _4 3 -
g - 3 Jra (! Pg ' 

- a
2
k -F = _ 32 trans \TT 

th 15 n' 
vn,th 

Fid = K",, m;nJv; -vP)' 

F.d =yJra
2
m.n.vn,th(v. -vp), 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

where (!p is the density and vp the velocity of a particle, g the gravitational constant, k,,.ns 
the translational part of the thermal conductivity of the gas, v"(,th)' T., m" and n. the 
(thermal) velocity, temperature, mass and number density of the neutrals, m;, n; and V; the 
mass, number density and velocity of the ions and K",, the momenturn-transfer rate 
coefficient, which is proportional to i. The thermophoretic force is caused by the 
temperature gradient present, which is directed away from the powered electrode. The 
ion drag force makes the particles move towards the negatively charged electrode (in the 
direction of the ion velocity) and the neutral drag force pushes the particles in the 
direction of the flow of the neutral particles, dependent on the location of the gas inlets 
and the pump opening. 

Equations 2.10 to 2.14 show that the forces acting on a partiele depend strongly on its 
radius. The equilibrium height of particles above a negatively charged electrode can be 
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s :J) 

[mm] 

:.15 • • 
:;n • 

• • • 15 • • • • • • 35W 

• ... • • 10 • ... ... ... ... 60W • • • • • • • 100W • 5 

o w ~ :J> ~ ~ m ~ ~ oo ~ 

p [mTorr] 

Figure2.4 The sheath thickness s as a tunetion of pressure p tor three different plasma powers [23]. 

calculated by using these equations. Samarian et aL [23] compared this height with the 
sheath thickness, calculated with a model described in [24]. The calculations have been 
verified by measuring the electron temperature and light emission as a function of height 
above the electrode. Samarian et aL found that for particles smaller than 500 nm the 
difference between the equilibrium height and the sheath thickness is smaller than 5%. In 
order words, small particles are located at the sheath edge. In addition to this, the 
equilibrium position of larger particles is situated below the sheath edge. 

Furthermore, Samarian et al. measured the sheath height as a function of pressure and 
plasma power (see figure 2.4). It can be seen that, working with pressures higher than 0.1 
Torr and with plasma powers over 100 W, the sheath thickness will probably weakly 
depend on the pressure. However, lowering the plasma power at these pressures will 
likely still result in a larger sheath thickness (see figure 2.4). 

2.2 Process of partiele formation 

The sourees of partiele formation in a plasma can be divided into two types. Firsdy, 
particles can be found in the gas phase without the introduetion of any precursor. Films, 
present on the substrate or reactor walls, can give rise to particles, when part of the film 
is sputtered into the plasma. As soon as they enter the plasma region, these fragments 
will quickly acquire a negative charge and will be repelled from the negatively charged 
walls or substrates. These clusters are likely to be micrometer sized and can easily be 
detected. 

The second souree of partiele formation in a plasma are the reacrions of a precursor 
injected in the plasma. Extensive research has been carried out to reveal the process of 
SiHx partiele formation in a Ar/SiH4 plasma [22,25-28] . A theory has been found and 
verified with several measurements concerning the partiele formation in the gas phase. 
This will be described in the first section. Much less information is available on the 
formation of Siüx (with x~ 2) particles [29-30], discussed in the second section. 
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2.2.1 Partiele formation in a Ar/SiH4 plasma 

I 
-Sl-S10 

I "'-

\. I 
SI-SI- ---1~· 

/ I 

• 
I 

-Sl-SI-SI-SI-

1 I I I 
molecular reaelions 

~ 0 
e e o formation of nanoparticles 

0 ~ 0 

• o4j:o coagulation 

• -

@)- deposition of radicals!ions 

Figure2.5 Schematic overview of the SiH, partiele formation process in a Ar!SiH4 plasma [28]. 

Particles can be formed due to polymerisation of the precursor SiH4 (see figure 2.5). At 
low pressures, cross sections for chemica! reacrions between two SiH4 molecules are too 
low to occur. When one of the reacting precursor molecules is charged, the cross section 
for reaction is enlarged by several orders of magnitude and even more when both are 
charged oppositely. Besides that, the cross section for these polymerisation reacrions are 
also determined by the residence time of charged SiH4 molecules. Positively charged 
molecules are attracted towards the walls of the reactor, because the walls are at a lower 
potenrial than the plasma potenriaL Consequently, these molecules have a short lifetime 
of approximately 1 ms or lower. Negatively charged molecules, however, are trapped in 
the plasma glow and their lifetime is dependent on reacrions like recombination and 
electron detachment. Therefore, these molecules will have a lifetime long enough for 
polymerisation to take place and will be most important for this stage of the partiele 
formation process. The large polymerised macromolecules are formed within 50 ms and 
will be a few nanometers in size. 

Once formed and charged negatively, the macromolecules are easily neutralized by 
recombination or electron detachment. However, because formed from negative ions, 
the macromolecules are electronegative and will quickly capture an electron from the 
plasma to become negatively charged again. Consequently, the macromolecules are 
alternatively negatively charged, neutralized and positively charged. In this second part of 
the formation process the macromolecules start to coagulate into larger clusters of 
approximately 20 nm. This coagulation can only occur in the short time period when one 
of the macromolecules is neutral or positively charged. This time interval is large enough 
to coagulate with other molecules and is short enough to remain in the plasma glow. By 
growing in size, the clusters will be charged faster and will eventually acquire a large 
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permanent negative charge. Consequently, those clusters cannot coagulate with each 
other anymore; they can only do this with the much smaller neutral or positively charged 
molecules, until these are depleted. This second process willlast for approximately 0.1 s. 

In the last stage of the process deposition on the existing particles takes place. No new 
nucleation occurs, because the particles consume all activated precursor molecules. 
Therefore, no new particles can be created befare the large particles leave the plasma, so 
the final size distribution of the particles in the plasma is very small. 

Section 2.1.3 showed that the farces acting on (spherical) particles in a plasma all depend 
on the partiele radius a. The electric and thermophoretic force, which are proportional to 

a and i , respectively, have to balance the ionic and neutral drag force and the 
gravitational force, which are proportional to i, i and a

3
, respectively, to keep the 

particles in the plasma. So when a partiele becomes too large, it will be expelled, i.e. 
deposited on the electrode. Because the particles at that time all have approximately the 
same size, all particles are expelled at the same time, which will result in the observed 
coughing of the plasma. The balance between the electrastatic and the neutral drag force 
mainly influences how frequently the plasma coughs. 

2.2.2 SiOx partiele formation 
SiOx particles can be formed in a SiH4/02 or a HMDS0/ 0 2 plasma. When using sirnilar 
plasma conditions, it is likely that particles in these plasmas are formed in the same way 
as described in section 2.2.1. No extensive experimental proof of this is available in 
literature, but Courteille et al. [29] showed some similarities with the partiele formation in 
Ar/SiH4 plasmas. They also discovered three phases of powder formation. They found 
that in the first 30 s after plasma ignition, the depletion of the precursor HMDSO 
reaches 30%. At that point, particles, detected by means of FTIR spectroscopy and laser 
beam extinction, have an approximate size of 50 nm. Up to 47 s after plasma ignition, a 
strong increase of the HMDSO depletion is noted as well as a strong increase of the 
partiele radius and/ or number density. After this, a steady state is present, with no 
further growth or appearance of particles. 

In [30] Courteille et al. managed to generate particles of various sizes in the gas phase by 
varying the plasma operation time of a modulated rf plasma. For a plasma operation time 
of 80 ms, separate particles of a few nanometer up to 40 nm are collected. This recalls 
the cluster formation period of the particles in the Ar/SiH4 plasma with similar partiele 
size. When the plasma operation time is extended to 2000 ms, the 40 nm-sized particles 
are found to exist in large agglomerates. For a continuous plasma, even larger 
agglomerates are detected. 

Hollenstein et al. [31] managed to synthesize SiOx particles in a Ar/SiH4/02 plasma. They 
found that the partiele composition depends on SiH4 concentration. At low SiH4 

concentrations, SiH4 is almast fully depleted and stoichiometrie Si02 particles are 
obtained. At high SiH4 concentrations, a significant amount of SiH4 remains 
undissociated, which results in non-stoichiometrie SiOx particles (x < 2). Furthermore, 
smaller particles ( < 70 nm) are formed at low SiH4 concentration than at high SiH4 

concentrations. 
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3 Partiele deteetion in the gas phase 
using FTIR speetroseopy 
This chapter will start with a general discussion of infrared spectroscopy. 
After that, the determination of the size and number density of particles 
from infrared spectroscopy measurements will be explained Final!J, the 
information on the chemica! structure and composition of particles from 
infrared spectroscopy measurements will be discussed This chapter will focus 
on SiO;-like material, which is the desired material for the nanometer-sized 
particles in the final fybrid films (see chapter 1). 

3.1 I nfrared spectroscopy 

Infrared spectroscopy is a useful technique to chemically label molecules and/ or 
chemica! bonds in a sample and quantify their concentrations. Generally, a souree 
generates an infrared beam, which is focussed on a sample, where part of the beam is 
absorbed by the species present. A detector measures the transmitted light beam. 

The absorption by species in the gas phase will be explained in the first sub-section [32-
34]. After that, the main features of Fourier Transfarm InfraRed (FTIR) spectroscopy will be 
discussed [34]. This section will be concluded with a discussion of the Beer-Lambert's law, a 
way to quantify the concentration of species in a sample [32-34]. 

In this section, the difference between absorption and absorbance should be noted. 
Absorption is the phenomenon, in which intensity of light is lost as light travels through a 
medium, whereas absorbance is the quantity of absorption as well as scattering, as defined 
in section 3.1.3 as a function of the ratio of the remaining intensity as it has travelled 
through an extinguishing medium to the non-extinguished intensity. 

3.1.1 Vibrations of molecules 
The internal energy of molecules consists of electronic, vibrational and rotational 
excitations. All these excitations contribute to a molecular spectrum. Typically, in the UV 
and visible region of the spectrum dectronie excitations can be found and in the infrared 
vibrational and rotational excitations can be observed. 
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From quanturn meehallies it is known that the energy of one vibrational mode E .,;b between 
two atoms in a molecule can be approximated by the energy of a harmonie oscillator [33]: 

(3.1) 

where h is the Planck constant, v0 the frequency of the ground state of the vibration and v 

the vibrational quanturn number. A molecule with N atoms can have 3N-6 different 
vibrations. 

One vibrational band consists of several rotational modes. The energy of one rotational 
mode E ro, can be calculated by assuming the molecule to be a rigid rotator [33]: 

(3.2) 

where Ia is the moment of inertia of the molecule and j the rotational quanturn number. 
Equation 3.2 is only valid for linear or eliatomie molecules. 

An infrared beam can induce a vibrational or rotational transition in a molecule. The 
selection rules of quanturn meehallies determine whether a transition is allowed and 
therefore to be seen in the molecular spectrum. Those rules state that the dipale moment 
of the molecule must change over the transition. This implies that diatomic molecules 
consisting of the same atoms (e.g. N 2, Oz) cannot perfarm any vibrational or rotational 
transitions. So, when measuring the molecular spectrum of a mixture of gases, these 
molecules will not be detected by means of infrared absorption. Furthermore, with 
excitation the vibrational quanturn number n must change with 1 (L1n = 1) and the 
change in rotational quanturn number .dj must be -1, 0 or +1. A part of the molecular 
spectrum of CH4 is shown in figure 3.1, which shows the vibrational band of one 
vibrational mode. This band is split up into three branches, the P-, Q- and R-branches, as 
indicated in the figure. These branches are directly related to the .dj = -1, 0 and +1 
transitions, respectively. 

Several vibrational modes can be found in a molecule and are, of course, dependent on 
the structure of the molecule. Examples of vibrations that can be present in some 
moleculescan be found in figure A.1 in appendix A [32,35]. 

Figure 3.1 
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A vibrational band in the molecular spectrum of CH •. 
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The frequency v0 of a specific vibrational mode is characteristic of the type of bond 
(single, double, etc.) and the type of vibrating atoms or groups of atoms. For diatomic or 
triatomie molecules (e.g. CO, CO~ the vibration frequencies for the present boncis can 
easily be calculated. However, for polyatomic molecules the number of possible 
vibrations increases drastically with the number of atoms and the accompanied 
frequencies cannot be calculated exactly. Fortunately, force constants of bands, which 
are proportional to the vibrational frequencies, are in many cases camparabie when a 
bond is present in two different molecules. This is known as the invariance of the force 
constanis of bonds [35]. As mentioned, this is not valid in all cases, but it does hold if the 
bond is present in similar chemical environment. For example, the C-H stretching force 
constant is the same in C2H 4 as in H 2CO, where in both cases the C-H bond is adjacent 
to a double bond. If instead of a double bond a single or triple bond is adjacent, the force 
constant will be lower or higher, respectively. The invariance also holcis for bending 
vibrations, but with these the force constants depend strongly on the adjacent atoms. 
Additionally, the force constants of the bending vibrations of a bond are always lower 
than those of the stretching vibrations of the same bond. The invariance can also be 
applied to vibrations between two atoms with a large mass difference, like it is the case 
with a hydragen atom and a carbon atom. In that case the lower mass atom will vibrate 
against an infinitely large mass. For example, for a hydragen atom, it does not matter 
whether it is attached to a carbon atom or a nitrogen atom, because the force constants 
of both boncis are almast the same. However, if equivalent boncis or groups are present 
in the molecule, a splitring of the vibrational mode in a symmetrie and asymmetrie mode 
will occur. A list of vibrational modes present in some specific molecules is shown in 
table A.l in appendix A (32,35]. 

Figure 3.2 Chemica/ structure of TEOS. 
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Molecular spectrum of gaseous TEOS, measured with the FTIR spectrometer, described in section 
4.3.1. The spectrum has been measured with 10% TEOS concentration with a total pressure of 1 
Torr. 
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An example of a complex molecule, which is used in this project, is Tetraethoxysilane 
(TEOS), with its chemica! structure shown in figure 3.2. Figure 3.3 shows the molecular 
spectrum of TEOS with the assignment of several peaks to vibrational modes (see table 
A.l appendix A) [36-39]. 

3.1.2 Fourier Transfarm Intrared spectroscopy 
Conventional infrared spectrometers make use of a monochomator, which consists 
mainly of two slits with a prism or grating in between. The light beam that enters the 
monochromator is collimated by the first slit, after which it is incident on the prism or 
grating. After the prism or grating disperses the light beam, the second slits selects only a 
small frequency range from the beam to pass to the detector. The rest of the beam is lost 
by reileetion or absorption mainly occurring at the slits. The narrower both slits are, the 
higher the resolution of the obtained spectra, but also the lower the signal reaching the 
detector. For example, with a frequency range of 400 to 4000 cm-1 and a resolution of 8 
cm-1, only 0.2% of the intensity of light reaches the detector. With a higher resolution of 
1 cm-1

, this ratio is reduced to even 0.03%. Clearly, a lot of intensity is lost with this 
technique and to obtain a reasonable signal-to-noise ratio, long measurement times (in 
the order of minutes) are required. 

The introduetion of the Michelson interferometer in infrared spectroscopy is a great 
impravement with respect to the conventional monochromators. The improvements can 
be summarized in the Fellgett's advantage and the jacquinot's advantage [34]. The first states 
that a dramatic decrease of the measurement time occurs, because the interferometer 
provides simultaneously all the available speetral frequencies of the incoming light beam. 
The latter states that, due to lower intensity losses, the signal-to-noise ratio is improved. 

The Michelson interferometer modulates the incoming light beam as shown in figure 3.4. 
The light beam hits a beamsplitter, where half of the beam is reflected towards a fixed 
mirror and half of the beam is transmitted towards a moveable mirror. Both beams are 
reflected at the mirrors and again hit the beamsplitter, where the beams interfere and are 
directed towards the souree and towards the detector. The way the beams interfere is 
dependent on the optical path length difference, or retardation, o. When o = mÀ, with m an 
integer, constructive interference occurs, whereas when o = (m + Vz)À destructive 

Figure 3.4 
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Schematic drawing of a Michelson interferometer. 
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interference takes place. This will result in an intensity I which varies with the retardation: 

I(o) =t I 0 (v)[l +cos 2JZ"vo ], (3.3) 

where vis the wavenumber (X') and I0 the wavenumber-dependent intensity of the 
source. The detector measures only the modulated ac part of the intensity. Besides that, 
the measured intensity is in practice influenced by the non-ideality of the beam splitter 
and a non-uniform response to all wavenumbers for all the mirrors. So a correction 
factor H (v) is introduced, in order to describe the intensity measured by the detector: 

I(o) = tH(v)I0 (v)cos2 JZ"vo = B(v)cos2JZ"vo , (3.4) 

where B(v ) represents the wavenumber-dependent intensity of the souree modified by 
the instromental characteristics, which are constant during a measurement. 

When measuring a complete spectrum, the intensity has to be calculated by taking the 
integral of equation 3.4: 

~ 

I(o) = fB(v)cos(27Z"vo)dv. (3.5) 

When the intensity I is plotted as a function of o, a so-called interferogram is obtained. 
Equation 3.5 shows that I(O) is the Fourier transfarm of B(v), so B(v) can be calculated 
by taking the inverse Fourier transfarm of I(O): 

~ 

B(v) = JI(o)cos(2JZ"vo)do. (3.6) 

B as a function of v finally results in a readable spectrum, the so-called single-beam 
spectrum, which is used in FfiR spectroscopy. 

In practice interferometers will not be able to scan the moveable mirror between 0 and 
oo. This will limit the resolution of the interfera meter. The maximum resolution L1 v max 

that can be obtained with a given maximum retardation of the mirror o max can be 
approximated by: 

Llv :::::: (o )-1
. 

max max (3.7) 

3.1.3 Beer-Lambert's law 
By defining the transmittance T(v) as the ratio of intensity as the beam has passed 
through a medium I'(v) to the intensity I(v), measured without the presence of an 
extinguishing medium, the absorbance A(v) can be calculated: 

I'(v) B'(v) A(v) = -loo[T(v)] = -loo- = -/oo-
6 

6 I(v) 6 B(v) 
(3.8) 

Accorcling to the Beer-Lambert's law, this absorbance can be related to the concentration 
of absorbing species as follows: 
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A (v) = a(v)lc, (3.9) 

where a(v) is the absorptivity of the species at a specific wavenumber v, I the path 
length through the medium and c the concentration of the species. 

3.2 Partiele detection in the gas phase 

One way to detect small particles (diameter smaller than 1 flm) with FfiR spectroscopy 
is by making use of Ray leigh scattering. The intensity of the scattered light I"" from a small 
partiele can be derived [40,41]: 

8 4 6 ~2 1 
J[ an-( 2 ) I = -

4
-

2
- --

2 
- 1 +cos () I 0 , 

!Ca Xr n+2 (3. 10) 

where a is the partiele radius, À the wavelength of the incident light beam, r the distance 
between the partiele and the measuring position, n the complex refractive index of the 
particle, () the scattering angle with respect to normal incidence and Ia the intensity of the 
incident light beam. Equation 3.10 is only valid for small spherical particles, i.e. 2J[a/ À « 1. 

The total intensity loss due to Rayleigh scattering of light by one partiele is related to the 
cross section forscattering c!Ca (40,41]: 

(3. 11) 

Scattering by many particles can be calculated under the condition that scattering is 
independent [40,41] . This condition is satisfied if the number density of the particles is not 
too high, i.e. the distance between two particles must be larger than roughly three times 
the partiele radius. In that case, no multiple scattering takes place, i.e. a scattered light wave 
will not be scattered by another particle. The intensities of the separate, independent 
partiele scattering canthen be added to obtain the total scattered intensity. 

