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Chapter 1: 
Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the scope of the thesis is described. Not only will the relevance of the 

performed research to science and technology be described, but some theoretical 

background will be given as well. The purpose is to persuade the reader with a physics or 

chemistry background to read the rest of the thesis and to give people less familiar to the 

subject an idea of the scope of this thesis and the relevance of the research. 
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1.1 From single crystal to thin film 
The human race, especially the western world, but in more and more developing countries 

as well, has become increasingly dependent on electronic devices in the previous century. 

Not only consumer goods, but also healthcare, defence and scientific progress depend 

greatly on advanced electronic appliances. The inventions of the transistor and the 

computer chip have been of great importance to technological and scientific breakthrough. 

With this increasing demand of electronic devices, the production of faster, cheaper and 

greater (in numbers and scale) manufacturing processes has been stimulated. This demand 

has been primarily fulfilled by a major growth of the production of silicon-based materials 

in combination with good conducting materials. The production of single-crystal silicon, 

which was originally needed for the fabrication of these devices, is done by very slow and 

expensive processes that consume a lot of energy. One of these processes is the Czochralski 

process, in which a small seed crystal is used to pull a cylinder of single-crystalline silicon 

out of a silicon melt. After this the cylinder has to be cut into thin wafers, in which a lot of 

silicon is wasted during the sawing process (kerf loss). The float-zone process, which is an 

alternative to the Czochralski process, is even more expensive, and delivers silicon of 

higher purity. A cheaper procedure can produce blocks (ingots) of multi-crystalline silicon, 

which is a bit cheaper than the aforementioned processes, but still quite expensive and 

produces material with more defects. To overcome these problems, the research and 

development of thin film semiconductors was started. These thin films consist mostly of 

 
Figure 1-1: A selection of thin film devices: a TFT monitor (left), a thin film a-Si solar cell module (Fuji 

Electric systems) and a mobile telephone with touchpad. 
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amorphous or nanocrystalline materials which are not only more easily and cheaply 

produced, these materials exhibit other optical and electronic properties as well. This means 

that the materials can have some advantages over single crystalline silicon. One of these 

advantages is that the absorption coefficient in the visible wavelength range is significantly 

larger. This is due to the fact that crystalline silicon is an indirect band gap material, 

whereas amorphous silicon behaves as a direct band gap material. A direct band gap means 

that a photon (light particle) can be absorbed without the production of a phonon (crystal 

vibration), which makes the absorption more likely to occur. For the preparation of thin 

film devices, chemical vapour deposition has proven to be the most useful technique. 

 

1.2 Chemical vapour deposition 
Chemical vapour deposition (CVD) is the creation of thin films from gaseous precursors by 

a chemical reaction. The fact that a chemical reaction occurs distinguishes it from physical 

vapour deposition (PVD), of which the most well-known variants are evaporative 

deposition and sputtering. 

The first known article about deposition of solid material by gas-phase reactions dates back 
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Figure 1-2: Number of publications reporting chemical vapour deposition techniques (as found on 
www.scopus.com), plotted logarithmically (left) and linearly (right). 
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to 1879. In this paper J. Ogier describes the dissociation of a silicon containing gaseous 

compound to form thin films of hydrogen containing amorphous silicon [1]. 

In the early 1960’s, the first papers mentioning the term “chemical vapour deposition” were 

published. These were depositions of tungsten films from WF6 gas on a heated substrate [2, 

3]. Soon after that, deposition of silicon, silicon oxide (SiOx) and silicon nitride (SiNx) with 

the use of a radio-frequent discharge (or “plasma”) was published [4]. Since then, CVD has 

become one of the standard techniques for fabrication of both metallic and non-metallic 

films. The amount of publications has grown almost exponentially from 1970 to 1990, after 

which it has stabilized, as can be seen in Figure 1-2. In 2004, as much as 6604 papers have 

been published on CVD processes in various journals. Many prefixes have been added to 

the CVD tree, of which Plasma- enhanced (PECVD), metal-organic (MOCVD) and Hot-

Wire (HWCVD) are the most important ones. Atomic layer deposition (ALD) is generally 

considered to be a CVD technique as well. We will now discuss the techniques that are 

used for the research described in this thesis. 

1.2.1 Hot-wire chemical vapour deposition 
Hot-wire chemical vapour deposition (HWCVD) is a relatively new technique, which was 

first reported in the 1980’s [5] and was further developed in the 1990’s [6]. It involves 

dissociation of source gases by means of a resistively heated wire. It was originally 

developed as an alternative to Plasma enhanced chemical vapour deposition (PECVD), 

which uses radio-frequency plasma to enhance and speed up the processes in the CVD 

reactor. The disadvantage of PECVD, however, could be that the ions in the plasma are 

accelerated and, if the kinetic energy becomes greater than ~20 eV, they may subsequently 

damage the substrate or previously deposited layers, in the case of a multilayer. 

In Figure 1-3, the amount of publications on HWCVD over the last 21 years is plotted. It 

can be seen that some synonyms were initially more widely used and are still used. This is 

due to historical reasons and geographical preferences. The technique was almost 

simultaneously developed in different parts of the world and in these respective regions, 

alternative names were used. For instance, in Japan the term “catalytic CVD” or “cat-CVD” 

was coined [7, 8], stressing the importance of the wire material, which could have a 

catalytic effect on the reactions. This catalytic effect is proven not to be present in all hot-
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wire depositions, so this term is not used generally. The first publications use the term “hot 

filament CVD” and are of Japanese origin as well [9, 10]. The word “filament” was 

previously used in electronics for the tungsten wires in an incandescent light bulb, which 

points out the parallel between this device and a hot-wire reactor. For instance, the material 

of the “hot filament” is quite often tungsten (W), which is also used in light bulbs. Another 

similarity is the low-pressure inside the hot-wire reactor and the light bulb. The most 

important difference however, is that in a hot-wire reactor, the wire is heated to reach the 

desired temperature, whereas in a light bulb, the wire is heated for the production of light. 

Generally speaking we can say that the term Hot-wire CVD is more and more used, relative 

to the other terms. 

1.2.2 Initiated chemical vapour deposition 
One of the techniques that belongs to the “hot-wire family” is initiated chemical vapour 

deposition (iCVD). This is a gas-phase technique for depositing polymer films without the 

use of a solution or plasma, which are likely to damage the other materials that are used for 

thin film electronics. In Figure 1-4, the iCVD reactor is schematically drawn. In the iCVD 

process, metal wires are resistively heated to a temperature of typically 200-400 °C, so that 
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Figure 1-3: Number of various CVD publications over the last 21 years in the “hot-wire family” as 
found on www.scopus.com. 
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the initiator molecules are thermally decomposed into radicals. The iCVD process involves 

gas-phase reactions on a heated wire and no plasma process is involved. The radicals, 

created on the heated wire, mostly originate from peroxides. In a free radical 

polymerization process, which the iCVD process is, this reaction is called the initiation 

reaction. These radical species then initiate the free radical polymerization of monomers to 

form a film on the cooled substrate (< 50 °C, Figure 1-4). This allows the use of cheap 

plastic substrates, such as poly(ethylene terephthalate) (PET), poly(ethylene naphthalate) 

(PEN), or even paper. Finally, but not necessarily, the polymer chain can be terminated by 

yet another radical (Figure 1-4) when the radical concentration is high relative to the 

monomer concentrations. Termination can also occur through coupling of two radical 

polymer chains, disproportionation (transfer of a hydrogen atom from one radical chain to 

another, eliminating both radical sites), or by chain transfer (transfer of the radical site to 

another molecule) [11]. 

Because no plasma is involved and the process temperatures are very low, the occurrence of 

any unwanted side reactions is minimized, resulting in a high purity of the deposited 
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Figure 1-4: Schematic representation of the iCVD process. Only primary radical termination is shown. 

Other types of termination are described below. 
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polymer [12, 13]. The technique was developed at Massachusetts institute of technology 

(MIT) in the laboratory of Prof. Karen Gleason. The iCVD process can quite easily be 

integrated in large-scale device production, like other HWCVD processes [14].  

 

1.3 Applications of CVD thin films 
In this section, we give the scope of possible applications of the materials that can be made 

with CVD techniques. In principle, there are many more applications than we describe here. 

Only those that motivated our research are described here.  

1.3.1 Conducting polymers 
In 2000, the Nobel Prize for chemistry was awarded to Heeger, Shirakawa and McDiarmid. 

The research for which they received this honour was done in the late 1970’s [15]. This 

research was done on conjugated polymers, which are polymers with an alternating single-

double bond backbone. This alternation causes the π-orbitals to overlap. This would lead to 

a half-filled electronic band upon infinite conjugation, if not for the Peierls distortion [16], 

which causes the single bonds in the backbone to be longer than the double bonds to gain 

energy. This means that a lower energy level, which is completely filled with electrons (the 

highest occupied molecular orbital, HOMO) and an upper level which is completely empty 

(the lowest unoccupied molecular orbital, LUMO) appear. Because of this, polyacetylene is 

a poor conductor. Heeger, Shirakawa and McDiarmid were the first to dope layers of 

polyacetylene with I2 vapour. The layers turned out to become highly conductive, 

comparable to some metals. This was the first time that such high conductivity was 

established in purely organic materials. In the years following this breakthrough, a lot of 

efforts have been made to explore the possibilities of organic semiconductors. Besides 

polyacetylenes, applications of polyphenylenes, polythiophenes and polyanilines have been 

investigated. The materials were used as conducting layers, but also as emitters in organic 

light-emitting devices (OLEDs). With iCVD, usually vinyl polymers are produced, i.e. the 

monomers have a double bond which reacts with the radical and a second monomer to form 

a single-boned backbone. If we were to use a monomer with a triple bond (an alkyne) in the 

iCVD process, we could end up with an alternating single-double bond backbone, i.e. a 



 

16 

conjugated system. If this conjugated polymer could be doped with an oxidant, such as I2, it 

could be made conducting, like the polyacetylene of Heeger, Shirakawa and McDiarmid. 

This possibility is investigated in Chapter 6 of this thesis. 

1.3.2 TFTs and (O)LEDs 
The production of thin films over large areas has become of major importance to the 

production of electronic devices. First of all, the size of electronic devices such as flat-panel 

displays and solar cells is increasing drastically [17]. This entails great challenges to the 

production processes of the material. The production of thin film devices over large areas 

demands tight control of the deposition processes to avoid shunting and inhomogeneity of 

these thin films. Secondly, the materials for these optoelectronic devices are varying more 

and more from the traditional silicon-based materials. This is mainly due to economic 

reasons. Organic materials are generally more available at low price and in large quantity. 

Further development is, however, needed to reach the same electronic quality and stability 

as inorganic materials. 

The most important optoelectronic device in which organic material is used is an organic 

light-emitting diode (OLED). These devices basically consist of an organic semiconductor 

in between a metal cathode and transparent conducting oxide (TCO) anode in which the 

injected charge carriers recombine very effectively, followed by emission of the excess 

energy as photons (Figure 1-5) [18]. Quite often two organic layers are used in an OLED, 

the emitter layer (a good electron conductor) and a hole conducting layer for effective 

charge injection [19]. These active layers may consist of polymers, in which case the 

Organic semiconductor

Cathode (low work function metal)

Anode (TCO)

Transparent substrate

 
Figure 1-5: Basic configuration of an organic light-emitting device (OLED). 
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devices are sometimes called polymer LEDs or PLEDs.  

A thin film transistor (TFT) is the main constituent of most modern displays. TFTs are 

mostly used for liquid crystal displays (LCD), usually called TFT LCD or just LCD or TFT 

display. Like a normal transistor, a TFT consists of three electrodes called source, drain and 

gate (Figure 1-6). Between the source and the drain is a semiconductor film and the gate is 

shielded from the semiconductor layer by the insulator (dielectric). For the semiconducting 

film, usually amorphous silicon (a-Si) is used, which can be made by HWCVD, but this can 

be any thin film semiconductor, so also organic semiconductors can be used. As a gate 

insulator, amorphous silicon nitride can be used (which can also be deposited by HWCVD), 

but in principal any high dielectric constant insulator can be used, so also in this case 

organic materials can be applied. In Chapter 7, a polymer is presented that could serve as 

such an organic dielectric. 