To relate the absorption to the number density and radius of particles, the cross section for 
absorption can be derived, similar to the cross section forscattering [40,41]: 

C = _!!__.!.._ Im n -8 2 3 { ~2 1} 
abs À n2 + 2 . (3.12) 

The ratio of the measured intensity I to the non-extinguished intensity Ia can be 
expressed in terms of the cross sections for scattering and absorption [42] by assuming 
the validity of the condition of independent scattering: 

...!..._ = e - (c". +C..,, )Nd 

I ' 
0 

(3.1 3) 
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FTIR absorbance spectrum of SiOz particles, dispersed in a gas, measured by Courtei/Ie et al. [30] . 
The observed baseline tilt and solid state absorption peak have been simulated, shown by the 
dashed fine with circular markers. This spectrum has been measured with the following plasma 
conditions: [HMDSO] = [02] = [He] = 33%, power of the capacitively coupled rf plasma = 40 W, 
pressure = 0. 1 mbar, total flow= 30 seem. 

where d is the path length through the medium, which contains the extinguishing 
particles, i.e. the plasma in this case. This ratio is related to the absorbance (see equation 
3.8), which is proportional to: 

A(v) oe (C sca +Cabs )Nd. (3. 14) 

If the complex refractive index n of the particles is weakly dependent on the wavelength, 
the absorbance has the following dependence, regardless of the shape of the particles 
[40,41]: 

A(-) 6 - 4 voeav. (3.15) 

When measuring a FfiR absorbance spectrum of small particles, dispersed in a gas, 
Rayleigh scattering can be observed as a baseline tilt from low to high wavenumbers and 
absorption as a relatively broad peak compared to the gas absorption peaks (see section 
3.1.1). Some examples of the detection ofRayleigh scattering in FfiR absorbance spectra 
are found in literature [30,43,44] and are shown in figure 3.5 and in figures B.1 and B.2 in 
Appendix B (for more details on solid state absorption peaks, see section 3.3). 

Two ways to detect particles in the gas phase, i.e. scattering and absorption, have just 
been described. If only one of these phenomena is quantified, the diameter a and the 
number density N of particles cannot be derived separately from those measurements. 
An example, found in literature [30], of deterrnining a and N from absorbance and 
Rayleigh scattering measurements is described below. 

Courteille et al. [30] measured the FfiR absorbance spectrum, shown in figure 3.5, and 
they used equations 3.11 to 3.14 to simulate the observed baseline tilt and solid state 

absorption peak. With this, a value for N·i (::::: 4.2.10-27 m~ in the case of scattering and a 
value for N ·l (::::: 1.4.10-7) in the case of absorption can be found. To extract the right 
values for N and a, a plot has been drawn with N as a function of a for both scattering 
and absorption (see figure 3.6) , which in fact is the graphical salution of two equations 

19 



Figure 3.6 
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(N·i = 4.2.10-27 m3 and N· c! = 1.4.10-7) with two unknowns (N and a). The graph 
belonging to scattering consists of possible values for N and a, which can be combined 
to getto the found value for N·a6

• For absorption a similar graph is shown with values 
that will provide the value for N ·a3

• At the intersection of both graphs the right value for 
N and a can be read. 

Equations 3.11 and 3.12 already showed that absorption has a weaker dependenee on the 
partiele radius than Rayleigh scattering. Consequently, in the case of detecting small 
particles (e.g. a :::::: 100 nm), the number density of particles must be much higher for 
Rayleigh scattering to be detected than is the case for absorption (see figure 3.6). In other 
words, when measuring the scattering of small particles, the partiele density should be 
distinctly higher to detect a significant baseline tilt than in the case of larger particles. The 
higher measuring sensitivity of absorption of particles compared to the Rayleigh 
scattering by particles has also been observed by Hollenstein et al. [31] , who determined 
the minimum partiele radius to detect Rayleigh scattering at 70 nm. 

3.3 Partiele chemistry 

As discussed in section 3.2, FTIR spectroscopy can measure the solid state absorption of 
particles. This can provide information on the chemical structure of the particles, which 
is important if, for example, carbon-free, stoichiometrie Si02 is required (see chapter 1). 
For small particles, i.e. 27ra/ À « 1, the solid state absorption peaks can be calculated by 
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Figure3.7 Surface mode absorption peaks for amorphous SiOz and SiO in a specific intrared speetral range. 
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means of equations 3.12 to 3.14 and data for the complex refractive index n (45]. Figure 
3.7 shows the calculated solid state absorption peaks for amorphous Si02 and SiO. The 
tigure shows only the surface vibrational modes, which are dominant over the bulk vibrational 
modes for small particles (40,41,46]. In solid bulk materials, but also thin solid films 
(several nm), only bulk vibrational modes are detected, which are determined by the 
extinction coefficient k instead of the complex refractive index n (= n + i· k, with n the real 
refractive index). The ratio of the measured intensity I to the non-extinguished intensity 
I0 is given by: 

- 47rkïitl 
-=e 
Ia 

I 
(3.16) 

where dis the thickness of the absorbing materiaL The absorbance is then proportional 
to: 

A(v) oe 4Jrkvd. (3.17) 

The bulk absorption peaks of amorphous Si02 and SiO can be derived from equation 
3.17 (see tigure 3.8). When comparing figures 3.7 and 3.8 with 3.5, the measured centre 
of the solid state peak of the 300 nm-sized Si02 particles at 1090 cm·1 (found in (30]) 
agrees with the centre of the bulk absorbance peak rather than with the centre of the 
surface absorbance peak at 1130 cm-1• The surface vibrations are only detectable for 
perfect spherical particles (46] or very small particles. The condition a« )./2Jr can be made 
more precise, for example a < 0.1 ) .. /2Jr. Under this condition, the surface vibration at 
approximately 1100 cm·1 can only be measured for particles with a raclius a smaller than 
150 nm. 

Due to the apparent resemblance of partiele absorption with bulk absorption, as shown 
by Courteille et al. (30] extensive literature available on the chemica! structure and 
composition of SiOx films could also be applicable to small SiOx particles. When 
comparing the absorbance spectrum of a material in solid state with the same material in 
the gas phase (see section 3.1.1), some diEferences can be observed. The rotational modes 
cannot be distinguished anymore, due to the broadening of the absorption peaks, caused 
by the increased interaction of bonds with each other. Vibrational modes can still be 
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The bulk absorption peaks of amorphous Si02 and SiO in a specific intrared speetral range with the 
assignment of the peaks to the present bonds in Si02. 
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distinguished, but in many cases these peaks are much braader and small shifts of the 
frequencies (about 0.5 to 20 cm-1) to lower values are possible [35]. 

With the above-mentioned knowledge, the peaks of an absorbance spectrum can be 
assigned, as shown for Si02 in figure 3.8 [47-54]. The main absorption peak of Si02, with 
its centre at approximately 1080 cm-1, consists of two peaks, which can be assigned to Si-
0-Si asymmetrie stretching vibrations. Kirk [48] has shown that these peaks can be 
assigned to two asymmetrie stretching modes, namely one in which the adjacent oxygen 
atoms move in phase with each other (peak at:::: 1076 cm-1) and one in which they move 
180° out of phase with each other (peak at:::: 1200 cm-1). When measuring with normally 
incident infrared light, these are both transversal optica! (TO) modes. Some authors [30,31,55] 
ascribe the peak at 1200 cm-1 to the longitudinal optica! (LO) mode of the Si-0-Si stretching 
vibration. According to Kirk, LO modes cannot be detected when measuring with 
normal incident light, because the transversal electromagnetic waves cannot interact with 
longitudinal vibrations. Queeney et al. [56] verified this by measuring the solid state 
absorption peaks of thin Si02 films up to 6 A thickness. LO modes could only be 
detected at oblique angles of incidence. 

As a consequence of the higher interaction of atoms with each other in a solid material 
with respect to gaseaus species, the measured frequencies and shape of the absorbance 
peak of the Si-0-Si stretching vibrations is found to vary strongly in literature [47 -54]. Pai 
et al. [47] found an effect of the stoichiometry on the frequency of the Si-0-Si vibration. 
They measured an increasing frequency of the main Si-0-Si vibration with increasing 
oxygen concentration in the films. They lowered the [0]/[Si] ratio of the films by 
decreasing the helium dilution in a He/SiH/N20 plasma. Besides a shift of the solid 
state peak, Pai et al. also noticed a broadening of the peak and a less pronounced 
shoulder. They explained these phenomena in the following way. When changing the 
composition of Si02 to SiOx (with x < 2), more Si atoms with adjacent Si atoms will be 
present in the materiaL This will shift the solid state peak to lower wavenumbers, because 
the Si-Si vibration bond can be found at lower wavenumbers. Because a large amount of 
Si atoms will still have adjacent 0 atoms, a broadening of the vibration peak will be 
detected. The shoulder of the main Si-0-Si peak will be less pronounced, because the 
shoulder is caused by the out-of-phase-vibrations of the neighbouring 0 atoms, which is 
only found in stoichiometrie Si02. 

Martinet et al. [50] and Cigal [57] found astrong dependenee of the peak position on the 
thickness of the film. A shift of approximately 20 cm-1 to lower frequencies can be found 
when lowering the flim thickness from 400 to 100 nm. This rnight be explained by an 
increased density at lower film thickness, resulting in more compressive stress in the 
material [49,50,56]. A denser Si02 film results in a smaller angle of the Si-0-Si unit, 
which lowers the vibrational frequency [56]. Sano et al. [58] and Goullet et al. [59] 
observed the effect of the preserree of Si-OH boncis on the frequency of the Si-0-Si 
stretching vibration. Si-OH boncis result in a break of the Si02 network and consequently 
in an increase of the average angle of the Si-0-Si group. The Si-0-Si absorbance peak 
will then be shifted towards higher frequencies and the shoulder will increase, due to the 
increased disorder. 
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4 Experimental set-up 
In the first section the plasma reactor wil! be described After that, the 
diagnostics for theex-situ ana!Jsis of particles and films and for the in-situ 
ana!Jsis of the plasma wil! be presenled Finai!J, the deposition procedures 
wil! be discussed 

4.1 Reactor description 

gas inlet 1 

zone/ 

Ellipsometer windows 

ca ge gas inlet 3 

CCP 

Figure 4.1 Schematic overview of the dual plasma reactor. 
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Figure 4.1 shows a schematic overview of the dua/ plasma reactor used in this project. The 
reactor can be divided into two parts: the top part (zone I), where an Inductive!J Coupled rf 
Plasma (I CP) is presentand the bottorn part (zone IJ), where a Capacitive!J Coupled rf Plasma 
(CCP) is present. The main task of zone I is to produce silica particles, whereas the use of 
zone II is the deposition of a film where the particles are incorporated. However, in this 
project zone II is used for the production of both phases of the hybrid film, as already 
discussed in chapter 1. Therefore, only gas in/et 3 is used for the addition of gases to the 
reactor. 

When making use of the ICP, a precursor for the production of particles is introduced in 
zone I through gas in/et 1, where the precursor molecules are activated by the ICP and 
react with oxygen, which is let in through gas in/et 2. However, in this project they are 
both injected in zone II of the plasma reactor through gas in/et 3. A precursor for the 
production of a polymer film is also let in zone II through gas in/et 3. When entering the 
CCP, the precursor molecules are activated and eventually deposit on the powered 
substrate tab/e. Argon also enters the reactor as a supportive or carrier gas for both 
precursors. A pneumatically controlled gas dosing system supplies the gases and the gas 
flow rates are controlled by mass flow controllers (Bronkhorst HiTec). The pressure 
inside the reactor is kept constant with a MKS throttle valve and controller. 

Both plasmas are powered by a power supply (Huttinger PFG 1000 RF generator, 13.56 
MHz). The ICP can be modulated externally by a function generator. This modulation 
can assist in cantrolling the partiele growth and consequently influence the partiele radius 
[30]. All reactor walls are grounded to prevent radiation outside the reactor. The holder 
of the substrate table as well as the surrounding cage is grounded to constrain the CCP in 
the cage (see also figure 2.1, section 2.1.1). 

Several windows are available at the reactor walls to implement in-situ diagnostics, like 
FTIR spectroscopy (see sections 3.1 and 4.3.1) and Spectroscopie Ellipsometry [60] . 
Only FTIR spectroscopy has been used in-situ in this project. The height of the FTIR 
windows (KBr) can be modified in order to measure the absorption of species as a 
function of height above the substrate table. 

4.2 Ex-situ partiele and film diagnostics 

4.2.1 Ex-situ FTIR spectroscopy 
Ex-situ Fourier Transjorm InfraRed (FTIR) spectroscopy has been used to detect the bonds 
present in particles and fillns, deposited on Si wafers (see chapter 3). Spectra have been 
measured with a FIIR spectrometer (Broker Vector 22). The speetral range lies between 370 
and 5000 cm·1, with an adjustable resolution of at most 0.5 cm·1

. The souree and the 
detector are purged with nitrogen to elirninate the water and co2 signals, originating 
from air, in the spectra. 

Absorbance spectra have been obtained by measuring the single-beam spectrum of a 
bare Si wafer, which is used as a background, and the spectra of the deposited particles or 
fillns. Spectra are recorded with a resolution of 4 cm·1 and each spectrum is averaged 
over 30 measurements. 
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4.2.2 Partiele size analysis 
Particles formed in the reactor have been collected in order to determine their size 
distribution ex-situ. The particles are suspended in water and dispersed in an ultrasonic 
bath for five hours. The size distribution of the suspended particles has been determined 
by using a partiele size ana!Jser (Beckman Coulter LS230), which measures the losses due to 
scattering of the suspended particles in water. A value for the refractive index of the 
particles has to be assumed for this. 

4.2.3 e-SEM 
In order to determine the partiele diameter, images have been made of the particles 
deposited on a Si wafer by means of an environmental Scanning Electron Microscope (e-SEM) 
(Philips XL 30 ESEM-FEG). 

4.2.4 XPS 
The composition and chemical structure of particles have been determined by means of 
an X-rqy Photoelectron Spectrometer (XP SJ (Quantum 2000 of Phi) . Measurements have been 
carried out with monochromatic Al Ktx radiation. The measuring angle was 45°, which 
results in approximately 5 nm of information depth. Depth proflies have been made by 
alternately measuring and sputtering with argon ions. Standard sensitivity factors have 
been used to calculate the atomie densities. Therefore, the determined concentrations can 
deviate absolutely from the real concentrations, usually no more than 20%, but due to 
preferenrial sputter effects the deviations can increase. When camparing the atomie 
concentrations with other samples, the error is usually no more than 5%. 

4.3 Plasma diagnostics 

4.3.1 In-situ FTIR Spectroscopy 
In-situ FIIR spectroscopy has been used to detect species and particles in the gas phase and 
determine the size and number density of the particles (see chapter 3). Spectra have been 
reearcled by means of a FIIR spectrometer (MIDAC M2500-C), which is set up as shown 
in figure 4.1. The height of the lower edge of the infrared beam above the substrate table 
is fixed at a few mm. The diameter of beam is approximately 30 mm. The speetral range 
lies between 500 and 5500 cm·1

, with an ad justable resolution of at most 0.5 cm·1
. The 

souree and the detector are purged with nitrogen to eliminate the water and C02 signals, 
originating from air, in the spectra. 

During deposition of particles and ftlms, FTIR spectra have been reearcled every 30 s 
with a resolution of 1 cm·1 and each spectrum has been averaged over 25 scans, except 
for the flow rate varying experiments, for which spectra have been reearcled every 15 s 
with a resolution of 2 cm·1 and averaged over 20 scans. One measurement of an averaged 
spectrum lasts 18 s and 9 s, respectively. 

In order to distinguish the main absorption peaks of TEOS from that of Siüx particles, 
the program 'PEAKFIT' has been used. With this program, two combinations of 
absorbance peaks are defined, for bath TEOS and Siüx (see appendix C) . ForTEOS 
four peaks have been combined to simulate the absorption peaks in the speetral range 
900 - 1300 cm·1 (see figure 3.3, section 3.1.1). When fitting this set of peaks, only the 
height of the peaks is varied, whereas the ratios of the heights of the peaks are 
maintained. For Siüx two peaks have been combined with varying peak centre, amplitude 
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and width between fixed ranges (see appendix C). Besides varying these parameters in 
order to fit these peaks with the measured absorbance spectra, the baseline has been 
fitted. In the speetral range from 900 - 1300 cm·1 a linear baseline has been assumed. 

For the calibration of TEOS, spectra have been recorded with a resolution of 1 cm·1 and 
each spectrum is averaged over 50 scans. 

To test the stability of the FTIR signal during plasma activation, FTIR spectra have been 
recorded every 5 minutes with a resolution of 1 cm·1 and each spectrum is averaged over 
25 scans. 

4.4 Depositions 

Particles have been synthesised and trapped in the plasma by making use of the following 
deposition procedure. First, the gas distribution system delivers argon gas to the reactor 
to set the desired total flow rate and pressure. Both are kept constant during the whole 
deposition process. Meanwhile, the deposition precursors (TEOS and 0 2, completed 
with argon) are settled in the gas distribution system and are pumped to waste. Before 
starring a deposition, the CCP is already activated for 5 rninutes to prevent some baseline 
distartion due to hearing of the reactor by the plasma (see section 5.2.2). When starring a 
deposition, the gas distribution system is switched over to the deposition gases. So, now 
TEOS and 0 2, tagether with argon, are let in the reactor and the initial argon gas flow is 
pumped to waste. To stop the deposition, gas distribution system is switched over to the 
initial argon gas again. The deposition time is varied with several experiments (see 
appendix D). After deposition, the plasma remains activated for 5 rninutes. In this 
period, partiele production stops, but still some amount of particles can be trapped. 

Two deposition procedures have been tested in order to incorporate SiOx particles into a 
growing amorphous carbon ftlm. For the simultaneous deposition, the sameprocedure as for 
the partiele deposition has been used. During the deposition stage, TEOS and 0 2 as well 
as CH4 are let in the reactor. For the sequentia! deposition, the procedure follows the partiele 
deposition procedure up until the partiele trapping stage, in which the argon plasma traps 
the particles. After 5 rninutes of partiele trapping, CH4 enters the reactor to deposit a 
hydrogenated amorphous carbon filln. After the desired deposition time, the plasma is 
switched off and the gases are let out of the reactor. 

In appendix D an overview is shown of the depositions carried out in this project with 
their accompanying conditions. 
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5 Results and discussion 
This chapter will first discuss the results of the ana!Jsis of deposited particles. 
A fter tha"" a description of the process of partiele formation in the gas phase 
will be given. Final!J, two proceduresjor the deposition of f?ybrid films have 
been tested and will be described in the last section, based on the ana!Jsis of 
the plasma chemistry and film chemistry. 

5.1 Ex-situ analysis of particles 

Chapter 1 discussed the desired composition of the nanometer-sized particles in the 
hybrid film to be Si02, because this material shows good hardness and scratch resistance 
[7]. In this project, Tetraetho:>gsilane (TEOS) and 0 2 have been used to synthesize these 
particles in a capacitively coupled rf plasma (CCP). The synthesized particles can, 
however, still contain part of the carbon groups, present in the chemica! structure of 
TEOS, which deteriorate the above-mentioned properties. Furthermore, the Si04 unit in 
TEOS can be dissociated, which could result in SiOx (x < 2) with inferior properties to 
stoichiometrie Si02• For these two reasons, it is important to know the composition of 
the synthesized particles. 

The diameter of the synthesized particles should not be higher than approximately 300 
nm. Above this size, S. Frings [7] bas found the hybrid film to become less transparent, 
due to scattering by the incorporated particles. It is furthermore preferabie to have many, 
small particles, dispersed in the whole coating, instead of less, large particles. In the first 
case, mechanica! stress can be better distributed over the higher number density of 
particles [61 ]. 

This section will first describe the results of ex-situ FTIR spectroscopy measurements of 
particles deposited on Si wafers. This technique provides information on the chemica! 
structure and composition of the deposited particles (see section 3.3). Due to its 
detection limits, the chemica! structure and composition will be verified by means of 
XPS, which will be discussed in the second sub-section. Finally, the results of partiele 
size measurements of deposited particles by means of a partiele size analyser and e-SEM 
will be discussed. 
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5.1.1 

Figure 5.1 

RESUL TS AND DISCUSSION 
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FTIR absorbance spectrum of deposited SiOx particles, measured ex-situ. The plasma conditions tor 
the deposited particles are: {TEOS] = 10%, [02] = 30%, PccP = 300 W, pressure = 1 Torr, tata/ flow 
rate = 100 seem. 

In section 3.3 the differences between molecular surface vibrations and molecular bulk 
vibrations were discussed. The first can only be detected for very small and perfecdy 
spherical particles. The analysed particles have been deposited as powders, which 
consists of large agglomerates of particles, visible with the naked eye. So, it is expected to 
detect only bulk vibrations as opposed to surface vibrations. 

Figure 5.1 shows the FTIR absorbance spectrum of deposited particles. The detected Si-
0-Si stretching vibrations are compared with the calculated surface and bulk vibrations 
of amorphous Si02 in figure 5.2 and with the calculated surface and bulk vibrations of 
amorphous SiO in figure 5.3 (see section 3.3). The largest similarity is found for the bulk 
vibrations of amorphous Si02• From this, it can be concluded that the particles consist 
mainly of stoichiometrie Si02• The difference in frequency of the Si-0-Si stretching 
vibration can be explained by the observed presence of Si-OH bonds (see figure 5.1), 
which breaks the Si02 network and increases the average angle of the Si-0-Si unit (see 
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Figure 5.3 FTIR absorbance spectrum of deposited SiOx particles, compared with the surface and bulk 
vibrations of amorphous SiO (a-SiO). 

section 3.3 and [58,59]). The presence of Si-OH bands also causes the shoulder of the Si-
0-Si stretching vibration to rise, because of the increased disorder (see section 3.3 and 
[58,59]). The amount of Si-OH bands present relatively to the amount of Si-0-Si bands 
could not be deterrnined by means of FTIR spectroscopy. Furthermore, no carbon is 
detected. However, the detection limit of carbon with FTIR spectroscopy is estimated 
around 5% [62]. Therefore, other techniques are preferabie to detect residual presence of 
carbon, if any, and to quantify the [0]/[Si] ratio in the particles (see section 5.1.2). 

Courteille et al. [29 ,30] and Hollenstein et al. [31] found sirnilar FTIR absorbance spectra 
for SiOx particles synthesized in He/ HMDS0/ 0 2 and He/SiH4/02 plasmas, 
respectively . . They reported to have synthesized SiO and Si02 particles at low and high 
dilution of the precursors with helium, respectively, based on the measured in-situ FTIR 
absorbance spectra. 

5.1.2 XPS 

Table 5.1 The composition of the surface of the particles, the bulk of the particles and the surface of thennal Si02, 
measured as a raferenee 

rc1 ro1 rSil rovrsn 
surface (5 nm deep) 9.0% 64.7% 26.3% 2.5 
bulk 0.4% 67.5% 32.5% 2.1 
surface thermal Si02 6.5% 64.8% 28.7% 2.3 

The results relative to the composition of particles by means of XPS are shown in table 
5.1. The composition of thermal silica has been deterrnined as a reference, because it is 
known that the used XPS set-up deterrnines a too high [0]/[Si] ratio, as demonstrated in 
table 5.1. The [0]/ [Si] ratio of the particles at the surface (information depth is 5 nm) is 
however still 9% (=(2.5-2.3)/2.3·100%) higher than thermal silica, when camparing 
surface concentrations. This is slightly higher than the calculated error of 7% of the 
[0]/ [Si] ratio. The higher value of the ratio can be caused by water adsorbed on the 
surface of the particles during the deposition process and by the presence of Si-OH 
bands in the particles, also found by FTIR spectroscopy (see section 5.1.1). An oxygen 
atom in a Si-OH group is only surrounded by one silicon atom insteadof two, as in the 
silica network. So the presence of Si-OH bands lowers the concentration of silicon with 
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respect to oxygen and consequently ris es the [0] I [Si] ratio. This clifference is however 
relatively small (9%), which corresponds to the low Si-OH peaks detected by means of 
FfiR spectroscopy (see section 5.1.1). The increase of the [O] I [Si] ratio over 2, 
determined with XPS, has also been observed by Vallée et al. [52] and has also been 
ascribed to the increased presence of Si-OH bondsin the materiaL 

The [O]I[Si] ratio changes when measuring the bulk concentration (see table 5.1), due to 
preferenrial sputter effects (see section 4.2.4). Carbon detected at the surface of the 
particles appears to originate from surface contamination, as the carbon concentration 
decreases to approximately zero, when an argon ion sputtering gun is used. So no carbon 
has been detected in the bulk of the powder, which means no carbon content in the 
particles. 

To clistinguish the silicon atoms in Si, Si20, SiO, Si20 3 and Si02 networks, the silicon 
photoelectron peak has been measured (see figure 5.4). Silicon in Si02 (oxidation state 4) 
is detected at 103.6 eV and silicon in Si (oxidation state 0) at 99.6 eV. Intermecliate 
energies inclicate intermecliate combinations of silicon with oxygen [63,64] . The silicon 
peak from the particles agrees with that from the thermal silica and no shoulder towards 
lower energies is detected. This inclicates that the particles consist of stoichiometrie Si02, 

as already expected from the high [0] I [Si] ratio and the FfiR spectroscopy 
measurements. 

From the results of the last two sub-sections, it can be concluded that conclitions have 
been found for the synthesis of stoichiometrie Si02 particles. This is also to be expected, 
because of the relatively high [0~ I [TE OS] ratio R of 3 and the relatively high plasma 
power of 300 W . In literature [65-68] it has been found that at low R non-stoichiometrie, 
carbon-containing SiOx fllms are deposited, while at high R stoichiometrie, carbon-free 
Si02 fllms are synthesized. The presence of oxygen is, therefore, needed for oxiclizing the 
organic groups of TEOS, presumably both in the gas phase and at the film surface, 
which will further be cliscussed in section 5.2.2 [65,67] . 

Because of the conesponding results, both FfiR spectroscopy and XPS can be used 
independently to determine the structure and composition of the particles. However, 
FfiR spectroscopy may suffer from material effects, like density or thickness (see section 
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3.3). XPS, on the other hand, cannot be used to detect Si-OH groups, of which its 
preserree can be suspected only from a [0]/ [Si] ratio higher than 2. 

5.1.3 

Figure 5.5 
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Partiele size distribution of deposited SiO. particles, determined with a partiele size analyser, which 
measures the losses of scattered light in a suspension of particles. The size distribution has been 
calculated by assuming a refractive index n for the particles. The plasma conditions for the deposited 
particles are: [TEOS] = 20%, [02] = 50%, PccP = 300 W, pressure = 1 Torr, total flow rate = 100 
seem. 

The size distribution of particles collected after deposition has been measured with a 
partiele size analyser (see fi.gure 5.5). The particles were fitst suspended in water and light 
scattering due to these suspended particles was measured (see also section 4.2.2). Partiele 
sizes were calculated by means of equations for Rayleigh scattering (see section 3.2) and 
by assuming the refractive index for the material of the particle. The observed small size 
distribution around a diameter of 80 nm can be expected from the partiele formation 
process, described in section 2.2.1 . This section described the simultaneous partiele 
expulsion from the plasma, which is caused by the last phase of partiele formation, in 
which only deposition on the trapped negatively charged particles takes place and in 
which no new particles are formed. However, it does not determine if the 80 nm-sized 
particles are further agglomerated in the plasma, befare they are expulsed from the 
plasma. These possible present large agglomerates could be dissolved in 80 nm-sized 
particles, when suspended in water. 

The partiele size measurements have been verifi.ed by means of e-SEM images from 
deposited particles on a Si wafer (see figure 5.6). Due to the relatively vague image at 
high magnifications, only 90 nm-sized particles can be distinguished, which agrees with 
the size found with the partiele size analyser. Smaller particles are hard to distinguish, so 
based on the e-SEM images, the preserree of these particles cannot be excluded. 

Figure 5.6 e-SEM image of deposited particles on a Si-wafer. The plasma conditions for the deposited particles 
are: [TEOS] = 20%, {02} = 50%, PccP = 300 W, p = 1 Torr, total flow rate = 100 seem. 
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Courteille et al. [29 ,30] and Hollenstein et al. [31] measured in-situ as well as ex-situ sizes of 
(agglomerates of) particles ranging from 40 to 700 nm. The larger (agglomerates of) 
particles are synthesized at lower dilutions of the precursors with helium as opposed to 
the smaller particles. Courteille et al. [30] reported that the degree of agglomeration of the 
particles in the plasma can be controlled by modulating the discharge. A higher plasma 
activation time resulted in larger agglomerates, consisring of particles with a small size 
dis tribution. 

The size measurements, described in this sub-section, have only been performed on 
particles deposited at one set of plasma conditions (see captions of figures 5.5 and 5.6). 
When reviewing the equations for the forces on the particles (see equations 2.10 to 2.14, 
section 2.1 .3), a different mass density, caused by a different composition of the particles, 
alters the gravitational force on the particles and consequendy shifts the balance between 
the forces. Therefore, the residence time of the particles, trapped in the plasma, and the 
accompanying growth are affected (see section 2.2). The same can be achieved by altering 
the total flow rate, which results in increased ion and neutral drag forces on the particles. 

5.2 Partiele formation in the gas phase 

As discussed in section 5.1, particles can be formed under a certain range of conditions. 
At more specific conditions, the growth of mushrooms formed by agglomerated particles 
has been observed and recorded with a digital video camera. The mushroom-shaped 
structures demonstrate localized partiele deposition and they block the infrared beam of 
the FTIR spectrometer, which is aligned just above the powered substrate table. To 
prevent or reduce these effects, the formation of these mushrooms has been stuclied and 
will be discussed in the first sub-section. 

The second sub-section will describe the detection of particles, formed and trapped in 
the gas phase at the sheath edge, by measuring Rayleigh scattering and solid state 
absorption of these particles. Both phenomena have to be measured in order to quantify 
the size and number density of particles (see section 3.2). 

The growth and trapping of these particles can be foliowed in time by means of in-situ 
FTIR spectroscopy. The effect of several process parameters on the growth and trapping 
of the particles will be described in the third sub-section. This knowledge can be used in 
designinga deposition procedure for hybrid filins (see section 5.3). 

The correlation between the plasma chemistry and partiele chemistry has been stuclied 
and will be described in the last sub-section [65-68]. Again, several process parameters 
have been varied and the effect on the appearance and disappearance of certain species 
and the change of the solid state absorption peak has been determined. 

5.2.1 Formation of mushrooms 
When the CCP is operated at pressures between approximately 0.5 and 1 Torr and at 
relatively high precursor parrial pressures (above 0.2 Torr), partiele formation takes place 
and gives rise to white powders, deposited on the powered electrode. Under these 
conditions, and in combination with low total gas flow rates (below 200 seem), the 
particles have been observed to agglomerate into mushroom-shaped structures in the centre 
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Figure 5.7 
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Picture of the side-view of a mushroom, formed in the gas phase, which consists of relatively large 
agglomerates of SiO. particles. The height of this mushroom is approximately 10 mm. 

of the electrode (see figure 5.7). For higher total flow rates, more dispersed deposition of 
particles over the electrode has been observed. 

Mushroom formation ( see figures E .1 to E.1 0, appendix E.1) is initiated by a small heap of 
particles that is generated at the centre of the electrode, which grows in a colurnnar 
structure until the tip reaches the sheath edge. Planar c!ouds of partic!es, trapped at the 
sheath edge (see figure E.2, appendix E.1), are attracted towards the tip and initiate 
horizontal growth. The height of the sheath edge, or sheath thickness s, is determined at (3 
± 1) mm, which agrees with values between 0.6 and 6 mm calculated in section 2.1.2 with 
electron density n, ranging from 1015 to 1017 m·3. The electron density n, during partiele 
deposition can be calculated from the sheath thickness s by means of equation 2.9, as 
being equal to (5 ± 3)·1015 m-3. This relatively low value for the electron density is 
expected, because many electroos will be used for charging the SiOx particles in the 
plasma, also reported by Stoffels et al. [28]. Due to the lower electron density in an 
Ar/TEOS/02 plasma, the sheath thickness is expected to be larger with respect to an 
argon plasma. Comparison of the sheath thickness between the two plasma systems (see 
figures E.1 and E.2, appendix E.1) shows the opposite. This can be explained by the 
observed lower de self bias in an Ar/TEOS/02 plasma, which also affects the sheath 
thickness (see equation 2.9) . 

The initia! growth of a mushroom-shaped structure always takes place in the centre of 
the electrode. Due to the curved shape of the sheath (see section 2.1), the electtic 
repulsion force on the particles is the lowest in the middle of the electrode and is too low 
to keep the growing particles trapped at the sheath edge. The particles are deposited into 
a colurnnar structure. The column of particles behaves like an isolated object in the 
plasma and will also acquire a surrounding sheath (see section 2.1.2). The potenrial 
difference of an isolated object with the surrounding plasma is approximately -14 V in an 
argon rf CCP, which is much lower than the observed potenrial difference over the 
sheath of the electrode (typically -100 V). Therefore, the electtic field will be much lower 
locally around the colurnnar structure. Consequently, when entering the sheath, the 
column attracts all trapped particles, resulting in a fast column growth (see figures E.11 
to E.16, appendix E.2). 

One way to prevent mushroom formation is to increase the total flow rate to at least 200 
seem. However, at these relatively high flows, only a small amount of particles can be 
trapped at the sheath edge (see section 5.2.3), which could be an undesired effect in a 
deposition procedure of hybrid films (see section 5.3). Another way to prevent mushroom 
formation is to lower the sheath thickness by changing the reactor pressure of the 
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discharge power (see [23] and section 2.1.3). However, the sheath thickness does not 
appear to be significandy affected by changing these two parameters (see figures E.17 to 
E.19, appendix E .3). The con tradietion with measurements catried out by Samarian et al. 
[23] is probably caused by the much higher pressures used in this project. The shape of 
the agglomerated particles (the mushrooms) does appear to change with these 
modifications, due to the change in de self bias of the electrode (see figures E.20 to E .22, 
appendix E .3). A lower de self bias results in a smaller difference with the floating 
potenrial of the heap of particles, so less preferabie deposition close to this heap takes 
place. Therefore, values of the power equal to 250 W or lower result in more extended 
partiele deposition instead of localized deposition into mushrooms. However, these low 
values of the power could result in lower partiele production and production rates (see 
section 5.2.3) and limited TEOS dissociation, which could negatively affect the 
composition of the particles (see section 5.2.4). 

5.2.2 Partiele detection 
As discussed in section 3.2, FTIR spectroscopy can be used to detect small particles 
(radius smaller than 500 nm), dispersed in a gas, by measuring their Rayleigh scattering or 
solid state absorption. However, both measurements are necessary to quantify the size 
and number density of the particles. A typical FTIR absorbance spectrum of Si02 

particles (see sections 5.1.1 and 5.1.2), formed and trapped in the plasma at the sheath 
edge (see section 2.1) , is shown in figure 5.8. The solid state absorption peaks of the Si02 

particles are clearly observed and match with the absorption peaks of the deposited Si02 

particles. So, the trapped particles also do not show surface vibrational peaks, only bulk 
vibrational peaks. Apparendy, the conditions for detecting surface vibrations (see 
sections 3.2 and 3.3) are not met, as with measurements catried out by Courteille et al. 
[29,30] and Hollenstein et al. [31] . The origin of the small, braad peak at 1300-1700 cm·1 

is not yet discovered, but it is not reproducible and could probably originate from 
baseline distortions due to the plasma (see discussion below). 

Figure 5.8 does not show a clear baseline tilt towards higher wavenumbers, apart from a 
small tilt originating at 4500 cm·1

• In this regime, the signal-to-noise ratio is, however, 
very small, so it might be difficult to derive any conclusions from this. The baseline tilt is 
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Figure 5.9 FTIR absorbance spectra, measured justafter argon plasma ignition, which show the appearance of 
baseline tilts during plasma activation. The spectra are measured evel)l 5 min. 
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Figure 5.10 FTIR absorbance spectra, measured justafter argon plasma deactivation, which show the gradua/ 
disappearance of baseline tilts. The spectra are measured evel)l5 min. 

found to be non-reproducible and it also appears in an argon plasma with no particles 
(see figure 5.9). As soon as the capacitively coupled plasma is ignited, the baseline of the 
measured spectrum starts to tilt towards higher wavenumbers. At the same time another 
tilt is observed towards lower wavenumbers. Both tilts continuously grow in time, 
without adding powder or precursor to the reactor, and therefore cannot be ascribed to 
Rayleigh scattering. As soon as the plasma is switched off again, both the tilts decrease in 
time (see figure 5.10). These tilts are most likely aresult of reactor hearing by the plasma, 
although the growth of the tilts does not seem to stabilize in one hour of plasma 
operation time (see figure 5.11). Neither the detector nor the souree are heated during 
plasma operation time. · 

It is hard to distinguish these tilts from baseline tilts due to Rayleigh scattering, because 
they are expected to be in the sameorder of magnitude, as found in literature (see figure 
3.5 [30] and figures B.1 [43] and B.2 [44], appendix B). The value for the partiele radius a, 
determined ex-situ in section 5.1.3 at approximately 40 nm, can be used to estimate the 
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Figure 5.12 Comparison between the solid state absorption peak of Si02 particles, measured by in-situ FTIR 
spectroscopy, and the simulated solid state absorption peak of Si02 particles, by making use of the 
theory described insection 3.3. 

partiele density. As described in sections 3.2 and 3.3, the bulk vibrational absorption 
peaks of amorphous Si02 have to be used to in order to simulate the in-situ measured 
absorption peaks of Si02 particles by means of equations 3.16 and 3.17. Calculations, 
shown in appendix F.1, have to be carried out to correlate the parameter d to the number 
density N. Figure 5.12 shows such a simulation, where the partiele number density N is 
determined at 1014 m·3• With these values for N and a, the baseline tilt due to Rayleigh 
scattering can be calculated with equations 3.11, 3.13 and 3.14. These calculations show 
that the baseline tilt at 5500 cm·1

, where the highest tilt is expected within the speetral 
range of the spectrometer, is no more than 5·10-5, which is too low to detect. 

The baseline distortions due to plasma hearing also arise as a problem when measuring 
the height or area of the absorption peaks in a FfiR absorbance spectrum. It is difficult 
to apply the right baseline correction for the above-mentioned effect. With many of the 
measurements, a linear baseline tilt is assumed, even when applying this to a relatively 
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large speetral range of 300 cm·1 as is the case of the quantification of the area of the 
peaks ofTEOS and solid state peak of SiOx (see sections 5.2.3 and 5.2-4). 
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Figure 5.13 Calibration of TEOS, where the area A of tour absorbance peaks of TEOS in the speetral range 900 
- 1300 cm·' is shown as a tunetion of the TEOS concentration at a tata/ pressure of 1 Torr. 

5.2.3 Partiele growth and trapping 
The growth and trapping of particles can be foliowed in time by measuring the solid state 
absorption peaks of SiO., as discussed in the previous sub-section. That section also 
explained the absence of Rayleigh scattering. As a consequence, information is only 
available on the amount of SiOx. So, for example, an increasing number of particles with 
constant partiele size cannot be distinguished from individual partiele growth with 
constant number density of particles. To distinguish the absorption peaks of the solid 
SiOx particles from those originating from gaseaus TEOS, the program 'PEAKFIT' has 
been used to deconvolute the peaks present in the speetral range 900 - 1300 cm·1

, as 
already discussed in section 4.3.1 and further explained in appendix C. 'PEAKFIT' has 
also been used to determine the total area of the absorption peaks of SiOx and TEOS, 
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which are both related to their concentrations, based on equations 3.17 and 3.9, 
respectively. The actual TEOS concentration can be determined by performing a 
calibration, as shown in figure 5.13. This calibration is used in this project to determine 
the unconsumed TEOS concentration from FTIR absorbance spectra. 