1.3.3 Solar cells 
In 1954, Bell Labs announced the invention of the first modern silicon solar cell [20]. These 

first solar cells were made of n-type (electron conducting) crystalline silicon, of which the 

top layer (< 2.5 μm) was made p-type (hole conducting). The efficiency of these cells was 

about 6 %. This type of crystalline single junction solar cell is still the most widely used 

concept and is known as a 1st generation solar cell. The upper limit for any theoretical 

single junction solar cell is the Shockley-Queisser limit [21], which is about 33 % (Figure 
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(channel)Source Drain
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Insulator
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Figure 1-6: Possible configuration of a (thin film) transistor. The Insulator and semiconductor thin 

films can be produced with HWCVD processes. 
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1-8). For the more specific case of a c-Si single junction solar cell this limit is 30 %, which 

is only a few percent higher than the record cell efficiency of 25 % by the University of 

New South Wales in 1999 (Figure 1-7). 

The thin film materials described in Section 1.2 are the materials that are used for the 2nd 

generation solar cells. This type of cells can be produced cheaply, but in practice they have 

a lower efficiency (Figure 1-8). The record for a stabilized thin film silicon based solar cell 

is currently 12.5 % by United Solar and the record initial efficiency is 15.4 % [22]. Other 

thin film materials such as Cu(InGe)Se2 (CIGS) and GaAs presently lead to much higher 

efficiencies. Since these materials are much less abundant or more expensive, however, 

these are not produced in large quantities. 

Organic solar cells also belong to the so-called second generation solar cell concepts [23]. 

They face some practical challenges, which are the subject of a vast amount of recent 

studies. One of those challenges for organic materials is their generally narrow absorption 

 
Figure 1-7: Solar cell record efficiencies until 2010 (Courtesy of the National Renewable Energy 

Laboratory, Golden, Colorado, as compiled by Dr. Lawrence L. Kazmerski). 
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range. Another challenge is the low stability of organic semiconductors upon illumination, 

especially in combination with bias voltage and oxidants, such as oxygen and water, which 

are omnipresent in ambient conditions. This stability may increase with the application of 

optimized barrier coatings (see next section). In 2009, the record for an organic solar cell 

was set at 6.4 ± 0.3 % by the Konarka company [24], which was broken three times by 

Solarmer (8.1 %, Figure 1-7).  

Theoretically high efficiency concepts are the so-called third generation. Among these 

concepts are multi-junction solar cells and hot-carrier cells. Organic materials may also 

play an important role in these solar cells, but this is beyond the scope of this thesis. 

1.3.4 Barrier coatings 
The most challenging aspect of the application of organic semiconductors is to ensure the 

stability of these materials. Inherent to the use in optoelectronic applications these layers 

are exposed to both illumination (from outside the device in the solar cell case or inside the 

device in the case of an OLED) and voltage bias. If these layers are exposed to an oxidant 

such as O2 or H2O from the surrounding atmosphere as well, the layers are subject to swift 
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Figure 1-8: Representation of the 3 generations of solar energy concept classified by efficiency and cost 
[23]. 
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degradation. To avoid the contact of these layers with air, a coating has to be applied that 

shields the layers effectively from air. Ceramic, inorganic coatings have been tested and 

used for these purposes as well as organic materials (plastic coatings). In the recent past 

combinations of organic and inorganic materials have been introduced [25]. A combination 

of inorganic and organic materials can result in an optimal combination of conditions, such 

as low oxygen permeability, flexibility, adhesivity and transparency, which cannot be found 

in a single layer. In 2009, a research proposal was granted in our group for a combination of 

HWCVD a-SiNx layers, which have high mass density, but can form pinholes in the growth 

process, and PGMA deposited with iCVD (Figure 1-9), which can form an adhesive layer 

in between the a-SiNx layers and can interrupt the growth of pinholes. The research 

described in Chapters 4 and 5 is conducted with this application in mind. 

 

1.4 Objectives and outline 
The objective of this thesis is to explore the possibilities on iCVD and related techniques 

that are applied at the Physics of Devices group the past four years. In these years the iCVD 

reactor, the PANDA (described in Section 2.1) was built and made operational. Some of the 

experimental techniques were new to the laboratory, but most of them belong to the 

Substrate

Device

SiNxPGMA

 

 

Figure 1-9: Combined barrier coating of PGMA and SiNx. 
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standard equipment of a thin film devices research group. Most of the research is continued 

by upcoming researchers, who will hopefully benefit from the work described in this thesis. 

In Chapter 2, the details of the used experiments in the research conducted for this thesis 

are described. The deposition and characterization techniques are described. When 

necessary, some theoretical background is given. The iCVD reactor (PANDA) is described 

in great detail, since the materials under investigation in most of the chapters were made in 

this reactor.   

Chapter 3 describes a study of the heat transfer processes in the iCVD reactor, the PANDA. 

The contribution of heat conduction and radiation are modelled and compared, after which 

the relative reaction energy is estimated. According to this estimation, the dissociation 

reaction only takes about 2 % of the total energy consumed in the process.  

The deposition of one of the iCVD deposited polymers, poly(glycidyl methacrylate), or 

PGMA, is described in Chapter 4. The thermal stability of the layers in a vacuum and the 

planarization properties are also studied. These layers can be used in combination with SiNx 

for multilayered barrier coatings, since they are 80 % stable up to 410 °C. 

The SiNx layers that are to be used in combination with PGMA for the barrier coatings, 

deposited at low substrate temperature, are described in Chapter 5. These films can be 

deposited at low substrate temperatures (230 °C) with a very high mass density of 2.8 

g/cm3. The films are highly transparent, show very little mechanical stress and have 

promising dielectric properties. 