A typical time-dependent measurement of the area A of the solid state peak of SiOx 
particles and the unconsumed TEOS concentration [TEOS]"' is shown in figure 5.14. 
Three stages can be defined: (1) partiele formation, in which SiOx particles are formed in an 
Ar/ TEOS/02 plasma, (2) partiele trapping, in which some of the synthesized particles are 
trapped in an Ar plasma, and (3) partiele expulsion, in which the plasma is switched off and 
the trapped particles are all expelled and deposited (see also section 4.4). Suggested trend 
lines are shown to give a clearer insight in the partiele growth, partiele trapping and the 
change of unconsumed TEOS concentration during the whole partiele formation 
process. With the rest of such graphs, shown in this sub-section, the error bars are left 
out for clarity. The observed saturation of the amount of SiOx in the partiele formation 
stage can be explained with teaching equilibrium between partiele formation and partiele 
expulsion/ deposition. 

The way the values for the area of the solid state peak and the unconsumed TEOS 
concentration are calculated in each stage is more extensively explained in appendix G. In 
short, the following should be considered. Because the values of the areas of the peaks 
are determined from absorbance spectra, a single-beam background spectrum for each 
measurement has to be selected (see sections 3.1.2 and 3.1.3). Usually, one single 
background should be used in one time-dependent measurement to calculate the 
absolute values of the areas of the solid state peak and the TEOS peaks. However, due to 
baseline distortions and tilts, caused by plasma hearing (see section 5.1.3), it is chosen to 
use three different backgrounds in the three different stages (see appendix G). In the 
partiele formation stage the single-beam spectrum measured at time t = 0 min. is used as 
background to calculate the absorbance spectra. In the partiele trapping stage the last 
single-beam spectrum measured in the partiele formation stage is used as background. That 
is why the loss of particles is determined as opposed to the amount of trapped particles. 
The same holds for the partiele expulsion stage, in which the last single-beam spectrum 
measured in the partiele trapping stage is used as background. So, again the loss of particles 
is determined. It is expected that the area of the solid state peak is zero in the partiele 
expulsion stage, because no particles are formed or trapped anymore. However, figure 5.14 
shows a non-zero value in this stage, which can be ascribed to SiOx deposition on the 
cage or KBr windows. A suggested correction for this is to subtract this non-zero value 
from all the values in the whole partiele formation process. In this case it is assumed that 
all of the deposition on the windows or cage takes place before the first measurement 
instead of more gradually. In the rest of this sub-section this correction has been applied 
to the time-dependent measurements of the area of the solid state peaks of the SiOx 
particles. 

In figure 5.15 the time-dependent measurements of the area A of the solid state peak 
with varying TEOS concentration are shown. The partiele formation stage shows an 
increase of the amount of SiOx with increasing TEOS concentration, because a higher 
TEOS concentration results in more TEOS molecules available for partiele formation. 
Furthermore, a higher amount of trapped SiOx is found with increasing TEOS 
concentration. Possible less dense particles formed at higher TEOS concentrations can 
account for this, resulting in a lower gravitational force on the particles (see section 
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2.1.3). In literature [50,56,65] less dense Si02-like films are deposited with higher growth 
rates, when increasing TEOS concentration. 

In figure 5.16 the time-dependent measurements of the area A of the solid state peak 
with varying 0 2 concentration are shown. The partiele formation stage shows an increase in 
the amount of SiOx with decreasing 0 2 concentration, but this might be within the 
uncertainty (see figure 5.16). This recalls what discussed above: the lower the 
[0~ / [TE OS] ratio R is, the larger and the less dense the particles are. This has also been 

..... 4.5 :i 

.!i 
< 4 
cv 
~ 
cv 3.5 

3 

2.5 

2 

1.5 

0.5 

0 

0 

Figure 5.15 

..... 
4 :i 

.!i 
< 3.5 cv 
~ 
cv 

3 

2.5 

2 

1.5 

0.5 

2 4 

partiele trapping 
Ar plasma 

x x 
x x 

.. 

6 

x 

partiele • [TEOS) = 5% 
expulsion 
no plasma 

• [TEOS] = 20% 

x [TEOS) = 30% 

8 . . 10 
time [mm] 

Time-dependent measurements of the area A of the solid state peak of the SiO, particles with 
varying TEOS concentration. The remaining plasma conditions are: [Oz] = 50%, PccP = 300 W, 
pressure = 1 Torr, tata/ flow rate = 100 seem . 

partiele formation partiele trapping 
Ar!TEOS/02 plasma Ar plasma 

• • • • • 

·-- ~---- ~--- - ~--- -~ -

partiele • [02] = 30% 
expulsion 

no plasma 

0 ._-------,--------,--------r--------.--------,--~_.--~~~ 

0 

Figure 5.16 

2 4 6 8 10 12 
time [min] 

Time-dependent measurements of the area A of the solid state peak of the SiO, particles with 
varying 02 concentration. The remaining plasma conditions are: [TEOS] = 20%, PccP = 300 W, 
pressure = 1 Torr, tata! flow rate = 100 seem. As indicated in the figure, the deposition, and therefore 
also the partiele formation stage, stops after 3 min. at [Oz] = 70%. To put all the measurements in the 
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which no experimental data points are shown. The experimental data points continue in the partiele 
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Figure 5.17 Time-dependent measurements of the area A of the solid state peak of the SiOx particles with 
varying plasma power Pccp. The remaining plasma conditions are: {TEOS] = 20%, [02] = 70%, 
pressure = 1 Torr, total flow rate = 100 seem. 

found by Hollenstein et aL [31]. Furthermore, the amount of trapped SiO, increases with 
decreasing 0 2 concentration. This can again be explained with the less dense particles 
formed at lower 0 2 concentration, in other words at lower values of R. To prevent the 
formation of a musbroom (see section 5.2.1) at an 0 2 concentratien of 70%, the deposition 
was stopped after 3 minutes. It is assumed that no ftuther growth of the solid state peak 
would take place after 3 minutes, as is the case with the measurements at other 0 2 

concentrations. Furthermore, the suggested trend line in the partiele trapping stage at 30% 
0 2 concentratien is more probable than the experimental data points shown. Due to the 
large TEOS absorption peaks compared to the solid state peak of the particles lost in the 
partiele trapping stage at these conditions, the area of the solid state peak was difficult to 
determine and will consequently have a higher inaccuracy than the one shown in figure 
5.14. 

In figure 5.17 the time-dependent measurements of the area A of the solid state peak 
with varying plasma power Peer are shown. The amount of synthesized SiO, does not 
depend clearly on the plasma power, apart from a large difference between 300 and 400 
W. This difference can be explained with the increased depletion of TEOS (see figure 
5.18), so more TEOS molecules are fragmented to form SiO, particles. The reason that 
no ftuther increase of SiO, is observed at 500 Wis the full depletion of TEOS already at 
400 W (see figure 5.18). The partiele trapping stage shows the same amount of trapped SiOx 
with all plasma powers. When reviewing the equations for the fotces on particles (see 
section 2.1.3), it is expected to find more particles trapped at higher values of plasma 
power, because of the increased electrastatic force. Probably, the counteracting ion drag 
force also increases with increasing plasma power, due to the increased ion velocity close 
to the sheath, caused by an increased de self bias. The suggested trend line at 100 W of 
plasma power differs much from the shown experimental data points. As it was the case 
with low 0 2 concentrations, the relatively large TEOS peaks compared to the solid state 
peak made it more difficult to determine the exact area of the solid state peak and will 
consequently raise the error of the determined area. 

In figure 5.19 the time-dependent measurements of the area A of the solid state peak 
with varying total flow rate are shown. Due to the scattered data points and the 
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unexpected behaviour at 200 seem in the partiele formation stage, caused by a shotter 
averaging time and the occurrence of fluctuating TEOS flow rates (see fi.gure 5.20), no 
conelusions can be drawn from this stage. The partiele trapping stage shows that a higher 
amount of trapped SiO, is found at lower flow rates. This can be explained with the 
decreased neutral and ion drag fotces due to the decreased total flow rate (see section 
2.1.3). Lower flows could not be investigated, due to the formation of mushrooms already 
after three minutes in the partiele formation stage. 

In sumrnary, this sub-section provides information on the way partiele growth and 
partiele trapping can be controlled. Cantrolling partiele growth is for most of the 

..... 5 
;j 

.!!!. 
4.5 

<( 

tV 
~ 4 
tV 

3.5 

3 

2.5 

2 

1.5 

0.5 

partiele formation 
Ar/TEOS/02 plasma 

••• 
• 

• 

partiele trapping 
Ar plasma 

• 

partiele 
ex pulsion 

no plasma 

• 100 seem 

• 200 seem 

x 300 seem 

0 +------.------.------.-----.------;------.------.-~~~~~~ 

0 

Figure 5.19 

2 4 6 B 10 12 14 16 18 

time [min] 

Time-dependent measurements of the area A of the solid state peak of the SiOx particles with 
varying total flow rate. The remaining plasma conditions are: [TEOS] = 20%, [02] = 70%, PccP = 300 
W, pressure = 1 Torr. 

41 



~ 

:i 
~ 
"( 

"' 0.5 
~ 

"' 
0.4 

0.3 

0.2 

0.1 

0 2 

RESUL TS AND DISCUSSION 

partiele formation 
Ar/TEOS/02 plasma 

4 6 8 10 

partiele trapping 
Ar plasma 

12 14 

partiele 
ex pulsion 
no plasma • 1 00 seem 

~ 200 seem 

x 300 seem 

16 18 

time [min] 

Figure 5.20 Time-dependent measurements of the concentration of unconsumed TEOS [TEOS]uc with varying 
total flow rate. The remaining plasma conditions are: [TEOS] = 20%, [Oz] = 70%, PccP = 300 W, 
pressure = 1 Torr. 

measurements difficult to pred.iet and understand, which might be caused by the 
simultaneous deposition of SiOx on the cage or KBr windows. So this information might 
not be so useful. However, this sub-section clearly shows the effect of several process 
parameters on partiele trapping. A lower value of the [Oz] / [TE OS] ratio R results in a 
higher amount of trapped SiOx, probably due to the less dense particles. An effect of this 
lower value of R on the composition of the particles is described in section 5.2.4. The 
lower density and different composition might deteriorate the properties with respect to 
Si02• The plasma power does not affect the amount of trapped SiO,, so the plasma 
power can be modified freely for convenience. However, low plasma powers (below 300 
W) result in relatively low partiele production rates and high plasma powers (above 300 
W) result in an increased hearing of the reactor by the plasma, which causes some 
inconvenience (e.g. larger baseline tilts and failure of some parts of the reactor). Finally, 
the amount of trapped SiOx is strongly affected by the total flow rate. Low flow rates 
seem to trap the highest amount of particles. However, an adverse side effect of 
depositing at low flow rates is the localized partiele deposition in the shape of mushrooms. 
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Figure 5.21 A typical FTIR absorbance spectrum measured while synthesizing SiO, particles in an Ar!TEOS/02 

plasma. The assignment of several peaks to present species is also shown [32,35,54,69-71]. The 
plasma conditions are: [TEOS] = 20%, [Oz] = 50%, PccP = 300 W, pressure = 1 Torr, total flow rate = 
100sccm. 
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Several conditions have been found in which SiOx particles are formed, described in the 
previous sub-sections. The change in composition of the particles with different plasma 
parameters has not been discussed so far. In sections 5.1.1 and 5.1.2 the composition of 
particles formed at one set of conditions has been determined. This sub-section will 
describe the change in composition at other conditions based on the change in the shape 
and frequency of the solid state absorption peak of the SiOx particles and the change in 
plasma chemistry, determined by means of FI'IR spectroscopy. 

A typical FI'IR absorbance spectrum measured while synthesizing SiOx particles is 
shown in figure 5.21, which shows the presence of TEOS, solid SiOx particles (see 
section 5.2.3 and appendix D for the deconvolution of the broad peak at 900 - 1300 cm· 
\ hydrocarbons and oxidized species (for the assignment see also table A.3 in appendix 
A). Raynaud et al. [71] and Magni et al. [54] found the same reaction products in their 
TEOS/02 and HMDS0/ 0 2 plasmas, respectively. However, Raynaud et al. found CH20 
at 1749 cm-1 and Magniet al. CH20 at 1725 cm-1 and CH20 2 at 1783 cm-1

• Basedon the 
larger agreement of measured frequency (1776 cm-1) with literature [35,69] (1746 cm·1 for 
CH20 and 1770 cm-1 for CH20z) and the appearance of a relatively small peak at 11 OS 
cm·1 (only present with CH20 2 [35,69]), it can be hypothesized that mainly CH20 2 is 
formed in our case. 

Several spectra have been recorded with varying TEOS concentration (see figure 5.22), 
0 2 concentration (see figure 5.23) and plasma power PcCP (see figure 5.24). These figures 
will be discussed more quantitatively below. It is already important to note that no 
oxygen-containing species, like CH20 2 and C02, are formed from TEOS without the 
presence of oxygen in the plasma. This means that the Si-0 bonds in TEOS molecules 
are less probable to break in the plasma, opposite to 0-C and the C-C bonds (see figure 
3.2 for the chemica! structure of TEOS). This contradiets the measurements carried out 
by Raynaud et al. [71], who found CO and C02 in a microwave (2.45 GHz) plasma [72] 
fed only with TEOS. Apparently, the microwave plasma is more efficient in breaking up 
TEOS molecules than the CCP used in this project (see section 5.1). However, they also 
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Figure 5.22 FTIR absorbance spectra, measured during SiOx partiele formation in an Ar/TEOS/0 2 plasma with 
varying TEOS concentration. The remaining plasma eonditions are: [02] = 50%, PccP = 300 W, 
pressure = 1 Torr, total flow rate = 100 seem. 
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Figure 5.23 FTIR absorbance spectra, measured during SiO, partiele formation in an Ar/TEOS/0 2 plasma with 
varying 0 2 concentration. The remaining plasma conditions are: [TEOS] = 20%, PccP = 300 W, 
pressure = 1 Torr, tata/ flow rate = 100 seem. 
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Figure 5.24 FTIR absorbance spectra, measured during SiO, partiele formation in an Ar/TEOS/Oz plasma with 
varying plasma power Pccp. The remaining plasma conditions are: [TEOS] = 20%, [02] = 50%, 
pressure = 1 Torr, tata/ flow rate = 100 seem. 

found the easier scission of the C-0 and C-C bonds with respect to the Si-0 bonds. 

As already observed in the absence of oxygen, the depletion of TEOS is relatively high 
(approximately 91%, see below). We can therefore hypothesize that the dissociation of 
TEOS is mainly governed by means of electron impact [19 ,51 ,66]: 

The reaction products Si(OC2H5) 30H and C2H 4 can be further dissociated into SiOxHy 
radicals, needed for the synthesis of SiOx particles [51], and CHx radicals to form C2H2 

and CH4, also reported by Magni et al. [54] for the dissociation of HMDSO in a plasma. 
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Figure 5.25 The area A of the solid state peak of the SiO, particles and the concentration of unconsumed TEOS 
[TEOS]uc as a tunetion of the TEOS concentration. The inset shows the concentration of consumea 
TEOS [TEOS]c as a tunetion of the TEOS concentra !ion. The remaining plasma conditions are: {02} = 
50%, PccP = 300 W, pressure = 1 Torr, total flow rate = 100 seem. 

The TEOS molecules can also be dissociated by means of reacrions with atomie oxygen 
[19,51,66] : 

Again, the reaction products can be further dissociated and reacted into SiOx particles 
and oxidized hydrocarbons, like CH20 2, CO and C02 [54]. 

Figure 5.25 shows the amount of synthesized SiOx and the unconsumed TEOS with 
varying TEOS concentration. A possible small increase of the amount of SiOx with 
increasing TEOS concentration could be caused by a higher amount of TEOS molecules 
available for partiele formation, but this increase is relatively low compared to the error. 
The consumed TEOS concentration, shown in the inset of tigure 5.25, increases above 
20% TEOS concentration, where the amount of SiOx seems to saturate. For example, at 
30% TEOS concentration, the additional 10% TEOS concentration compared to 20% 
TEOS concentration is not used for partiele synthesis. Probably, above 20% TEOS 
concentration, more TEOS molecules react and deposit on the upper part of the cage, 
but this is not detected in the lower situated infrared beam of the FTIR spectrometer. In 
section 5.2.3 the deposition on the KBr windows or cage in the path of the infrared 
beam was already shown. The chemistry of the particles seems to change slightly with 
increasing TEOS concentration, based on the decreasing frequency of the solid state 
peak (see tigure 5.26). This could indicate a slightly increasing departure from Si02 

particles towards SiOxC)-Iz particles, which match with the slight decrease of the 
shoulder of the solid state peak with increasing TEOS concentration (see tigure 5.26). At 
high TEOS concentrations the oxygen concentration is probably not high enough to 
combust the carbon groups of all TEOS molecules [65]. 

This can also be found in the change of plasma chemistry from a plasma with mainly 
fully oxidized hydrocarbons at low TEOS concentration to a hydracarbon abundant 
plasma at higher TEOS concentration (see tigure 5.27). The concentration of C02, and 
the concentration of CH20 2 above 20% TEOS concentration, decreases with increasing 
TEOS concentration and constant oxygen concentration. So, as more CHx radicals are 
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Figure 5.26 The solid state peak of the synthesized SiOx particles, measured at various TEOS concentrations. 
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The inset shows the measured frequency of the solid state vibration as a tunetion of TEOS 
concentration. The remaining plasma conditions are: [02] = 50%, PccP = 300 W, pressure = 1 Torr, 
tata/ flow rate = 100 seem. 
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Figure 5.27 The height of the absorption peaks of several species as a tunetion of the TEOS concentration. The 
remaining plasma conditions are: [02] = 50%, PccP = 300 W, pressure = 1 Torr, tata/ flow rate = 100 
seem. 

formed with increasing TEOS concentration, less of them combust, so a higher amount 
of oxygen reacts with TEOS molecules or TEOS fragments. Due to the higher amount 
of TEOS, this could still mean that approximately the same amount of oxygen is 
available for the formation of SiOx particles, relatively to the amount of TEOS 
molecules. In that case, only small changes in the chemistry of the particles can be 
expected, as described above. 

More pronounced changes in partiele and plasma chemistry are expected when varying 
the 0 2 concentration over a wide range, as described below. Changes in the amount of 
synthesized SiOx and unconsumed TEOS is shown in figure 5.28. The decrease of the 
amount of SiOx above 50% 0 2 concentration is not yet understood. Furthermore, the 
chemistry of the SiOx particles also changes from SiOx (with x < 2) to stoichiometrie 
Si02 with increasing 0 2 concentration, based on the increased frequency and increased 
shoulder of the solid state peak (see figure 5.29). These two increasing features are 
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Figure 5.29 The solid state peak of the synthesized SiO, partieles, measured at various 0 2 eoneentrations. The 
ins et shows the measured frequeney of the solid state vibration as a tunetion of the 0 2 eoneentration. 
The remaining plasma eonditions are: [TE OS]= 20%, PccP = 300 W, pressure = 1 Torr, tata/ flow rate 
= 100seem. 

characteristic for the increasing preserree of an amorphous Si02 network (see section 3.3 
anci [47]) . The increase of the frequency above 1090 cm·1 (useci as the literature value in 
section 3.3) can be causeci by the increaseci preserree of Si-OH boncis in the particles, 
which increases the average angle in the Si-0-Si boncis (see section 3.3). The preserree of 
these boncis in the synthesizeci particles coulci not be verifieci by means of FI'IR 
spectroscopy, ciue to the relatively low signal-to-noise ratio in the specific wavenumber 
region. Baseci on the measureci frequency of the solici state peak anci the preserree of a 
shoulcier at 0 2 concentrations larger or equal to 30%, it is expecteci to finci Si02 particles 
at all these conditions. The increase of 0 2 concentration over 30% might only favour the 
preserree of Si-OH boncis, which cieteriorate the properties of the Si02 material. 