Chapter 6 introduces other applications of the iCVD technique. In this chapter, thin films of 

oligo(phenyl acetylene), or OPA, and subsequent doping with I2 are described. The doped 

layers are found to have a good conductivity. This is the first time that iCVD-produced 

layers are made conducting by doping. 

In Chapter 7, the synthesis of poly(meta-diethynyl benzene) (PMDEB) with iCVD is 

described. This polymer can be used in combination with other monomers as a “low-k” 

dielectric. The low solubility of PMDEB makes it convenient to have a solventless 

production method of this polymer. Optical, FTIR and molecular weight analyses are 

shown in this chapter.  
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Chapter 2: 
Experimental methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In experimental science, an understanding of the experimental details is vital for the 

correct interpretation of the results. In this chapter, the relevant experimental techniques 

are explained that can help to understand the results described in the rest of this thesis. 

Firstly, in Section 2.1, the chemical vapour deposition setups that have been used to deposit 

the layers under examination are described, with special attention for the iCVD reactor in 

Section 2.1.1. The techniques to measure and characterize the layers are explained in 

Section 2.2. Details of depositions and measurements that are specific to the samples used 

in the experiments are mentioned in the experimental sections of chapters 3-7. 
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2.1 Deposition techniques 
All samples were made using hot-wire chemical vapour deposition (HWCVD) as described 

in Section 1.2.1. The initiated chemical vapour deposition (iCVD) reactor, called PANDA 

(Polymer Apparatus for New and Daring Applications) will be described in detail. Most of 

the chapters in this thesis describe materials that are made with this reactor. The PASTA 

(Processing Apparatus for Semiconductor Thin-film Applications), the combined hot-wire 

CVD and plasma-enhanced CVD multi-chamber reactor, which has been used for 

deposition of SiNx at low temperature (< 230 °C) will be described briefly in Section 2.1.2. 

The deposition of SiNx in the PASTA at higher substrate temperature (~450 °C) is 

described in earlier work [26]. 

2.1.1 The iCVD reactor: the PANDA 
The main goal of our research is to explore the deposition processes of various types of 

polymers for optoelectronic applications, using our iCVD reactor, the PANDA (Figure 

2-1). The PANDA consists of a cylindrical, stainless steel vacuum reactor, which has an 

internal diameter of 25 cm and internal height of 5 cm. The total volume of the interior of 

the vacuum chamber (including piping and other cavities) can be calibrated by using a mass 

flow controller (MFC) with standard N2-flows. This MFC gives calibrated flows in standard 

cubic centimetres per minute (sccm), assuming conditions of 0 °C and atmospheric 

 

 
 

Figure 2-1: The PANDA with its accessories (left) and a close up of the reactor where the NiCr wires are visible 
(right). 
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pressure. This calibration is shown in Figure 2-2. The volume of the reactor can be 

calculated from this calibration to be 5.57 ± 0.07 litres (10-3 m3). The background flow (due 

to leaking and degassing of the walls of the reactor) was determined from the intercept in 

Figure 2-2 to be 0.25 ± 0.08 10-3 Pa m3/s.  

In the PANDA, NiCr (80 % Ni, 20 % Cr) wires with a diameter of 0.4 mm are mounted in a 

parallel array. The wires are held by insulating ceramic material. Experiments have been 

done with Ta wires as well, which showed no significant changes in the deposition process 
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Figure 2-2: Calibration of the reactor volume of the PANDA, using N2 flow  through a mass flow 
controller (MFC). The calculated volume is 5.12 ±0.06 litres (10-3 m3). 

 
 

Figure 2-3: The molecular structure of tert-butyl peroxide (TBPO), the initiator used throughout this 
thesis. Carbon, hydrogen and oxygen atoms are depicted in grey, white and black, respectively. 
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or rate. 

The initiator that was used throughout this research is di-tertbutyl peroxide, also called tert-

butyl peroxide (TBPO, Figure 2-3), the name we will use throughout this thesis. This is a 

peroxide, which has an O-O bond that is weak and can thus be broken by exposing it to 

high temperatures. The dissociation energy of this bond is 155 kJ/mole [11].  

For the monomer flow to be sufficient, the jar from which the fluid is evaporated must be 

heated. As can be seen in Figure 2-4, the different monomers described in this thesis have 

varying saturation pressures (i.e. boiling points) at different temperatures. The temperature 

at which the monomer jar should be kept is determined empirically for every monomer by 

measuring the flow. For phenyl acetylene (PA), meta-diethynyl benzene (MDEB) and 

glycidyl methacrylate (GMA), these temperatures are room temperature (~21 °C), 50 °C 

and 60 °C, respectively.  

The data in Figure 2-4 can be fitted with the Clausius-Clapeyron equation [27], which 

describes the relation between the vapour pressure and the boiling point of a mixed phase 

gas-liquid system which is not near the critical nor the triple point, to obtain the enthalpy of 

vaporization (ΔHvap): 
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Figure 2-4: Vapour pressures of compounds under study in this thesis (from scifinder.cas.org). The 
data are fitted with the Clausius-Clapeyron equation to obtain the stated enthalpies of vaporization. 

For MDEB the amount of data point are not sufficient to obtain a reasonable value of ΔHvap. 
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  vap
sat

H
p C

RT
 (2-1) 

in which psat is the saturation pressure of the compound at the given temperature (T), R is 

the gas constant and C another constant. The values for the enthalpy of vaporization are 

given in Figure 2-4. The value for MDEB cannot be calculated accurately due to 

insufficient data.  

The volume of monomer that is adsorbed on the substrate is given by the BET (Brunauer, 

Emmett and Teller) isotherm [28]: 

( 1)
1

( )


 


m

sat sat

pV c p c

V p p p
 (2-2) 

in which p is the partial pressure of the gas, psat is the saturation pressure of the compound 

at the temperature, V is the adsorbed volume and Vm the volume of a monolayer. The 

constant c is dependent on the enthalpy of desorption (ΔHdes) of a monolayer from the 

substrate that is used and the enthalpy of vaporization from the liquid adsorbate (ΔHvap): 
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Figure 2-5: BET isotherms for different values of the BET constant c.
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The BET isotherm can be written in a more convenient form: 

   1 1


   m

V cx

V x x cx
 (2-4)  

in which x = p/psat. In Figure 2-5, the number of monolayers adsorbed on a substrate (V/Vm) 

is plotted against x for different values of the BET constant c. Note that this constant is 

dependent on ΔHdes and thus on the substrate that is used. Using ab initio methods, we 

calculated ΔHdes for GMA on crystalline silicon to be 185.6 kJ/mole on clean crystalline 

silicon. This means that for these substrates, the BET constant c is about 12 on clean 

silicon, giving fairly good desorption of monomer on substrate at pressures below 

saturation pressure (Figure 2-5). Since we are using silicon surfaces as received, thus 

bearing native oxide, the desorption energy is probably smaller, and thus closer to 

desorption energies found in the literature for other acrylate monomers [29], making the 

BET constant lower than 12. 

2.1.2 Monitoring the layer thickness in the PANDA 
The growth rate of layers deposited in the PANDA is monitored by an in situ helium/neon 

(He/Ne) laser interferometry setup. This setup is schematically depicted in Figure 2-6. The 

setup measures the interference of a He/Ne laser beam (632.8 nm) reflected from a thin 

film. Because the beam that is reflected from the top of the thin film and the one that is 

reflected at the thin film-substrate interface have different phases, they show alternating 

constructive and destructive interference as the film grows thicker. This gives a thickness 

dependent and thus time dependent interference pattern during the deposition, which is 

shown in Figure 2-7.  

The phase shift between the paths x1 and x2 of reflected light from the two different 

interfaces is related to the time difference Δt = t2-t1. Using Snell’s law (cosα = n cosβ), we 

can show that: 
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in which x2 is the distance travelled in the path of t1 (Figure 2-6). Similarly: 
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The time difference (proportional to the phase shift) now becomes: 
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Whenever Δt is equal to the period T of the laser light, the two beams are in phase and the 

intensity shows a maximum. This means that: 
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Figure 2-6: Schematic drawing of interferometry setup. The phase difference between the beam paths 

x1 and x2 is what causes the interference. 
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PGMA for instance has a refractive index of 1.525 [30] and we generally use an angle of 

incidence of about α = 30°, which leads to a value of dmax ≈ 300 nm.  

In the case of Figure 2-7, the pressure was set at 0.22 mbar and the wire reached 250 °C at 

t = 300 s. The layer takes a while to show the first minimum and then grows with a quite 

steady rate of 1.7 nm/s. At t = 535 s, the pressure is lowered to base pressure and the power 

through the wire is cut simultaneously. This stops the growth of the layer and causes the 

short chains and adsorbed monomer to vaporize and desorb from the substrate. 
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Figure 2-7: Interferogram of growing PGMA layers on a crystalline silicon substrate (solid line) and a 
line with the function a+b sin(ct+d) (dashed line). The growth process is stopped at t=535 s by lowering 

the pressure and the wire temperature simultaneously. 
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2.1.3 HWCVD reactor: the PASTA 
Depositions of amorphous silicon nitride at low substrate temperature (low-T a-SiNx) are 

performed in the PASTA, which is a multi-chamber CVD system equipped with plasma as 

well as hot-wire reactors. The setup of the hot-wire chamber is depicted in Figure 2-8. For 

all depositions, a NH3 flow of 300 standard cubic centimetres (sccm) is used. The flow of 

SiH4 is varied between 3 and 180 sccm to achieve the different flow ratios reported in 

Chapter 5. The gases are fed into the reactor through a showerhead, which gives a good 

distribution of the gas mixture in the chamber. The gases are then catalytically decomposed 

at the tantalum filaments into several radical precursors. The reactor contains four of these 

tantalum wires with a diameter of 0.3 mm, which are mounted in a parallel array. A current 

of 7.5 A per wire was used to heat the wires resistively to 2350 ± 50 °C (estimated from 

measurements in vacuum).  

During the deposition, the substrate is heated by the radiation from the wires. When active 

water cooling is applied, the substrate can be kept at a temperature of only 230 °C (as 

calibrated with a thermocouple attached to the substrate), whereas the substrate temperature 

reaches about 450 °C when no active cooling is applied. Depositions on cooled and 
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Figure 2-8: Schematic drawing of the cooled hot-wire CVD reactor. 
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uncooled substrates have been performed in the same reactor chamber, either with or 

without a substrate cooler. The substrate is shielded from the wires with a shutter before 

and after the deposition to minimize the heating of the substrate and to set up an 

equilibrium reactive environment during the actual deposition. The pressure was kept 

constant during the depositions by controlling the pumping rate. 

 

2.2 Material characterization 

2.2.1 Fourier transform infrared spectroscopy 
One of the techniques that were used to characterize the layers was Fourier transform 

infrared spectroscopy (FTIR). Every molecule or bonding configuration in the solid state 

network has specific vibration energies, leading to specific absorption peaks in the FTIR 

spectrum, as long as they are asymmetrical bonds and thus have an oscillating dipole upon 

vibration. In an FTIR spectrometer, broadband infrared radiation (IR radiation of a broad 

spectral range with constant intensity) is led through a thin film sample. Because of the 

high infrared absorption of SiO2, glass substrates cannot be used for these measurements. 

Instead, p-type crystalline silicon wafers (cut and polished in the crystallographic (100) 

direction) were used as a substrate. At the specific frequencies of the vibrations in the 

molecules in the sample, the radiation is absorbed. The light is then led through an 

interferometer, which is shown in Figure 2-9. The radiation that is collected by the detector 

is then Fourier transformed, which gives the infrared spectrum of the sample. The 

background absorption of the substrate was subtracted by routines in the used measurement 

software. The interference of the thin film gives rise to a periodic background in the 

measured spectrum. In both setups, heavy N2 purging was used to avoid CO2 and H2O 

peaks from air. 