The change in plasma chemistry with increasing 0 2 concentration shows a shift from a 
plasma with only hycirocarbons to a plasma with a higher amount of oxidizeci 
hydrocarbons (see tigure 5.30). C2H 2 anci C2H4 (not shown) molecules and CHx radicals 
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Figure 5.30 The height of the absorption peaks of several species as a tunetion of 0 2 concentration. The 
remaining plasma conditions are: [TEOS] = 20%, PccP = 300 W, pressure = 1 Torr, tata/ flow rate = 
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react with atomie oxygen to farm mainly C02, CH20 2 and H 20 (not shown). CH20 2 is 
further oxidized into C02 at higher oxygen concentration. The concentration of CH4 

seems to remain constant with increasing 0 2 concentration, but, due to the large 
inaccuracy of the values, it is hard to conclude. Based on this change in chemistry, it is 
expected to detect carbon within the particles at relatively low 0 2 concentration. Ray et al. 
[65] reported the necessity of the presence of oxygen to cambust the carbon groups of 
TEOS. Other authors [66,68] reported minimum values for the [0~/[fEOS] ratio of 2 
in order to deposit Si02 films as opposed to SiOxC)-Iz films. These values agree well with 
the values found in this project. 

Finally, the influence of the plasma power PcCP on the partiele and plasma chemistry has 
been studied. Figure 5.31 shows an increasing amount of dissociated TEOS and a 
consequent increasing amount of synthesized SiOx. The saturation of SiOx at high values 
of the plasma power (above 400 W) is caused by the almast full depletion of TEOS at 
these high values. Based on observations of the resulting deposition on the electrode, the 
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power can shift the plasma from a film depositing system at low values of the plasma 
power (below 300 W) to a particle-synthesizing system at high values of the plasma 
power (above 300 W). This might be explained by an increased fragmentation of the 
TEOS molecules at higher powers, in which most of the carbon groups are dissociated 
from the molecules, leaving SiOx radicals for the formation of particles. At lower powers, 
some carbon groups might still be present with several TEOS fragments, which are more 
likely to deposit SiOxC!lz films as opposed to synthesize particles. In that case, the 
increased fragmentation of the TEOS molecules at high powers results in denser 
particles, which shift the Si-0-Si vibrational frequency in the FTIR spectrum to lower 
values, as shown in figure 5.32. Figure 5.33 shows no clear changes in the concentration 
of hydrocarbons and C02 at various plasma powers. Tagether with the same shape of 
the peak at different values of plasma power, this points to approximately the same 
composition of the particles at various values of power, while the density might be 
different, as discussed above. 
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Figure 5.32 The solid state peak of the synthesized SiOx partieles, measured at various plasma powers. The 
inset shows the measured frequeney of the solid state vibration as a tunetion of the plasma power 
Pccp. The remaining plasma eonditions are: [TEOS] = 20%, [02] = 70%, pressure = 1 Torr, tata/ flow 
ra te = 100 seem. 

~ 0.04 :i 
.!!. 
E 0.035 
Cl 
Gi s::. 

0.03 

0.025 

0.02 

0.015 

0.01 

0.005 

0 
0 

Figure5.33 

f 
f f 

....... ~ . - ..... -- .. - .... - .... ~ , .... .. .. .. .. • • . ..... L • 

i 

100 200 300 400 500 600 

PccP [W] 

The height of the absorption peaks of several species as a tunetion of the plasma power Pccp. The 
remaining plasma eonditions are: {TEOS] = 20%, {02] = 70%, pressure = 1 Torr, tata/ flow rate = 100 
seem. 

49 



RESUL TS AND DISCUSSION 

As expected from literature [19 ,51 ,66], the dissociation of TEOS is found to be mainly 
governed by electron impact, based on the relatively high depletion of TEOS, already 
observed in the absence of oxygen. The increase of the TEOS concentration over a 
certain value seems to lead mainly to the deposition of SiOxC/{z films on the cage and 
the synthesis of carbon-containing SiOx particles as opposed to the synthesis of carbon
free SiOx particles. This is caused by the relatively low 0 2 concentration and/ or plasma 
power at high TEOS concentrations to remave the carbon groups from the TEOS 
molecules. An oxygen deficient system also synthesizes a smaller total amount of SiOx 
particles (with x :S 2). The correlation of the partiele chemistry with the plasma chemistry 
at various plasma conditions was used to develop the knowledge of partiele chemistry, 
discussed above. 

5.3 Deposition of hybrid films 

The two previous sections described the synthesis of SiOx particles. Conditions have 
been found to form carbon-free Si02, which is preEerred over carbon-containing SiOx (x 
< 2) particles, because of its superior mechanica! properties, as discussed in section 5.1. 
Trapping conditions for these particles have been found, which could be used (see 
section 5.3.2) or have to be avoided (see section 5.3.1) when depositing hybrid films. One 
thing that has to be avoided or minimized is the localized deposition of particles or, even 
worse, the formation of mushrooms (see section 5.2.1). 

Based on this discussion, two procedures for the deposition of hybrid films have been 
tested. As discussed in chapter 1, CH4 has been used to deposit hydrogenated amorphous 
carbon (a-C:H) films. With simu!taneous deposition, described in the first sub-section, 
precursors for both partiele synthesis and film growth are simultaneously injected to the 
reactor. With sequentia! deposition, described in the second sub-section, the particles are 
first synthesized and trapped, foliowed by the deposition of an a-C:H film. After that, 
calculations of partiele size and number density will be shown. The analysis of hybrid 
films by means of ex-situ FTIR spectroscopy will be described in the last sub-section. 

5.3.1 Simultaneous deposition of hybrid films 
As described insection 4.4, with simu!taneous deposition, TEOS, 0 2 and CH4 are injected in 
the Ar plasma in order to synthesize particles and simultaneously deposit an a-C:H fllm. 
To make sure that the particles are not trapped at the sheath edge, but deposited into the 
growing f1lm, relatively high flow rates of 200 seem or higher have to be used (see section 
5.2.3). With these high flow rates, localized partiele deposition is also minimized (see 
section 5.2.1). 

When performing a simultaneous deposition, no a-C:H film deposition beside partiele 
synthesis takes place. When camparing the FTIR spectrum, measured during 
simultaneous deposition (Ar/TEOS/02/CH4 plasma) with the one measured during 
partiele deposition (Ar/TEOS/02 plasma), no striking diEferences can be observed, apart 
from the increase of CH4 absorption peaks (see figure 5.34). This behaviour could have 
already been expected from the presence of undissociated CH4 in an Ar/TEOS/02 

plasma, which means that the plasma power is insufficient for the decomposition of all 
CH4 molecules. Additional CH4, when performing a simultaneous deposition, will 
therefore not dissociate. So, simultaneous deposition, performed in this way, will not 
result in the deposition of a (hybrid) f1lm. 
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Figure 5.34 FTIR absorbanee spectra of an Ar!TEOSIO:ICH. plasma, measured during simultaneous deposition, 
and of an Ar!TEOS/0 2 plasma, measured during partiele deposition. The plasma eonditions are: 
{TEOS] = 20%, {02] = 50%, {CH.] = 20%, PccP = 300 W, pressure = 1 Torr, tata/ flow rate = 200 
seem. 

5.3.2 Sequentia! deposition of hybrid films 
Because the two precursors for both partiele synthesis and fihn deposition cannot be 
injected simultaneously in the plasma reactor, they have to be added aftereach other. To 
make sure that the particles are incorporated in the growing film, the particles need first 
to be synthesized and trapped in the plasma. After that, the deposition of hydrogenated 
amorphous carbon (a-C:H) by means of CH4 takes place, in which the particles are 
removed from the sheath edge ( see section 2.1) and are incorporated into the growing 
fihn (see also section 4.4). However, it is not likely that particles that are trapped in an 
argon plasma will be "pushed" from the sheath edge by the CHx raclicals to deposit in the 
growing a-C:H film in a CH4/ Ar plasma. Maybe the trapped particles will be coated with 
amorphous carbon and will grow to large enough sizes to be expelled from the sheath 
edge ( see sections 2.1.3 and 2.2.1) . This could be a way to incorporate the particles in a 
growing film. 

A requisite for the use of a sequentia! deposition is that a large percentage of the synthesized 
particles are trapped at the sheath edge of the plasma. Based on the results of section 
5.2.3, a relatively low [0~/[TEOS] ratio (30/20), a relatively low flow rate (100 seem) 
and an arbitrary value of the plasma power (300 W) have to be used to trap as many 
particles as possible. Due to the high production rate of particles, a relatively low partiele 
formation time has to be used (1 min.). The reproducibility of these trapping conditions 
has been verified within the accuracy of the measurements (see figure 5.35) , even with 
the preserree of Si02 or a-C:H fihns on the electrode from previous runs. However, the 
synthesized powder contains some amount of carbon, as observed with ex-situ FTIR 
measurements. In this way, it is clifficult to clistinguish carbon contents in the particles 
from carbon deposition around the particles with FTIR spectroscopy. So, conditions 
have to be chosen in which carbon-free SiOx particles are synthesized with reasonable 
partiele trapping. When lowering the TEOS concentration to 10%, carbon-free Si02 

particles are synthesized (see sections 5.1.1 and 5.1.2) with expected reasonable partiele 
trapping. 
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Figure 5.35 Time-dependent measurements of the area A of the solid state peak of the SiOx particles, measured 
twice with the same conditions to check the reproducibility of the trapping conditions. The plasma 
conditions are: [TEOS] = 20%, [02] = 30%, PccP = 300 W, pressure = 1 Torr, total flow rate = 100 
seem. 

The procedure of sequentia! deposition can be divided into four stages (see also sections 
4.4 and 5.2.3): (1) partiele formation, in which Si02 particles are formed in an Ar/TEOS/02 

plasma, (2) partiele trapping, in which some of the synthesized particles are trapped in an 
Ar plasma, (3) CH4 deposition, in which the deposition of a-C:H films takes place in an 
Ar/CH4 plasma, (4) partiele expulsion, in which the particles are expelled from the plasma, 
when the plasma is switched off. On the basis of in-situ FTIR spectra, the procedure of 
sequentia! deposition will be discussed per stage. 

Figure 5.36 shows the FTIR absorbance spectrum of the partiele formation stage. A small 
amount of TEOS (approximately 0.2%) is detected around 3000 cm·\ which could not 
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Figure 5.36 FTIR absorbsnee spectra, measured in the partiele formation stage and the partiele trapping stage. 
To ca/culate these absorbsnee spectra, a single-beam FTIR spectrum, recorded just befare starting 
the partiele formation stage, was used as background (see sections 3.1.2, 3.1.3, 5.2.3 and appendix 
G). The plasma conditions tor these stages are: [TEOS] = 10%, [02] = 30% (in the partiele formation 
stage), PccP = 300 W, pressure = 1 Torr, tata/ flow rate = 100 seem. 
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be detected in the range 900 - 1300 cm-1
, due to the large overlap of the solid state peak. 

Furthermore, small baseline tilts at high and low wavenumbers are observed. From the 
baseline tilt of approximately 0.01 at 500 cm-1

, it is expected to find a baseline tilt at 5500 
cm-1 wavenumbers of approximately 0.006 (see section 5.2.2), which agrees with the 
value of the baseline tilt at 5500 cm-1, observed in figure 5.36. The observed baseline tilts 
can therefore be ascribed to plasma hearing. 

In the partiele trapping stage approximately 33% of the amount of synthesized Si02 is 
trapped (see figure 5.36). No baseline corrections have been applied. The shape of the 
absorption peak of the trapped particles looks somewhat different than that of the 
particles synthesized in the partiele formation stage, but it is hard to teil, due to the relatively 
low signal-to-noise ratio. The maximum of the absorption peak seems to be located at 
the same frequency. So, the trapped particles will probably not have a different 
composition than the lost particles. 

In the CH4 deposition stage a gradual increase of the baseline tilt at high wavenumbers of 
the FTIR absorbance spectra is observed, tagether with the appearance of solid CHx 
peaks (see figure 5.37). The increase of the baseline tilt at higher wavenumbers cannot 
only be ascribed to plasma hearing. Compared to the increase of the baseline tilt at low 
wavenumbers, a baseline tilt at high wavenumbers due to plasma hearing is expected to 
be much lower (see section 5.2.2). Therefore, wethink that a considerable amount of the 
baseline tilt at high wavenumbers can be ascribed to Rayleigh scattering of Si02 particles, 
coated with an a-C:H layer. So, despite the inability to detect Rayleigh scattering with 
small, uncoated Si02 particles, it can be detected for the coated Si02 particles, due to the 
higher total radius of the particles and the larger complex refractive index of a-C:H 
compared to Si02 (see equation 3.11). 

This can be verified when studying the FTIR absorbance spectrum of the partiele expulsion 
stage (see figure 5.38). Next to the solid statepeaks of the Si-0-Si vibrations and the CHx 
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Figure 5.37 FTIR absorbance spectra, measured in the CH4 deposition stage. To calculate these absorbance 
spectra, a single-beam FTIR spectrum, recorded just befare starting the CH4 deposition stage, was 
used as background. The plasma conditions tor this stage are: [CH4) = 40%, PccP = 300 W, pressure 
= 1 Torr, tata/ flow rate = 100 seem. 
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Figure 5.38 FTIR absorbance spectrum, measured in the partiele expulsion stage, with two simulations of a 
baseline tilt due to Rayleigh scattering. A simu/ation of the solid state peak is also shown. Ta 
calculate this absorbance spectrum, a single-beam FTIR spectrum, recorded just befare the end ol 
the CH4 deposition stage, was used as background. The conditions tor this stage are: [Ar} = 100%, 
pressure = 1 Torr, tata/ flow rate = 100 seem. 

vibrations, a relatively large baseline tilt is observed, which again is too large to ascribe 
only to plasma hearing. Due to earlier observations when studying partiele trapping 
conditions (see section 5.2.3), the baseline tilt at high wavenumbers can be fully ascribed 
to partiele scattering. However, Rayleigh scattering would appear as a baseline tilt with a 
wavenumber-to-the-power-four relation (see section 3.2), as shown by the simulations in 
figure 5.38. Examples of Rayleigh scattering, found in literature (see figure 3.5 [30] and 
figures B.1 [43] and B.2 [44], appendix B), also show relatively straight baseline tilts in the 
FTIR absorbance spectra. Courteille et al. [30] did not mention this and used the 
equations (3.11 and 3.14) for Rayleigh scattering to fit the baseline tilt up to 4000 cm-1

• 

Stoffels et al. [28] explained this diEferenee with the transition to Mie scattering with a 
wavenumber-to-the-power-two relation [41] at higher wavenumbers, because the 
condition for Rayleigh scattering (27ra/'A « 1) might not be valid at high wavenumbers. 
Therefore, two possible baseline fits can be used, as shown in figure 5.38: one which fits 
the baseline tilt at 1300- 3000 cm·1 and one which fits a larger region (1300- 4000 cm-1

). 

Both are used in the next sub-section to calculate the size and number density of the 
( coated) particles. 

5.3.3 Partiele calculations 
Section 3.2 explained how the results of fitting absorption peaks and baseline tilts can be 
combined to determine the radius a and number density N of the particles. In these 
calculations, it is assumed that the particles consist of one material with known optical 
constants. In the case of Si02 particles, coated with a-C:H, three instead of two unknown 
parameters have to be determined, i.e. the radius a1 of the uncoated Si02 particles, the 
radius a2 of the coated Si02 particles and the number density N of the coated particles. 
Because only two equations can be derived, i.e. the fit of the absorption peak and the fit 
of the baseline tilt, only two of the three parameters can be determined, based on an 
assumed value of the third parameter. 
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Before the calculations are performed, several assumptions for making these calculations 
should be considered. First of all, when making use of the equation for Rayleigh 
scattering ( equation 3.11 ), the particles are assumed to be spherical and the scattering is 
independent (see section 3.2). Furthermore, all the trapped particles are assumed to be 
equal in size and homogeneously coated with equallayer thickness of an a-C:H film. To 
make a better estimation of one of the parameters (see below), the trapped and lost 
particles are assumed to have the same size. Finally, assumptions are made for the dfective 
optica! constants of the coated Si02 particles. One way is to calculate the dfective complex 
refractive index iieff by means of an dfective medium approximation [60,73], shown in equation 
5.1: 

(5.1) 

where V Si02 is the volume of the Si02 particle, va-Cl/ the volume of the hydrogenated 

amorphous carbon (a-C:H) film around the particle, n5i0
2 

the complex refractive index of 

amorphous Si02 and ~,-CJ-1 the complex refractive index of hydrogenated amorphous 
carbon. Because the last is not exactly known in literature, due to the large variety of 
deposition conditions [74], and because iieff cannot be calculated beforehand, values for iieff 
are assumed, based on literature values for a-C:H [74]. Some possible volume ratios of 
both materials are assumed as well (see for further explanations of the calculations 
appendices F.1 and F.2). 

As discussed above, not all parameters can be determined exactly, so estimations for the 
radius a1 of the Si02 particles have to be made in order to calculate the other parameters 
a2 and N. A table can be made with varying values of a, with the calculated values of a2 

and N per value of a, (see tables F.l to F.6, appendix F.2). Based on the absence of 
Rayleigh scattering in the partiele formation stage, a maximum value for a, can be 
determined. Another restrietion is the calculated value of ii

0
_c-11 per value of a1, based on 

the assumed value of ii1!. Too high or too low values of iio-c-1-1 will not be trusted [74]. A 
last restrietion that has been used is the transition of Rayleigh scattering to Mie scattering 
at a certain wavenumber, derived from 2Jra/J... = 1. Of course, this transition will be more 
gradually than at a certain wavenumber, but it might be a good indication for the 
frequency range in which Rayleigh scattering is valid. These three restrictions are also 
added to tables F.l to F.6 in appendix F.2. 

Table 5.2 

-2 
n." 

4.61 + 
0.32i 

5.90 + 
0.36i 

7.46+ 
0.60i 

Possible range of values of a, , a2 and N, based on three assumed values of the effective optica/ 

constants n;" and on restrictions, indicated in this table. The ca/culated complex refractive index of 

~ R J ' h b J"d I h the a-C:H film and the maximum wavenumber or ayte1gt scattenng to e va1 are a so s own. 

N rm-'1 
-2 

2rra2 [cm-'] fit range [cm-'] a, [nm] a2 [nm] na-C:H restrictions used 

1300-3000 110-140 236-246 (2.2-2.9) ·1 012 4.9+0.36i 6458-6745 absence of scattering 
by Si02 particles and 

1300-4000 90-140 196-226 (2.2-5.3)·1 012 4.9+0.36i 7032-8120 n;_C H > 4.9 + 0.36i 

1300-3000 < 140 70-232 2.9·1012-3.9·1015 > 6.36+0.40i 6865-22768 absence of scattering 

1300-4000 < 140 64-213 2.9·1 012-3.9·1 015 
> 6.52+0.42i 7475-24791 

by Si02 particles 

1300-3000 10 69 3.9·1015 7.48+0.60i 23219 
n:-C.H < 7.48 + 0.60i 

1300-4000 10 63 3.9·1015 7.48+0.60i 25282 

For three chosen values of iieff (see appendix F.2), calculations have been carried to 
estimate the parameters a,, a2 and N for the two ways of fitting the baseline, as discussed 
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in section 5.3.2. The results of this are shown in table 5.2. Due to one unknown 
parameter and the unknown values of iitJf> a relatively large range of values of the 
parameters is acquired. Based on the radius determined in section 5.1.3 of particles 
synthesized at similar conditions, values of a1 below 30 nm are not trusted. If one 
consiciets val u es of a1 from 30 to 140 nm, val u es of a2 vary between 110 and 270 nm, 
respectively. So an a-C:H film of approximately 80 - 130 nm is deposited on top of the 
Si02 particles. With these values, reasonable values for iia-CH are found, compared to 
literature [74]. The condition for Rayleigh scattering (2JratA. « 1) might not be fulfilled in 
all cases, because the maximum wavenumber for Rayleigh scattering tobevalid (see table 
5.2) lies in some cases close to the fitted wavenumber range. This could agree with the 
observed deviations of the baseline tilt. 

Several assumptions have been made in order to perform the calculations described 
above and in appendices F.1 and F.2. The assumption that scattering of the particles is 
independent, i.e. the scattered intensities of all the particles can be added, is only valid if 
the mutual distance of the particles is roughly three times higher than their radius. If the 
particles are assumed to be located in a small disc (with 1 mm in height and a radius of 
2.5 cm) in the middle of the electrode, as observed in the reactor during partiele 
formation (see section 5.2.1), the minimum mutual distance can be calculated at 
approximately 1400 nm (see appendix F.3). So this results in a maximum radius for 
independent scattering to be valid of approximately 500 nm, which is much higher than 
the values determined in table 5.2. Furthermore, if only half of the particles are coated 
insteadof all, as assumed with the calculations, the determined value of N is actually 50% 
lower. This results in approximately 20 nm lower values of a1 and a2• The assumption that 
the trapped and coated particles all have the same size will not greatly influence the 
results. Due to the large dependenee on the radius with Rayleigh scattering, the 
determined values of the radius a2 will be close to the radius of the most abundant 
present particles. 

5.3.4 Analysis of hybrid films 

Figure 5.39 A picture of a powdery film, deposited by means of sequentia/ deposition on a Si water, placed in the 
centre of the electrode. In the middle of the water mainly white powders are obseNed and at the 
edges more brownish powdery films are seen. The plasma conditions are: {TEOS] = 10%, [02] = 
30%, PccP = 300 W, pressure = 1 Torr, total flow rate = 100 seem. 

The coated and uncoated particles, synthesized with sequentia! deposition, deposit into 
white/brown powdery films (see figure 5.39). Based on earliet observations, a schematic 
cross section of the deposit in the middle of the wafer and the deposit at the edge of the 
wafer can be made (see figure 5.40). The FTIR absorbance spectra of the uncoated 
particles and the underlying Si02 film have been determined independently (see also 
section 5.1.1) and are shown in figure 5.41. The carbon contaminations visible for the 
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Figure 5.40 Schematic cross sections of the deposits in the middle of the water (uncoated powder, left) and on 
the edge of the water (partly coated powder, right). 

uncoated Si02 particles completely originate from the underlying carbon-containing Si02 

film. The measured FfiR absorbance spectrum of the brown/white powdery flim at the 
edge of the wafer is also shown in this figure. The shape of the Si-0-Si absorption peak 
of the powders (uncoated and partly coated) is similar, apart from the 10 cm-1 shift to 
lower frequencies of the absorption peak of the partly coated powder. Probably, the 
presence of an a-C:H flim around the Si02 particles results in less Si-OH boncis or 
denser particles, which decrease the frequency of the Si-0-Si vibration (see section 3.3). 
This decrease of the frequency of the Si-0-Si vibration could not be detected in the gas 
phase (see figures 5.36 and 5.37), due to the relatively low signal-to-noise ratio. The solid 
CH, peaks can be observed in the case of coated Si02 particles. These peaks match with 
the peaks, detected in-Jitu on the trapped, coated particles (see figure 5.38). 

In surnmary, ex-Jitu FTIR spectroscopy detected Si02 particles, coated with a-C:H, which 
are mainly found in a circle around the centre of the electrode. However, the FfiR 
measurements could not provide information yet on the amount of a-C:H between the 
particles to forma transparent hybrid nanocomposite by means of sequentia! deposition. 
Future studies have to clarify these issues. 
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Figure 5.41 
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FTIR absorbance spectra of the uncoated SiOz powder, deposited in the centre of the Si water, of the 
partly coated Si02 powder, deposited at the edge of the Si water and of the underlying SiOz film. The 
inset shows the Si-0-Si vibration in the speetral range 900- 1300 cm-1

• The plasma conditions are: 
[TEOS] = 10%, [Oz] = 30%, PccP = 300 W, pressure = 1 Torr, total flow rate = 100 seem. 
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6 Conclusions 
This prqject bas succeeded in rynthesizing SiOx particles in an 
Ar/TE OS/ 0 2 plasma. The change in composition and trapping of these 
particles bas been determined with varying plasma parameters1 correlated 
with the change in plasma chemistry. Final/y1 a ftrst attempt has been made 
to deposit a hybrid nanocomposite film. 

6.1 Synthesis of particles 

It has been shown that SiOx particles can be formed in an Ar/TEOS/02 plasma. Ex-situ 
FTIR spectroscopy measurements of SiOx particles, collected on a Si wafer, prove that 
carbon-free Si02 particles can be formed at a [OJ/[TEOS] ratio of 3. However, the 
detection limit of carbon bonds with FTIR spectroscopy is relatively high, due to the low 
cross section for absorption for these bonds. Furthermore, the observed presence of Si
OH bonds, which might deteriorate the properties of Si02, cannot be quantified. XPS 
has therefore been used to verify if carbon-free stoichiometrie Si02 particles are 
synthesized. The measurements prove mainly the presence of a Si02 network. The value 
of the [0]/[Si] ratio of 2.2 could point to a relatively small amount of Si-OH bonds, 
compared to the present Si-0-Si bonds. Both XPS and FTIR spectroscopy can be used 
to determine the composition of the particles. 

SiOx particles deposit on a Si wafer in large agglomerates, visible with the naked eye. 
With e-SEM, individual particles with a radius of approximately 40 nm, synthesized at 
specific plasma conditions, are visible, but the image is too vague to see possible smaller 
particles. The large agglomerates of particles have been dissolved in water and the size 
distribution of these particles has been determined by measuring the Rayleigh scattering 
of the suspended particles. The radius of the particles is also found to be approximately 
40 nm with a small size distribution. This small size distribution is expected, due to the 
simultaneous expulsion of particles from the plasma. 

The partiele formation process has been stuclied by means of digital video camera 
recordings. First, agglomerates of particles are observed to deposit locally in the middle 
of the powered electrode of the cylindrical capacitively coupled rf plasma into 
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mushroom-shaped structures. The formation of these localized structures can be 
explained by the curved shape of the sheath edge, due to the inhomogeneous electric 
field of the plasma, and the lower electric field around the structure of the deposited 
agglomerates of particles with respect to the electric field close to the substrate. High 
flow rates can prevent these localized structures, but lower the amount of partiele 
trapping. Lower values of plasma power can also minimize the localized deposition of 
particles, but a shift from partiele synthesis to film deposition will take place. 

FTIR spectroscopy bas not proven to be a useful technique to determine the size a and 
number density N of suspended SiOx particles in the gas phase, synthesized in this 
project. Both solid state absorption of particles and Rayleigh scattering by particles have 
to be measured in order to quantify N and a. Due to heating of the reactor by the 
plasma, the baselines of the FTIR absorbance spectra are distorted, which makes it hard 
to detect Rayleigh scattering, which is expected to be observed with similar baseline tilts. 
Besides that, Rayleigh scattering of small particles (radius smaller than 50 nm) with 
typical number densities (smaller than 1014 m·~ exhibits too low baseline tilts to detect. 
The solid state absorption of SiOx particles, while being formed in the gas phase, can be 
measured by means of in-situ FTIR spectroscopy, because of its lower dependenee on 
partiele radius as opposed to Rayleigh scattering. Due to the relatively fast measuring 
times, the appearance and disappearance of the solid state absorbance can be foliowed in 
time. With this, the growth and trapping phenomena of the particles can be studied. 
Furthermore, the change of the solid state absorbance peak can be deterrnined, which 
indicates a change in composition or chemical structure of the particles. 

The trapping of particles bas been stuclied with varying TEOS concentration, 0 2 

concentration, plasma power and total flow rate. The amount of partiele trapping with 
varying conditions could be deterrnined and rationalized with the forces acting on the 
particles. A lower [Oz]/[TEOS] ratio result in a higher amount of trapped SiOx, which 
could be explained with the presence of particles with low mass density at these 
conditions. The plasma power does not influence the amount of trapped SiOx. However, 
higher values of the plasma power result in more reactor heating and more localized 
partiele deposition. So, lower values are therefore preferable, also because the chemistry 
of the particles is not found to change. However, fewer particles are synthesized, whereas 
f1lrn deposition increases. Finally, low flow rates trap more SiOx particles, but result again 
in more localized deposition. 

It is important to know how the plasma parameters influence the partiele chernistry, so 
that a balance can be made between a high amount of partiele trapping, needed for 
sequentia! deposition of hybrid f1lrns, and partiele composition, preferable carbon-free, 
stoichiometrie Si02• In-situ FTIR spectroscopy bas been used to study the changes in 
partiele and plasma chemistry with varying TEOS concentration, 0 2 concentration and 
plasma power. The dissociation of TEOS is found to be mainly governed by electron 
impact, resulting in SiOxC)-lz radicals and C2H 4, C2H 2 and CH4• Oxidized hydrocarbons, 
like CH20 2, CO and C02, are only detected with the presence of oxygen, which indicates 
a preferenrial dissociation of TEOS at the C-0 and C-C bonds, rather than at the Si-0 
bonds. However, a relatively high 0 2 concentration is still needed to fully oxidize the 
carbon groups from TEOS and to synthesize stoichiometrie Si02 particles. 

Basedon the appearance of a shoulder of the solid state peak of the SiOx particles, which 
is characteristic for stoichiometrie Si02, it is expected to synthesize stoichiometrie Si02 at 
values of the [Oz] /[TE OS] ratio higher or equal to 1.5. However, ex-situ FTIR 
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spectroscopy measurements have shown carbon content for [0~ / [TEOS] equal to 1.5. 
For values equal to 3 or higher, carbon-free Si02 particles can be expected. Due to the 
observed correlation of the partiele chemistry with the plasma chemistry, it has been 
found that an increase of the TEOS concentration with constant 0 2 concentration and 
plasma power results mainly in the deposition of SiOxCyHz films on the cage as opposed 
to the synthesis of carbon-free Si02 particles. Finally, the plasma power does not 
influence the composition of the synthesized particles, but a higher value of the plasma 
power could result in denser particles, based on the decreased frequency of the solid state 
vibration. 

6.2 Deposition of hybrid films 

Two procedures have been tested for the deposition of hybrid nanocomposite films. 
With simultaneous deposition, in which the precursors for both SiOx partiele synthesis 
and hydrogenated amorphous carbon (a-C:H) film growth are injected simultaneously to 
the plasma reactor, no a-C:H film growth has been observed. In an Ar/TEOS/ 0 2 

plasma, which only synthesizes particles and deposit a thin Si02 layer (approximately 100 
nm), the presence of undissociated CH4 is already observed. With injecting more CH4 to 
this system, no CH4 dissociation can be expected, so an a-C:H film is not deposited. 
Simultaneous deposition is therefore not useful for the deposition of hybrid 
nanocomposite flims. 

With sequential deposition, in which the precursors are injected after each other, particles 
need first to be synthesized and trapped, foliowed by the deposition with CH4• 

Conditions have been found to trap approximately 80% of the synthesized particles with 
a value of the [0~/[TEOS] ratio of 1.5 and with low flow rates (100 seem). As discussed 
above, at these conditions carbon is detected in the particles, so additional carbon will be 
hard to distinguish from this by means of FTIR spectroscopy. So, with a higher value of 
the [0~/[TEOS] ratio of 3, approximately 33% of the synthesized particles are trapped, 
which consist of carbon-free stoichiometrie Si02• 

During partiele formation with the sequential deposition procedure, no baseline tilt due 
to Rayleigh scattering has been detected in the FTIR spectra. During the deposition with 
CH4, an increasing baseline tilt has been observed, tagether with an increasing 
appearance of solid CHx peaks in the FTIR spectra. The increase of the baseline tilt is too 
high to ascribe only to plasma hearing and a considerable amount is therefore originating 
from scattering of Si02 particles, coated with a-C:H. The large baseline tilt and the solid 
CHx peaks are also observed with the simultaneous expulsion of the particles, when the 
plasma is switched off. The baseline tilt is found to be relatively straight and can 
therefore not be completely ascribed to Rayleigh scattering. This appearance might 
indicate a transition from Rayleigh scattering (at lower wavenumbers) to Mie scattering 
(at higher wavenumbers). 

The baseline tilt and the solid state absorption peak have been simulated by means of 
equations for Rayleigh scattering and bulk absorption. From this, an attempt in 
determining the radius of the uncoated Si02 particles and the radius and number density 
of the coated Si02 particles was made. Because only two equations can be derived, one 
for Rayleigh scattering and one for solid state absorption, only two of the three 
parameters can be determined. Because also the optical constant of a-C:H and therefore 
also the effective optical constauts of the coated particles are not known, some 
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estimations have to be made, based on the absence of Rayleigh scattering during Si02 

partiele formation and the finally calculated optical constants of a-C:H. A maximum 
value of 140 nm of the radius of the uncoated Si02 particles has been found, at the end 
coated with an a-C:H layer of approximately 100 nm. The assumptions made with the 
calculations will probably affect the determined values of the radius with at most 20 nm. 
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7 Recommendations 
Due to the inability to detect Rayleigh scattering with small particles (radius smaller than 
50 nm) by means of in-situ FTIR spectroscopy, further ex-situ partiele size measurements 
have to be performed. TEM measurements could be very useful to determine the 
smallest structures present in agglomerates of particles. Courteille et a/. [30] could 
distinguish the individual particles from the large agglomerates by means of TEM images 
of the deposited particles. These measurements could furthermore be used to verify the 
sizes determined with the partiele size analyzer, in which the agglomerates of particles are 
dissolved in water. 

Further measurements with the partiele size analyzer could be used to determine the size 
distribution during the partiele formation process. To verify if the observations of 
simultaneous expulsion of the particles from the plasma, reported by Stoffels et a/. [28], 
are also applicable to the formation of SiOx particles, the size distribution should be 
determined as a function of deposition time of the particles. It is expected to find a 
broadening of the size distribution towards smaller sizes with decreasing deposition time, 
but the on-set time of this broadening might be very short (a few seconds). Therefore, 
modulating the plasma with various plasma operation times can be useful to regulate the 
partiele size [30]. After that, partiele sizes can be tuned with varying plasma parameters 
and the resulting partiele size should be determined ex-situ. With this, the time-dependent 
solid state absorption measurements of the SiOx particles can be translated into size and 
number density measurements of the particles. 

To understand more about the way particles are formed and which reacrions are 
responsible for synthesizing carbon-free stoichiometrie Si02, the plasma chemistry 
should be stuclied further by means of advanced diagnostics, such as Mass Speetrometry 
(MS) [31] or Cavity Ring Down Spectroscopy (CRDS). With MS, the concentrations of 
species present can be quantified ( could also be obtained by means of calibrations with 
FTIR spectroscopy), especially for infrared inactive species, like oxygen and argon. A low 
ionization value should be used, because otherwise the TEOS molecules are highly 
fragmented in the mass spectrometer. With CRDS, the dissociation of TEOS can be 
studied. Time-dependent and flow-dependent measurements could provide more 
knowledge on the kinetics of partiele formation. With this information, the partiele 
composition might be predicted and further understood. The results should correspond 
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to the changing chemistry of the particles at various plasma conditions, as derived from 
the changing solid state peak of the particles. 

The deposition process by means of sequential deposition has to be further optimized in 
order to obtain transparent hybrid films. XPS depth profiles could provide more 
information about the amount of carbon situated between the Si02 particles. TEM or 
other partiele size measurements are necessary to verify the calculation of the coated Si02 

particles. The calculations can further be improved by correlating the solid CH, 
absorption peaks to the amount of present a-C:H. The height and position of the peaks 
can be coupled to the thickness of the a-C:H layers and the wavenumber-dependent 
extinction coefficient k. From this, the wavenumber-dependent refractive index n can be 
estimated by making use of the Kramers-Kronig relation [75]. To increase the number of 
trapped particles to provide a better signal in the FTIR spectra, lower values of 
[Oz] / [TEOS] ratio could be used. To distinguish in that case the carbon contamination in 
the particles from carbon deposition on top of the particles, CD 4 could be used to 
deposit deutered amorphous carbon films. Solid CD, peaks are detected around 2100 
cm·1 [76], whereas solid CH, are detected around 2900 cm·1

. 

As discussed in this report, localized partiele deposition takes place due to the 
inhomogeneous electric field. Langmuir probe measurements could be used to determine 
the plasma and floating potentials in the capacitively coupled plasma to verify the 
suggested shape of plasma glow and the shape of the sheath around the electrode and 
around the mushroom-shaped structures. The use of a parallel plate close to the substrate 
as a grounded electrode could result in a more homogeneaus field with much less 
localized partiele deposition. Furthermore, a way to keep the electrode at a constant 
temperature could be designed. This will probably decrease or prevent the baseline tilt in 
the FTIR spectra, measured during plasma ignition. 
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Appendix A 

This appendix shows the assignment of several vibrational frequencies to 
vibrations present in molecules (see section 3.1.1 ). 

Figure A.1 shows examples of stretching and bending vibrations present in several 
molecules. Table A.1 shows a list of several vibrations present in the molecules with the 
accompanying vibrational frequency, measured by means of FTIR spectroscopy in this 
project. 

FigureA. 1 

Stretching vibrations 

.. . • . .. 

.. . . ..... 
symmetrical stretching vibrations 
(symm . str.) 

asymmetrical stretch ing vibrations 
(asymm. str.) 

Bending vibrations (deformation vibrations) 

t 

V 
V 

t 

seissering vibration in-plane 

rocking vibration in-plane 

wagging vibration out-of-plane 

Examples of vibrations present in several molecules [32]. 
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Table A. 1 Vibrations present in several molecules with the measured frequency, detected with FTIR 
spectroscopy. 

molecule vibration frequency [cm-1
] 

CH4 bending 1305 
str. 3017 

C2H4 bending 949 
C2H2 bending 729 
CHz0 2 C-0 asymm. str. 1105 

C=O asymm. str. 1776 
co str. 2025-2265 
co2 bending 667 

str. 2340 
H20 bending 1400-1800 

str. 3500-4000 
TEOS Si-0 symm. str. (in Si04) 792 

CH2 rocking 800 
CH3 rocking 964 
Si-0 asymm. str. (in Si04) 1087 
C-0 symm. str. {in Si-0-C) 1087 
C-0 asymm. str. (in Si-0-C) 1116 
CH3 scissoring 1170 
CH2 twisting 1302 
CH2 wagging 1394 
C-H asymm. str. (in CH2) 2895 
C-H symm. str. (in CH3) 2937 
C-H asymm. str. (in CH3) 2980 
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Appendix B 

This appendix shozvs two examples of baseline tilts, due to Rayleigh 
scattering,found in fiterafure (see section 3.2). 

Figure B.1 shows an example of baseline tilt in a FTIR absorbance spectrum partly due 
to Rayleigh scattering of f.lm-sized particles, formed in a 10% CC12F2 plasma [43]. The 
braken curve indicates the baseline tilt, due to Rayleigh scattering of particles. 

Figure B.2 shows an example of baseline tilt, due to Rayleigh scattering of SiHx and CHx 
clusters in a Ar/ C2H 2/ SiH4 plasma [44]. 

Figure 8.1 

FigureB.2 
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Example of baseline tilt, partly due to Rayleigh scattering of Jlm-sized particles, formed in a 10% 
CCI2F2 plasma [43] . 
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Example of baseline tilt, due to Rayleigh scattering of SiHx and CHx clusters in a Ar!C2H;/SiH4 plasma 
[44] . 
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Appendix C 
This appendix shows the deconvo/ution of the broad peak at 900 - 1300 
cm·' in a FTIR absorbance spectrum, measured during partiele formation 
(see sections 5.2.3 and 5.2.4). 