The FTIR data presented in Chapters 4 & 5 was measured using a Digilab FTS-40 

spectrometer, equipped with a liquid-nitrogen cooled HgCdTe detector, in transmission 

mode. The interference contribution to the spectrum was subtracted using a self-made 

routine in the Mathematica® program.  
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FTIR spectra presented in Chapters 6 & 7 were taken with a Bruker VERTEX 70 

spectrometer in transmission mode. The OPUS version 5.0 software package was used to 

analyse and process these spectra. The recorded spectra ranged from 400 cm-1 to 4000 cm-1 

with a resolution of 4 cm-1 averaged over 50 scans. As a result of interference a curved 

baseline was observed in all cases. The manual baseline correction tool using polynomials 

of the OPUS software package was used to correct FTIR spectra for the curved baseline 

caused by interference. 

2.2.2 Reflection/transmission spectroscopy (UV/Vis) 
In order to determine the thickness, refractive index and absorption of the polymer layers, 

reflectance/transmittance (RT) measurements were done. The specular reflectance and 

transmittance were measured with an eta-optik 2C5/HL Mini-RT setup in the spectral range 

from 400 nm to 1000 nm. The analysed layers were deposited on Corning eagle 2000 glass, 

quartz or p-type crystalline (100) silicon substrates. The reflectance/transmittance 

measurements were analysed using a suitable dielectric function model (mentioned in the 
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Figure 2-9: Schematic drawing of a Michelson interferometer as used in a FTIR spectrometer. 
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experimental section of the relevant chapters) in the SCOUT 2.1 program [31] to yield the 

thickness of the polymer layers. 

Integrated sphere UV/Vis RT measurements were performed in order to determine the 

absorption characteristics of the layers. This was done using a Perkin Elmer UV/VIS 

Spectrometer Lambda2S with a spectral range of 200-1100 nm. The reflectance and 

transmittance spectra were directly measured. To calculate the relative absorption (rel. abs.) 

spectrum the equation: 

. . l 1
1

AT
rel abs e

R
   


 (2-10) 

was used, in which A = α . d, the absorbance according to the Beer-Lambert law. The 

background radiation was subtracted using the measuring software package of the Perkin 

Elmer spectrometer.  

For the materials presented in Chapters 5 & 7, the model of O’Leary, Johnson and Lim 

(OJL) [32] was used to determine the n and k values. This model was implemented in the 

SCOUT 2.1  software [31]. 

2.2.3 Photoluminescence 
A spectrofluorometer from Edinburgh Instruments was used to measure 

photoluminescence. To perform these measurements both doped and undoped polymer 

layers, deposited on Corning eagle 2000 glass substrates, were dissolved in tetrahydrofuran 

(THF) during 5 minutes. Emission and excitation measurements were performed using a 

SPEX DM3000F spectrofluorometer with a 450 W Xe-lamp as excitation source. The 

excitation light was dispersed by a double-grating 0.220 m SPEX 1680- monochromator 

(1200 l/mm) blazed at 300 nm. The light emitted by the sample was focussed on a fibre 

guiding the light to a monochromator where the emission light was dispersed by a 150 

l/mm grating (Scientific Spectra Pro) blazed at 500 nm with 0.300 m focal length and 

detected using a Princeton Instruments 300i CCD camera. 
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2.2.4 Gel permeation chromatography 
Gel permeation chromatography (GPC, also called gel filtration or molecular exclusion 

chromatography) is the most common method to determine the chain length of a polymer. 

The setup consists of a micropore column with a pumping system and usually two 

detectors, a refractive index detector and a UV detector. The polymers are dissolved in a 

suitable solvent, in our case chloroform or tetrahydrofuran (THF), and injected into a 

constant flow of solvent through the column. Dependent on the size of the polymer, the 

molecules diffuse into the pores of the column and their retention time increases with 

decreasing size. The retention times can then be compared to a calibration curve, made with 

standardized polymer samples (generally and also in our case polystyrene) of known 

molecular size.  

For this purpose depositions were made on silicon substrates. These substrates were cut into 

pieces and the layers were dissolved in THF. The polymer solution was injected into a gel 

permeation chromatograph. Molecular weight distributions (number-average molecular 

weight MN and weight-average molecular weight MW) were determined with a mixed-bed 

column, THF as eluent, UV/VIS at 254 nm as detection method and polystyrene standards 

as reference. The measurements were performed in the Pharmaceutics group of Utrecht 

University. 

2.2.5 MALDI-TOF 
Matrix assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF) 

was used as a complementary technique to GPC to determine the exact weight distribution 

of the polymers. A Voyager-DE BioSpectrometry Workstation mass spectrometer 

(PerSeptive Biosystems Inc., Framingham, MA, USA) was used to obtain the MALDI-TOF 

mass spectra. Corning eagle 2000 glass substrates with deposition on it were put in THF for 

five minutes to dissolve the polymer. Then the dissolved polymer was brought onto a plate 

containing a 3,5-dihydroxy-benzoic acid (DHB) matrix. The measurements were performed 

by Henk Kleijn of the organic chemistry group of Utrecht University. 
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2.2.6 Atomic force microscopy (AFM)  
The surface morphology was determined from atomic force micrographs (AFM), recorded 

on a Nanoscope® IIIa (digital Instruments, Santa Barbara, Ca) system, equipped with an E-

scanner (maximum lateral scan size 10 μm, maximum vertical scan size 2.5 μm) in the 

tapping mode. A so called OTESPA tip was used from the Veeco ESP series, which has a 

tip size of 10 nm. For the planarization experiments in Chapter 4, PGMA layers of different 

thicknesses were grown on textured Asahi© U-type SnO2:F substrates. 

2.2.7 Electrical conductivity 
In order to measure electrical conductivity of the samples described in Chapter 6, different 

device structures were made. The first device structure was built by depositing a polymer 

on eagle 2000 Corning glass in the PANDA as described in Section 2.1.1, followed by 

doping for different doping times. Then two metal contacts were applied to the top of the 

polymer layer. At first, straight contacts with a width of 2 cm were used. Because the 

conductivity of the polymers was low, in a second attempt interdigitated metal contacts 

with a total width of 10 cm were used. The distance between the contacts was 0.5 mm in 

both cases and the height of the charge transporting volume was assumed to be equal to the 

film thickness. In order to evaporate the metal contacts, a thermal evaporator was used in 

which metals can be evaporated in vacuum by applying a current through a tungsten boat, 

in which the metal is placed. The used pressure was 2.0.10-5 mbar. 

To be able to measure the photoconductivity, a sandwich structure was designed. A 

polymer film was again deposited, but this time on a transparent conducting oxide (TCO) 

on glass. The polymer film was doped and in the next step a metal top contact of 1 cm2 was 

applied by thermal evaporation. In this way, a TCO/doped polymer/metal device was 

created with charge transporting area of 1 cm2 and a charge transporting length equal to the 

layer thickness.  
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Chapter 3: 
Heat transfer model of an iCVD reactor  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The power consumption in the iCVD process is, contrary to conventional HWCVD, 

dominated by heat conduction rather than radiation. This is due to the fact that while the 

typical wire temperatures for HWCVD are about 1750-2200 °C, for iCVD the temperature 

is only 200-400 °C. Typical deposition pressures in an iCVD reactor are in the transition 

regime between the collision free regime, where the conduction is pressure dependent, and 

the collision mediated regime, where the conduction is pressure independent. The power 

loss due to heat conductivities of molecular nitrogen, glycidyl methacrylate (GMA) and 

tert-butylperoxide (TBPO) gases have been determined experimentally for these pressure 

regimes. The temperature dependence of the conduction of gaseous TBPO turned out to be 

of the superlinear (Pcond ∂ T2.27). The necessary power input to the filaments can be 

explained mainly by gas conduction and secondly by heat dissipation through radiation, 

since the dissociation process requires only very little power, about 2 % of the total power 

consumption in a typical iCVD process. 
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3.1 Introduction 
The iCVD process is a thin film deposition process that consumes overall very little energy, 

due to the relatively low process temperatures, which is an advantage for implementation in 

commercial production lines. 

Although for typical HWCVD processes that use filament temperatures (Tw) in the 1750–

2200 °C range, several studies have been done to examine the consumed power [33-35], no 

studies, to our knowledge, have been done for iCVD. It is obvious that at the high 

temperatures and low pressures of a typical HWCVD process, heat conduction by the 

process gases has only a minor influence on the consumed power, compared to radiation. 

This difference is mainly due to the fact that radiative power is proportional to the fourth 

power of the wire temperature (Tw
4), whereas the temperature dependence of conduction 

power is of a lower order (< Tw
3). In this chapter, the power consumption of an iCVD 

reactor is studied. 

 

3.2  Experimental 
The investigated iCVD system contains a nichrome wire (80 % Ni, 20 % Cr) mounted in a 

parallel array with a distance of 13 mm between the wires, 28 mm above the substrate in a 

home-built reactor (the PANDA), after a design by Prof. Gleason’s laboratory at MIT [36]. 

The reactor is cylindrically shaped with an internal diameter of 25 cm and internal height of 

5 cm. The monomer, glyciyl methacrylate (GMA, 97 %, Aldrich) was heated in a glass jar 

to a temperature of 60 °C, and fed into the reactor through a gas line heated to 90 °C. The 

initiator, tert-butyl peroxide (TBPO, 98 %, Aldrich) was vaporized at room temperature. 

The initiator and precursor flows were controlled by metering valves. The substrate 

temperature was kept below 25 °C by means of water cooling at the back of the substrate 

holder. Current, voltage and temperature measurements were done using three multimeters 

(175 True rms) and an 80TK Thermocouple Module (Fluke). The pressure was controlled 

by changing the pumping speed by means of a pressure controller (MKS 615C). 
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3.3 Results and discussion 
In thermal equilibrium, the power supplied by the potentiostat equals the heat dissipated by 

the resistively heated wires, which can be described by the following expression: 

rad cond conv reP = P  + P  + P + P  = I Vinput   (3-1) 

where Prad is the radiative power loss, Pcond is the power lost by conduction of the gas, Pconv 

is the power loss through convective heat transfer and Pre is the power that is consumed by 

the chemical reactions at the wires. Experiments in which we varied the gas flow rate 

showed no alterations in the power consumption. Furthermore, the heat conductivity at 

higher pressures saturates towards a constant value (see Section 3.3.2). This means that the 

convective heat transfer is small and can therefore be neglected. We shall thus only 

consider the other contributions to the heat dissipation. 

3.3.1 Radiation 
The power that is dissipated by a grey body (ε(λ) = c) in the form of thermal radiation is 

described by the Stefan Boltzmann radiation law: 

4
rad SBP = AT  (3-2) 

in which σSB is the Stefan-Boltzmann constant, ε is the emissivity of the radiating body, A is 

the surface area through which the heat is dissipated and T is the temperature of the 

radiating object. For a surface with an area of Aw (the surface of the wires), which is 

completely surrounded by another surface with an area of As (the inner surface of the 

reactor), the expression becomes [37]: 

 4 4
w w s

rad

w

w SB s s SB SB

A T T
P =

A1 1 1
A    



 
  

 

, (3-3) 

with Tw and Ts being the temperature of the wire and the reactor, respectively, in thermal 

equilibrium, and εw and εs the emissivity of the wire and the reactor, respectively. Because 
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the surface area of the wire is very small compared to that of the reactor (Aw << As), we end 

up with: 

 4 4
rad w SB w w sP = A T T  

 (3-4) 

The bottom of the PANDA is cooled by water (T ~ 290 K) and the rest of the reactor by its 

surroundings and conduction to the bottom. The power of this cooling equals the irradiative 

power when the reactor is at absolute vacuum and conduction of the wire mount is 

neglected. 