A typical FTIR absorbance spectrum, measured during partiele synthesis in a 
Ar/TEOS/02 plasma, is shown in figure 5.21 in section 5.2.4. A broad peak at 900 -
1300 cm·1 is observed and shown in figure C.l. With the program 'PEAKFIT', this broad 
peak has been deconvoluted ( see figure C.1) by means of peaks originating from TEOS 
and with peaks originating from solid state vibrations of SiOx particles (see figure C.2), in 
order to quantify the amount of unconsumed TEOS and the amount of SiOx present. 
The peaks present at 949 and 1105 cm·\ originating from C2H 4 and CH20 2, respectively, 
arenottaken into account. 

The peaks originating from TEOS are determined when TEOS is injected inthereactor 
without plasma activation (see figures 3.3 and C.3). Figure C.3 shows the deconvolution 
of the combination of TEOS peaks into the individual vibrational peaks of TEOS (see 
figure 3.3), except for the relatively broad peak at 1114.7 cm·1

. Probably, this peak 
belongs to the Gaussian peak at 1115.5 cm·\ which is therefore more likely to be a 
Lorentzian peak or a combination of both. This has of course no influence on the fitting 
of the TEOS peaks. When the five TEOS peaks are fitted, only the height of the peaks 
are varied, while the position, the width and the ratio of the height of the peaks are kept 
constant (see table C.1 for the used values and ratios). 

The peaks originating from SiOx are deconvoluted into two Gaussian peaks (see figure 
C.4), assigned to the two asymmetrie Si-0-Si stretching vibrations (see figure 3.8, section 
3.3). Because the shape of the total solid state peak can change with composition, density 
and size (see sections 3.3 and 5.2.4), all parameters of the Gaussian peaks are varied with 
the fitting of the peaks. The position of the peaks are lirnited: 1060 - 1120 cm-1 for the 
in-phase Si-0-Si asymmetrie stretching vibration and 1190 - 1230 cm-1 for the out-of
phase Si-0-Si asymmetrie stretching vibration. 

Table C.1 The parameters of the five TEOS peaks, which are used with the fitting of the amount of TEOS 
present in the reactor. 

peak 1 peak2 peak3 peak4 ~eak5 

height [a.u.] 0.263 0.376 0.268 1 0.190 
centre [cm-1

] 963.5 1087.4 1114.7 1115.5 1169.7 
width [cm-1

] 11.10 7.31 26.01 7.96 11.67 
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The ftt of the measured broad peak in the FTIR spectrum of a TEOSIO;/Ar plasma. 
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Deconvolution of the fit of the braad peak at 900- 1300 cm·1 into solid statepeaks originating from 
SiO, particles and peaks originating from TEOS. 
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Figure C.3 Deconvolution of the combination of absorption peaks originating from TEOS. 
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Appendix D 

This appendix shows in table D.1 the overoiew of the depositions carried out 
in this graduation project. 

Table 0 .1 Deposition ovetview with the purpose of the depositions, the plasma conditions and the in-situ FT/R 
maasurement conditions if used 

Plasma condrtions in-situ FTIR measurements 

[TEOSJ [0,] [CH,] PccP total flow rata deposition resolution number of total 
number of 

interval 
Experiment 

p 
averaging scans 

[mole%] [mole%] [mole%] [WJ [Torr] [seem] time[min] [cm''] measurements 
'per maasurement 

time[s] 

Ex-situ and in-situ FTI A 
soectroscoov IC 3( 30( I IOC 10 1 40 25 3( 

XPS IC 3( 30( 1 10( 10 
Partiele size analysis 2C SC 30( 1 IOC 10 

IC SC 30( o.s Sf 6.9 
Mushroom formation 2C SC 30( 1 Sf 7.6 

2C SC 2( I Sf 2Jl 
Reactor healing c c 30( I IOC 60 •' I 3 25 30( 

TEOS calibration 2-IC c c I IOC -- I I SC 
5 se 30( 1 IOC I SC 25 3C 

10 SC 30( I IOC I 4( 25 3C 
20 SC 30C 1 IOC 1 4( 25 3( 

30 SC 30C I IOC 1 4( 25 3( 

20 c 30C 1 IOC f 1 SC 25 3C 

~0 IÇ 3QÇ I IOC - ~ 1 SC 25 3( 
Plasma chemistry/ 20 3C 30C 1 IOC f 1 SC 25 3C 
partiele formation 20 7C 30C 1 IOC 1 4( 25 3C 

20 7C IOC 1 IOC f 1 SC 25 3C 
20 7C 40C 1 IOC 1 _44 25 3C 
20 7C soc 1 IOC 1 44 25 3C 
20 7C 30C I IOC IC 2 !SC 20 IS 
20 7C 30C 1 20C IC 2 ISC 20 IS 
20 7C 30C 1 300 IC 2 !SC 20 IS 

Simultaneous 
deposition 20 SC 2( 30C 1 200 IC 1 SC 20 3C 

Reproducibility partiele 
trapping 20 3C c 30C 1 100 I 1 32 20 3C 

Sequentia! deposition 10 3C 4( 30C 1 100 1110. 1 ss 20 3C 

•
1 =plasma activation time 

•
2 = 1 min. of partiele synthesis, 10 min. of CH4 deposition 
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Appendix E 
This appendix shows snapshots of movies, recorded with a digital video 
camera, of the growth of mushroom-shaped structures, formed ry the 
deposition of agglomerates of particles. 

E.1 Mushroom growth (1) 

In this seetion the growth of a mushroom-shaped strueture is shown, formed under the 
following eonditions: [TEOS] = 20%, [Ozl = 50%, PccP = 300 W, p = 1 Torr, total flow 
rate = 56 seem. 

Figure E.1 

Figure E.3 

Snapshot of the argon plasma, 
befare starting the deposition. 

Snapshot of the growth of a 
mushroom, 3 min. after starting the 
deposition. 

Figure E.2 

Figure E.4 

Snapshot of the growth of a 
mushroom, 0. 5 min. after starting the 
deposition. 

Snapshot of the growth of a 
mushroom, 3. 6 min. afterstarting the 
deposition. 
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Figure E.5 

Figure E.7 

Figure E.9 

APPENDICES 

Snapshot of the growth of a 
mushroom, 4.2 min. afterstarting the 
deposition. 

Snapshot of the growth of a 
mushroom, 6.3 min. afterstarting the 
deposition. 

Snapshot of the growth of a 
mushroom, 9.3 min. afterstarting the 
deposition. 

Figure E. 6 Snapshot of the growth of a 
mushroom, 5 min. after starting the 
deposition. 

Figure E. 8 Snapshot of the growth of a 
mushroom, 7.3 min. afterstarting the 
deposition. 

Figure E. 10 Snapshot of the growth of a 
mushroom, 11 min. after starting the 
deposition. 
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E.2 Mushroom growth (2) 

In this seetion the growth of a mushroom-shaped strueture is shown, formed under the 
following eonditions: [fEOS] = 10%, [Od = 50%, PccP = 300 W, p = 0.5 Torr, total 
flow rate = 56 seem. 

Figure E. 11 Snapshot of the growth of a 
mushroom, 2.4 min. afterstarting the 
deposition. 

Figure E. 13 Snapshot of the growth of a 
mushroom, 2.9 min. afterstarting the 
deposition. 

Figure E. 15 Snapshot of the growth of a 
mushroom, 3. 2 min. afterstarting the 
deposition. 

Figure E.12 Snapshot of the growth of a 
mushroom, 2. 7 min. afterstarting the 
deposition. 

Figure E. 14 Snapshot of the growth of a 
mushroom, 3. 1 min. after starting the 
deposition. 

Figure E. 16 Snapshot of the growth of a 
mushroom, 3. 3 min. after starting the 
deposition. 
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E.3 Ditterences in mushroom growth 

In this section the height of the sheath edge under three different conditions will be 
compared (see figure E .17 to E .19). After that, the difference in shape of the mushrooms 
under three different conditions will be compared (see figure E .20 to E.22). The plasma 
conditions of all the figures are shown in table E.1. 

Table E.1 Plasma conditions tor the recorded snapshots of the growth of mushrooms tor the figures shown in 
this section 

Figure [TE OS] [02] 

E.17,E.20 10 50 
E.18,E.21 20 50 
E.19,E.22 20 50 

Figure E. 17 Snapshot of a Figure E. 18 
planar cloud of 
particles, located at 
the sheath edge. 

Figure E. 20 Snapshot of a Figure E. 21 
mushroom-shaped 
structure. 

PccP [W] p [Torr] total flow 'Pdc [V] 
rate [seem] 

300 0.5 56 133 
300 1 56 100 
250 1 56 62 

Snapshot of a Figure E. 19 Snapshot of a 
planar cloud of 
particles, located at 
the sheath edge. 

Snapshot of a Figure E.22 
mushroom-shaped 
structure. 

planar cloud of 
particles, located at 
the sheath edge. 

Snapshot of a 
mushroom-shaped 
structure. 
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Appendix F 
This appendix shows the ca/cu/ations of the radius and number densiry of 
uncoated Si02 particles (see section 5.2.2) and the radius and number 
densi(Y of the coated Si02 particles (see section 5.3.3). Finai!J, the 
ca!cu/ations of the mutua/ distance of the coated Si02 particles in a disc of 
particles wil/ be shown (see section 5.3.3). 

F.1 Calculations for uncoated Si02 particles 

~ 0.014 

.! maasurement 
Q) 

0.012 t..l 
c: 

"' .c ... 
0 0.01 

"' .c 
"' 0.008 

0.006 

0.004 

0.002 

0 
. . 

900 950 1000 1050 1100 1150 1200 1250 1300 

wavenumber [cm·1] 

Figure F.1 Simu/ation of the solid state absorption peak of Si0 2 particles, measured with in-situ FTIR 
spectroscopy. 

Figure 5.8 shows a typical FTIR absorbance spectrum of (uncoated) Si02 particles, 
trapped at the sheath edge of the plasma. Because a baseline tilt due to Rayleigh 
scattering cannot be observed, a typical partiele radius is determined ex-situ (see section 
5.1.3) at approximately 40 nm. With this value of the partiele radius a1, the number 
density N can be calculated from the simulated solid state absorption peak of the Si02 

particles, as shown in figure F.1 (the figure is the same as figure 5.12) . 

The solid state absorption peak has been simulated by using the following equations (see 
also sections 3.2 and 3.3): 

I (v) -4TrkVd 
-- =e 
I 0 (v) ' 

(F.1) 

A(v)= /o (_!_J = 47ikvd 
~ I

0 
/n10 ' 

(F.2) 

where v is the wavenumber (X1
), I(v) the measured single-beam spectrum in the partiele 

expu/sion stage, I 0 (v) the last measured single-beam spectrum in the partiele trapping stage 

(see also section 5.2.3 and appendix G), k the extinction coefficient of the Si02 particles [45] 
and d is the parameter that has to be determined. Equations F.1 and F.2 assume a 
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material of thickness d to be present across the whole section of the infrared beam of the 
FTIR spectrometer. In this case, this "material" can be represented as a thin "cloud" of 
particles, overlapping the whole cross section of the infrared beam, with a number 
density N of the particles. 

To relate the parameter d to the number density N and radius a1 of the Si02 particles, the 
following derivation has been used. The volume of the "cloud" of particles v;,oud is given 
by: 

(F.3) 

where rb is the diameter of the infrared beam (approximately 1.5 cm). The volume of the 
infrared beam v beam in the plasma is given by: 

(F.4) 

where lb is the path length of the infrared beam in the plasma (approximately 0.26 m). 
The volume of one Si02 partiele V partick is given by: 

V - 4 3 
parlick - 3 Jral · (F.S) 

The number density N can now be calculated, based on the volumes calculated above: 

v eloud N=--=--
V ·V beam partiele 

3 d 
(F.6) 

So, N · a; can be given as a function of the parameter d, which is a constant for one 

simulation: 

(F.l) 

where C1 is a constant. So, when finding an appropriate simulation of the absorption 
peak of the Si02 particles (see figure F.1) by changing the parameter d, the product 

N ·a; is known. Because a1 is estimated at 40 nm (see above) and C1 is determined at 

approximately 6.4·10·9
, N can be determined by means of equation F.7 at approximately 

1014 m·3• These values are used in section 5.2.2 to estimate the amount of baseline tilt due 
to Rayleigh scattering. 
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F.2 Calculations for Si02 particles, coated with a-C:H 
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Figure F.2 
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The FTIR absorbance spectrum, measured in the partiele expulsion stage, with two simulations of a 
baseline tilt due to Rayleigh scattering. A simu/ation of the solid state peak is a/so shown. To 
ca/cu/ate this absorbance spectrum, a single-beam FTIR spectrum, recorded just befare the end of 
the CH. deposition stage, was used as background. The conditions tor this stage are: [Ar] = 100%, 
pressure = 1 Torr, tata/ flow rate = 100 seem. 

Figure F.2 shows the simulations of the solid state peak and the baseline tilt to higher 
wavenumbers of the trapped Si02 particles, coated with hydrogenated amorphous 
carbon (a-C:H) (the figure is the same as figure 5.38). The solid state absorption peak in 
the lower wavenumber region (< 1300 cm-1

), only originating from the Si02 particles, has 
been simulated as described above for the uncoated Si02 particles. 

To fit the baseline tilt, the equations for Rayleigh scattering, shown in section 3.2, are 
used. The absorbance in the higher wavenumber region (> 1300 cm-1

) can be simulated 
by means of: 

(F.B) 

where C ab; is the cross section for scattering, given by ( see equation 3.11): 

s 6 nz -1 
C - ~ Jr az _.=;tJ! __ , 

;ca 
3 t n~ + 2 ' 

(F.9) 

in which the total radius a2 and the effective complex refractive index ntJf of the coated 
Si02 particles have to be considered. A model to calculate ntJf is given by means of 
equation 5.1: 
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V V 3 3 3 
~2 SiO, ~2 + a-C:H ~n 2 al ~ 2 a2 -al ~ 2 
n = --n - -n + n a-C.·H 1f V SiO, V a-C: H - 3 Si02 3 

lol lol a2 a 2 

(F.10) 

where V SiO, is the volume of the Si02 particle, v .. c.H the volume of the hydrogenated 

amorphous carbon (a-C:H) film around the particle, Îisio, the complex refractive index of 

amorphous Si02 and n:.c.H the complex refractive index of hydrogenated amorphous 
carbon. The complex refractive index of amorphous Si02 is relatively constant in the 
wavenumber region 1300 - 4000 cm·1 [45] and is therefore assumed to be constant. Due 
to the limited information on the optical constants of a-C:H in the infrared, n:.c.H is also 
assumed to be constant in the particular wavenumber region. By means of equations F.8 
and F.9, the absorbance due to Rayleigh scattering can be given by: 

7[5 1 r;2 -1 
A(-) 128 b eJ1 N 6-4 c -4 V =--- a V = V 

3 in 1 0 n: + 2 2 2 
, 

(F. 11) 

where C2 is a constant. Because C2 can be determined by simulating the baseline tilt, 

N · a ~ can be determined from this: 

N . a 6 = ____ c_;2="._ __ -,. - c 
2 ~ 2 1 - 3 , 

128 lb 5 neff -
---7[ 

3 
ln10 n; + 2 

(F.12) 

where C3 is a constant. 

So, two equations have been derived (equations F.7 and F.12) for the three unknown 
parameters a1, a2 and N. With these equations, a2 can be determined as a function of a1: 

(F.13) 

Together with equation F.7 or F.12, N and a2 can be determined as a function of a1• 

As discussed above, little information is available on the optical constants of a-C:H [75]. 
Three possible values from [75] have been used for the calculations: 

(1) Îia~C:H = 4.97 + 0.36 i 

(2) Îia~C:H = 6.45 + 0.41 i 

(3) Îia~C:H = 7.50 + 0.60 i 

The effective complex refractive index neff is also not known, because it is dependent on 
the parameters a1 and a2 (see equation F.10). So three values of n"""._g-are estirnated, basedon 
the three values of a-C:H mentioned above, and on different volume ratios of Si02 and 
a-C:H: 
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(1) n; = 4.61 + o.32 i ~ na~CH = 4.97 + 0.32 i, a2 = 2a1 
(2) n; = 5.90 + o.36 i ~ na~CH = 6.45 + 0.41 i, a2 = 2a1 
(3) n; = 7.46 + o.6o i ~ na~CH = 7.50 + 0.60 i, a2 = 5a1 

These three possible values are used to calculate a2 and N as a function of a1• In this way, 
the above-mentioned volume ratios and optical constants of a-C:H are disregarded. They 
have only be used to estimate three various values of n"ift With each value of nift, two types 
of fits are used, as shown in figure F.2 and discussed in sections 5.3.2 and 5.3.3. The 
results of these calculations are shown in tables F.1 to F.6. 

Table F.1 Values of a2 and N as a tunetion of values of a,, basedon catcutations discussed in this appendix. 

The baseline tilt is fitled at 1300 3000 cm·' and n2 -4 61+0 32i - efl 

baseline tilt - 2 
a, [nm] a2 [nm) N [m-3

) at 4000 cm·' n a-C:H 2n*a2 [cm-1] 

10 71 .1 3.9E+15 1.0E-06 4.62+ 0.32 I 22371 

20 100.6 4.8E+14 8.1E-06 4.63+0.32 I 15819 

30 123.2 1.4E+ 14 2.7E-05 4.65+ 0.32 I 12916 

40 142.3 6.0E+13 6.5E-05 4.67 + 0.33 I 11186 

50 159.1 3.1E+13 1.3E-04 4.69+0.33 I 10005 

60 174.3 1.8E+13 2.2E-04 4.72 + 0.33 i 9133 

70 188.2 1.1E+13 3.5E-04 4.75 + 0.34 i 8456 

80 201 .2 7.5E+12 5.2E-04 4.78+0.34 i 7909 

90 213.4 5.3E+12 7.4E-04 4.82+ 0.35 i 7457 

100 225.0 3.9E+12 1.0E-03 4.86+ 0.35 i 7074 

110 236.0 2.9E+12 1.3E-03 4.90+0.36 i 6745 

120 246.4 2.2E+12 1.7E-03 4.94 + 0.36 i 6458 

130 256.5 1.8E+12 2.2E-03 4.99+ 0.37 i 6205 

140 266.2 1.4E+12 2.8E-03 5.05+ 0.37 i 5979 

150 275.5 1.1E+12 3.4E-03 5.10+ 0.38 i 5776 

160 284.6 9.4E+11 4.1E-03 5.16+ 0.39 i 5593 

170 293.3 7.8E+11 5.0E-03 5.23+ 0.40 i 5426 

180 301.8 6.6E+11 5.9E-03 5.30+ 0.41 i 5273 

190 310.1 5.6E+11 6.9E-03 5.38+ 0.42 i 5132 

200 318.2 4.8E+11 8.1 E-03 5.46+ 0.43 i 5002 

210 326.0 4.2E+11 9.3E-03 5.55+ 0.44 i 4882 

220 333.7 3.6E+11 1.1E-02 5.64+ 0.45 i 4770 

230 341.2 3.2E+11 1.2E-02 5.74+0.46 i 4665 

240 348.5 2.8E+11 1.4E-02 5.85+ 0.48 i 4567 

250 355.7 2.5E+11 1.6E-02 5.97 + 0.49 i 4474 

260 362.8 2.2E+11 1.8E-02 6.10+0.51 i 4387 

270 369.7 2.0E+11 2.0E-02 6.25+0.52 i 4305 

280 376.5 1.8E+ 11 2.2E-02 6.40+0.54 i 4228 

290 383.1 1.6E+ 11 2.5E-02 6.57+0.57 i 4154 

300 389.7 1.4E+ 11 2.7E-02 6.76+0.59 i 4084 
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Table F.2 Values of a2 and N as a tunetion of values of a1 , basedon calculations discussed in this appendix. 

The baseline tilt is fittedat 1300-4000 cm·1 and i'? -4 61+0 32i eff -

baseline tilt -z 
a1 [nm] a2 [nm] N[m·1 at 4000 cm·1 n a-C:H 2rr*a2 [cm.1] 

10 65.3 3.9E+15 1.0E-06 4.62 + 0.32 i 24359 

20 92.4 4.8E+14 8.1E-06 4.64+ 0.32 i 17225 

30 113.2 1.4E+ 14 2.7E-05 4.66+ 0.33 i 14064 

40 130.7 6.0E+13 6.5E-05 4.69+ 0.33 i 12180 

50 146.1 3.1E+13 1.3E-04 4.72+0.33 i 10894 

60 160.0 1.8E+13 2.2E-04 4.75+ 0.34 i 9945 

70 172.9 1.1E+13 3.5E-04 4.79+0.34 i 9207 

80 184.8 7.5E+12 5.2E-04 4.84+ 0.35 i 8612 

90 196.0 5.3E+12 7.4E-04 4.88+ 0.35 i 8120 

100 206.6 3.9E+12 1.0E-03 4.94+ 0.36 i 7703 

110 216.7 2.9E+12 1.3E-03 5.00+ 0.37 i 7345 

120 226.3 2.2E+12 1.7E-03 5.06+ 0.38 i 7032 

130 235.6 1.8E+ 12 2.2E-03 5.13+0.38 i 6756 

140 244.5 1.4E+12 2.8E-03 5.20+0.39 i 6510 

150 253.0 1.1E+12 3.4E-03 5.28+ 0.40 i 6290 

160 261 .3 9.4E+11 4.1E-03 5.37 + 0.42 i 6090 

170 269.4 7.8E+11 5.0E-03 5.47 + 0.43 i 5908 

180 277.2 6.6E+11 5.9E-03 5.58+ 0.44 i 5742 

190 284.8 5.6E+11 6.9E-03 5.69+ 0.46 i 5588 

200 292.2 4.8E+11 8.1 E-03 5.82+ 0.47 i 5447 

210 299.4 4.2E+11 9.3E-03 5.96+0.49 i 5316 

220 306.5 3.6E+11 1.1 E-02 6.12+0.51 i 5193 

230 313.3 3.2E+11 1.2E-02 6.29+0.53 i 5079 

240 320.1 2.8E+11 1.4E-02 6.48+ 0.55 i 4972 

250 326.7 2.5E+11 1.6E-02 6.69+ 0.58 i 4872 

260 333.2 2.2E+11 1.8E-02 6.93+ 0.61 i 4777 

270 339.5 2.0E+11 2.0E-02 7.21 + 0.64 i 4688 

280 345.7 1.8E+11 2.2E-02 7.52+ 0.68 i 4603 

290 351 .8 1.6E+11 2.5E-02 7.87+0.73 i 4523 

300 357.9 1.4E+11 2.7E-02 8.29+0.78 i 4447 
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Table F.3 Values of a2 and N as a tunetion of values of a1, basedon calculations discussed in this appendix. 

The baseline tilt is fittedat 1300-3000 cm·' and ii 2 -5 90+0 36i eff -

N[m·1 
baseline tilt -2 

a, [nm] a2 [nm] at 4000 cm·' n a- C:H 2n•a2 [cm·' ] 

10 69.9 3.9E+15 1.0E-06 4.62+ 0.32 i 22768 

20 98.9 4.8E+14 8.1E-06 4.63+ 0.32 i 16099 

30 121 .1 1.4E+14 2.7E-05 4.65+ 0.32 i 13145 

40 139.8 6.0E+13 6.5E-05 4.67 + 0.33 i 11384 

50 156.3 3.1E+13 1.3E-04 4.70 + 0.33 i 10182 

60 171 .2 1.8E+13 2.2E-04 4.73 + 0.33 i 9295 

70 184.9 1.1E+13 3.5E-04 4.76+0.34 i 8605 

80 197.7 7.5E+12 5.2E-04 4.79 + 0.34 i 8050 

90 209.7 5.3E+12 7.4E-04 4.83+ 0.35 i 7589 

100 221 .1 3.9E+12 1.0E-03 4.87 + 0.35 i 7200 

110 231 .8 2.9E+12 1.3E-03 4.92+ 0.36 i 6865 

120 242.2 2.2E+12 1.7E-03 4.97 + 0.36 i 6572 

130 252.0 1.8E+12 2.2E-03 5.02+0.37 i 6315 

140 261 .6 1.4E+12 2.8E-03 5.07 + 0.38 i 6085 

150 270.7 1.1E+12 3.4E-03 5.14+0.39 i 5879 

160 279.6 9.4E+11 4.1E-03 5.20 + 0.39 i 5692 

170 288.2 7.8E+11 5.0E-03 5.27+0.40 i 5522 

180 296.6 6.6E+11 5.9E-03 5.35+ 0.41 i 5366 

190 304.7 5.6E+11 6.9E-03 5.43+ 0.42 i 5223 

200 312.6 4.8E+11 8.1E-03 5.52+ 0.43 i 5091 

210 320.3 4.2E+11 9.3E-03 5.62+ 0.45 i 4968 

220 327.9 3.6E+11 1.1E-02 5.72+ 0.46 i 4854 

230 335.2 3.2E+11 1.2E-02 5.83+ 0.47 i 4747 

240 342.5 2.8E+11 1.4E-02 5.96+ 0.49 i 4647 

250 349.5 2.5E+11 1.6E-02 6.09+ 0.50 i 4554 

260 356.4 2.2E+11 1.8E-02 6.24+ 0.52 i 4465 

270 363.2 2.0E+11 2.0E-02 6.40+ 0.54 i 4382 

280 369.9 1.8E+ 11 2.2E-02 6.57 +0.57 i 4303 

290 376.4 1.6E+ 11 2.5E-02 6.77+0.59 i 4228 

300 382.9 1.4E+11 2.7E-02 6.99+0.62 i 4157 
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Table F.4 Values of a2 and N as a tunetion of values of a1 , basedon calculations discussed in this appendix. 

The baseline tilt is fittedat 1300 - 4000 cm·1 and n2 
- 5 90+0 36i elf -

N [m·1 
baseline tilt -2 

a1 [nm] a2 [nm] at 4000 cm·1 n a- C:H 2rr*a2 [cm.1] 

10 64.2 3.9E+15 1.0E-06 4.62+ 0.32 i 24791 

20 90.8 4.8E+14 8.1E-06 4.64+ 0.32 i 17530 

30 111.2 1.4E+14 2.7E-05 4.66+ 0.33 i 14313 

40 128.4 6.0E+13 6.5E-05 4.69+ 0.33 i 12395 

50 143.6 3.1E+13 1.3E-04 4.72 + 0.33 i 11087 

60 157.3 1.8E+13 2.2E-04 4.76+ 0.34 i 10121 

70 169.9 1.1E+13 3.5E-04 4.80+ 0.34 i 9370 

80 181 .6 7.5E+12 5.2E-04 4.85+ 0.35 i 8765 

90 192.6 5.3E+12 7.4E-04 4.90 + 0.36 i 8264 

100 203.0 3.9E+12 1.0E-03 4.96+ 0.36 i 7840 

110 212.9 2.9E+12 1.3E-03 5.02+ 0.37 i 7475 

120 222.4 2.2E+12 1.7E-03 5.09+ 0.38 i 7156 

130 231.5 1.8E+12 2.2E-03 5.16+ 0.39 i 6876 

140 240.2 1.4E+12 2.8E-03 5.24+ 0.40 i 6626 

150 248.6 1.1E+12 3.4E-03 5.33+ 0.41 i 6401 

160 256.8 9.4E+11 4.1 E-03 5.43+ 0.42 i 6198 

170 264.7 7.8E+11 5.0E-03 5.53+ 0.44 i 6013 

180 272.4 6.6E+11 5.9E-03 5.65+ 0.45 i 5843 

190 279.8 5.6E+11 6.9E-03 5.78+ 0.47 i 5687 

200 287.1 4.8E+11 8.1 E-03 5.92+ 0.48 i 5543 

210 294.2 4.2E+11 9.3E-03 6.08+ 0.50 i 5410 

220 301 .1 3.6E+11 1.1 E-02 6.25+0.52 i 5285 

230 307.9 3.2E+11 1.2E-02 6.44+0.55 i 5169 

240 314.5 2.8E+11 1.4E-02 6.66+0.58 i 5060 

250 321 .0 2.5E+11 1.6E-02 6.91 + 0.61 i 4958 

260 327.4 2.2E+11 1.8E-02 7.19+0.64 i 4862 

270 333.6 2.0E+11 2.0E-02 7.51 +0.68 i 4771 

280 339.7 1.8E+ 11 2.2E-02 7.87+0.73 i 4685 

290 345.7 1.6E+11 2.5E-02 8.30+0.78 i 4604 

300 351.6 1.4E+11 2.7E-02 8.81 + 0.84 i 4526 
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Table F.S Values of a2 and N as a tunetion of values of a1 , basedon calculations discussed in this appendix. 

The baseline tilt is fittedat 1300 3000 cm·1 and i'i2 
- 7 46+0 60i - elf 

baseline tilt -2 
a1 [nm] a2 [nm] N[m·1 at 4000 cm·1 n a- C:H 2n*a2 [cm-1] 

10 68.5 3.9E+15 1.0E-06 4.62 + 0.32 i 23219 

20 96.9 4.8E+14 8.1E-06 4.63+ 0.32 i 16418 

30 118.7 1.4E+ 14 2.7E-05 4.65+ 0.33 i 13405 

40 137.1 6.0E+13 6.5E-05 4.68+ 0.33 i 11609 

50 153.3 3.1E+13 1.3E-04 4.70 + 0.33 i 10384 

60 167.9 1.8E+13 2.2E-04 4.73 + 0.34 i 9479 

70 181 .4 1.1E+13 3.5E-04 4.77 + 0.34 i 8776 

80 193.9 7.5E+12 5.2E-04 4.80+ 0.34 i 8209 

90 205.6 5.3E+12 7.4E-04 4.84+ 0.35 i 7740 

100 216.8 3.9E+12 1.0E-03 4.89+ 0.35 i 7342 

110 227.3 2.9E+12 1.3E-03 4.94+ 0.36 i 7001 

120 237.4 2.2E+12 1.7E-03 4.99+ 0.37 i 6703 

130 247.1 1.8E+12 2.2E-03 5.05+ 0.37 i 6440 

140 256.5 1.4E+12 2.8E-03 5.11 + 0.38 i 6206 

150 265.5 1.1E+12 3.4E-03 5.17+0.39 i 5995 

160 274.2 9.4E+11 4.1E-03 5.25+0.40 i 5805 

170 282.6 7.8E+11 5.0E-03 5.32+0.41 i 5631 

180 290.8 6.6E+11 5.9E-03 5.41 +0.42 i 5473 

190 298.8 5.6E+11 6.9E-03 5.50+ 0.43 i 5327 

200 306.5 4.8E+11 8.1E-03 5.60 + 0.44 i 5192 

210 314.1 4.2E+11 9.3E-03 5.70 + 0.46 i 5067 

220 321.5 3.6E+11 1.1 E-02 5.82+ 0.47 i 4950 

230 328.7 3.2E+11 1.2E-02 5.95+ 0.49 i 4841 

240 335.8 2.8E+11 1.4E-02 6.08+ 0.50 i 4740 

250 342.7 2.5E+11 1.6E-02 6.24+ 0.52 i 4644 

260 349.5 2.2E+11 1.8E-02 6.40+ 0.54 i 4554 

270 356.2 2.0E+11 2.0E-02 6.59+0.57 i 4468 

280 362.7 1.8E+ 11 2.2E-02 6.80+ 0.59 i 4388 

290 369.1 1.6E+ 11 2.5E-02 7.02+0.62 i 4312 

300 375.4 1.4E+ 11 2.7E-02 7.28+0.65 i 4239 

90 



APPENDICES 

Table F.6 Values of a2 and N as a tunetion of values of a,, basedon calculations discussed in this appendix. 

The baseline tilt is fitled at 1300- 4000 cm·1 and i'i2 
- 7 46+0 60i eff -

N rm·1 
baseline tilt - 2 

a, [nml a2 [nml at 4000 cm·' n a-C:H 2n *a2 [cm·' l 

10 63.0 3.9E+15 1.0E-06 4.62+ 0.32 i 25282 

20 89.0 4.8E+14 8.1 E-06 4.64+ 0.32 i 17877 

30 109.0 1.4E+14 2.7E-05 4.66+ 0.33 i 14597 

40 125.9 6.0E+13 6.5E-05 4.69+ 0.33 i 12641 

50 140.8 3.1E+13 1.3E-04 4.73+ 0.34 i 11307 

60 154.2 1.8E+ 13 2.2E-04 4.77+0.34 i 10321 

70 166.6 1.1E+13 3.5E-04 4.82+ 0.35 i 9556 

80 178.1 7.5E+12 5.2E-04 4.87 +0.35 i 8939 

90 188.9 5.3E+12 7.4E-04 4.92 + 0.36 i 8427 

100 199.1 3.9E+12 1.0E-03 4.98+ 0.37 i 7995 

110 208.8 2.9E+12 1.3E-03 5.05+ 0.37 i 7623 

120 218.1 2.2E+12 1.7E-03 5.12+ 0.38 i 7298 

130 227.0 1.8E+12 2.2E-03 5.20+ 0.39 i 7012 

140 235.5 1.4E+ 12 2.8E-03 5.29+ 0.41 i 6757 

150 243.8 1.1 E+ 12 3.4E-03 5.39+0.42 i 6528 

160 251 .8 9.4E+11 4.1E-03 5.50+0.43 i 6321 

170 259.6 7.8E+11 5.0E-03 5.61 +0.45 i 6132 

180 267.1 6.6E+11 5.9E-03 5.74+0.46 i 5959 

190 274.4 5.6E+11 6.9E-03 5.88+ 0.48 i 5800 

200 281 .5 4.8E+11 8.1E-03 6.04+ 0.50 i 5653 

210 288.5 4.2E+11 9.3E-03 6.22+ 0.52 i 5517 

220 295.3 3.6E+11 1.1E-02 6.42+0.55 i 5390 

230 301 .9 3.2E+11 1.2E-02 6.64+0.57 i 5272 

240 308.4 2.8E+11 1.4E-02 6.90+ 0.61 i 5161 

250 314.8 2.5E+11 1.6E-02 7.19+ 0.64 i 5056 

260 321 .0 2.2E+11 1.8E-02 7.52+ 0.68 i 4958 

270 327.1 2.0E+11 2.0E-02 7.91 + 0.73 i 4866 

280 333.1 1.8E+ 11 2.2E-02 8.36+0.79 i 4778 

290 339.0 1.6E+11 2.5E-02 8.90+0.86 i 4695 

300 344.8 1.4E+ 11 2.7E-02 9.56+0.94 i 4616 
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F.3 Calculations of the mutual distance 

This section shows the calculations used to estimate the mutual distance of the particles, 
if all the detected particles are located in a small disc, horizontally levelled above the 
powered electrode as observed with digital video camera recordings (see section 5.2.1). 
The radius a disc of such a disc is estimated at 2.5 cm and its height h disc at 1 mm. The 
volume of this disc V disc can be calculated with: 

(F. 14) 

To calculate the number density Ndisc of particles in the disc, the following equation is 
used: 

(F.15) 

The average mutual distance .L:lx of the trapped particles can be determined from Ndisc 

with: 

1 
L1x =-

N y, 
disf 

(F. 16) 

With the estimated dimensions of the disc of particles (see above) and of the infrared 
beam (see appendix F.1) and a maximum number density N of approximately 3.9·1015 m·3 

(see tables F.1 to F.6), the (average) minimum distance between the particles is 
determined at approximately 1400 nm. 

92 



APPENDICES 

Appendix G 

This appendix explains how the areas of the solid state absorption peaks of 
SiOx particles and the absorption peaks of TEOS are determined (see 
section 5.2.3 ). 

The FTIR absorbance spectra, shown in this graduation report, are calculated by means 
of equation 3.8, or G.1: 

A(v)= -log I(v} , 
I 0 (v) 

(G. 1) 

where A(v) represents the absorbance spectrum, I 0 (v) the single-beam spectrum, used 

as background, and I (v) the sample spectrum. Examples of these single-beam spectra 

are shown in figure G.1. For each absorbance spectrum a background has to be chosen. 

When measuring several single-beam spectra after each other, in order to obtain time
dependent absorbance measurements (see section 5.2.3), the use of one single-beam 
spectrum as the background for all measured sample single-beam spectra would be 
straightforward. Normally, the single-beam spectrum measured just before starring the 
deposition (in this case) would be chosen as background. However, this was not the 
procedure for the time-dependent measurements described in section 5.2.3, as described 
below. 

Figure 5.21 showed a typical FTIR absorbance spectrum, which is used to determine the 
area of the solid state absorption peaks of SiO, particles and the absorption peaks of 
TEOS (see for the deconvolution appendix C), including baseline corrections due to 
hearing by the plasma (see section 5.2.2). In practice, the FTIR absorbance spectra look 

~ 
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,SI 
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Figure G.1 

0.00018 
t = 0 min . 

0.00016 
t = 3.85 min. 

0.00014 
t = 4.35 min. 

0.00012 t = 8.85 min. 

0.0001 t = 9.35 min. 

0.00008 

0.00006 

0.00004 

0.00002 

0 
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

wavenumber [cm-1] 

Examples of single-beam spectra, measured just before the partiele formation stage (at t = 0 min.), in 
the partiele formation stage (at t = 3.85 min.), in the partiele trapping stage (at t = 4.35 and 8.85 min.) 
and in the partiele expulsion stage (at t = 9.35 min.). These single-beam spectra are used to ca/culate 
the absorbance spectra, in order to determine the time-dependent measurements of the area of the 
solid state peak of SiO, particles and the area of the TEOS peaks, shown in tigure 5. 14. 
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Figure G.2 

wavenumber (cm"1] 

FTIR absorbsnee spectrum, calculated by means of equation G. 1 and by using the single-beam 
spectrum at t = 0 min. as background and t = 3.85 min. as sample spectrum. 

more similar to the one shown in figure G.2. The baseline distortions are partly due to 
hearing by the plasma and partly due to deposition on the cage and KBr windows, which 
are in the infrared beam of the FTIR spectrometer. 

If only one single-beam spectrum is used as background for the other single-beam 
spectra, an increase of these distortions over time can be observed. In this case, the 
determination of the area of some absorption peaks is getring more complicated in time. 
Therefore, it has been chosen to use three different backgrounds for the time-dependent 
measurements shown in section 5.2.3, one for each stage. To be more precise, the 
absorbance spectra in the partiele formation stage are calculated by means of the single
beam spectrum measured just before starring the synthesis of particles (at t = 0 min.) as 
background. The partiele trapping stage uses the last single-beam spectrum of the partiele 
formation stage (at t = 3.85 min.) as background and the partiele expulsion stage uses the last 
single-beam spectrum of the partiele formation stage (t = 8.85 min.) as background. The 
difference between using one background (single-beam spectrum at t = 0 min.) for each 
stage and using the last single-beam spectrum of the preceding stage as background is 
shown for the partiele trapping stage in figure G .3 and for the partiele expulsion stage in 
figure G.4. 
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APPENDICES 

- background= single-beam spectrum at t = 0 min. 

- background = single-beam spectrum at t = 3.85 min. 

2000 2500 4000 4500 5000 5500 

wavenumber [cm-1
) 

Absorbance spectra derived trom the single-beam spectrum measured at t = 4.35 min. in the partiele 
trapping stage with two different single-beam spectra as background, one measured at t = 0 min. just 
befare the partiele formation stage and one measured at t = 3.85 min. at the end of the partiele 
formation stage. 

background = single-beam spectrum at t = 0 min. 

- background = single-beam spectrum at t = 8.85 min. 

wavenumber [cm'1) 

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

Absorbsnee spectra derived trom the sing/e-beam spectrum measured at t = 9.35 min. in the partiele 
expulsion stage with two different sing/e-beam spectra as background, one measured at t = 0 min. 
just befare the partiele formation stage and one measured at t = 8.85 min. at the end of the partiele 
trapping stage. 
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