In the following, the power input to the filaments in thermal equilibrium was determined at 

the vacuum base pressure (0.4 Pa) for various wire temperatures. At this low pressure, the 

effects of heat conduction can be neglected. The measured data points (Figure 3-1) are 

fitted with Equation 3-4 and the proper value for the emissivity εw was determined. The 

fitted value of εw amounts to 0.358 (±.0002), which corresponds perfectly with values 

found in the literature for nichrome alloys with 80 % Ni (0.36) [38], the material used in 

our experiments. 
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Figure 3-1: The input  power of the filament in vacuum versus the wire temperature. The line is a  fit 

according to Equation 3-4.  
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3.3.2 Conduction 
Heat conduction through a medium with heat transfer coefficient (κ) can be expressed by 

Fourier’s law [39]: 

condP  = - gA T    (3-5) 

in which Tg is the gas temperature and A is the surface through which the power is 

transported. In the case of a hot-wire reactor we define a model of a filament in a concentric 

cylinder, as depicted in Figure 3-2, in which: A = 2πrL, r being the radial distance from the 

centre of the wire and L the total length of the filament. For a medium with a temperature-

independent heat transfer coefficient (κ(T) = c), the Fourier law can be solved in this case 

to obtain: 

     cond w s w s
w

2 L
P  = T -T T -T

ln R r
g

       (3-6) 

in which R is the distance between the wire and the outside of the reactor (Figure 3-2), 

assuming the temperatures at the boundaries to be the same as that of the gas near the 

boundaries (no “T-slip”). We introduce g as an overall geometry parameter, which is only 

dependent on the design of the reactor.  

Heat conduction takes place via different mechanisms, depending on the specific pressure 

regime. An important parameter in studying the pressure dependence of the heat conduction 
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Figure 3-2: Schematic drawing of the reactor. The rectangular box is the edge of the reactor. The 
dotted circle is the cylindrical model with radius R. 
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is the mean free path: 

cλ = kT / pσ 2  (3-7) 

in which k is the Boltzmann constant, p the pressure and σc the effective collision cross-

section of both molecules under investigation. At high pressures, for which the mean free 

path of a molecule is smaller than the typical size of the reactor D (λ << D), heat 

conduction is independent of pressure [40]. At low pressures (λ >> D), the heat conduction 

is linearly dependent on the pressure [41]. The heat is transported by single molecules, 

which move directly from the wires to the wall without interaction with other molecules. In 

this regime, higher pressure causes more energy transport from the wires. The conduction 

coefficient is consequently described by: 

( )p c p    (3-8) 

in which c is a constant, depending solely on intrinsic properties of the molecules involved. 

Since this type of conduction is limited at higher pressures by the collision of molecules 
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Figure 3-3: Determination of κ(p,Tav) of N2  for intermediate pressures. The dots are the experimental 

data and the lines are fits with Equations 3-8 (straight) and 3-9 (curved).  
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with each other, being the conduction path at high pressures, we may write for the whole 

pressure range: 

1 1
( , )

1 1 1 1
( ) ( ) b

p T

T p aT c p



 

 
 



 (3-9) 

The Fourier law can only be solved numerically for this expression of κ(p,T),  because of 

the hyperbolic T-dependence. For this reason, for intermediate pressure regimes, we use an 

average value for κ(T), being the conduction coefficient for the average temperature, κ(Tav). 

With this expression we can fit the data of an experiment with constant Tw and varying 

pressure (thus varying Ptotal) to the expression: 

   cond

w s

P
,

T -T


 avp T
g

 (3-10) 

The experimental data is fitted to this expression and results in a reasonable value for c 

(Equations 3-8 and 3-9), since this approximation is quite accurate for low pressures. In 

Figure 3-3, this fit is plotted along with measured data for N2 at 300 °C and κ(p) (straight 

line). It is clearly visible that the direction of κ(p) is different from what one would get 

upon fitting the first three points in the graph. This means that already at these low 

pressures there is some deviation from the collision-free conduction regime. 

The heat conduction coefficient (κ) is dependent on the type of gas, the pressure, the 

temperature of the wire and the geometry of the reactor. In our case, the bottom plate 

(= substrate holder) of the reactor is cooled with water to maintain a constant temperature 

(Ts ~ 25 °C). Keeping the temperature of the wire (Tw) constant (100±5 °C) and well below 

the temperature at which TBPO starts to dissociate (150 °C) [42] allows us to study the 

pressure dependence of the heat conduction of GMA and TBPO.  

Figure 3-4 shows the pressure dependence of conductive power loss of N2, TBPO and 

GMA gases at the intermediate pressure range. Nitrogen gas is the only one of these gases 

for which the heat conduction does not saturate in the measured pressure regime (0-0.3 
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mbar). Dividing the measured conductive power  Pcond (= P – Prad) by Tw-Ts corrects for the 

small fluctuations in the wire temperature (if T ≈ c, then Pcond ∂ κ T). 

Figure 3-5a shows the power loss by conduction at 0.10 mbar N2 versus the wire 

temperature. As can be seen from Figure 3-3, this is well within the pressure dependent 

regime. The conductive power is linearly dependent on Tw-Ts, as predicted by the theory for 

low-pressure conduction [40]. For GMA and TBPO, the temperature dependence at lower 

pressures (shown in Figure 3-5b), studied in a relatively much lower pressure regime (0.02 

mbar) where the conduction is pressure dependent, seems to deviate slightly from this 

linear behavior. Since the deviation is comparable for both gases and GMA does not 

dissociate at these relatively low temperatures, it is unlikely that it is due to any chemical 

reaction. 

The part of the heat capacity (Cv) of TBPO that is due to translation, rotation and vibration 

(and not dissociation of the peroxide bond), can be calculated from data for 2,2,5,5-

tetramethylhexane, introducing compensating factors for replacing a CH2-goup by an 

oxygen atom [43] and can be expressed as a power function: 
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Figure 3-4: The pressure dependence of the heat conduction for the relevant gases. 
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Figure 3-5: The power consumed by heat conduction of (a) N2 at 0.10 mbar (the line is a linear fit) and 
(b) TBPO and GMA at 0.02 mbar.
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b 0.77 -1 -1
v,calcC (T) = a T  = 2.68 T (J K  mol )  (3-11) 

As the conduction power loss of both gases seems proportional to ~T1.8 (as fitted from data 

in Figure 3-5b) this indicates an influence of the temperature dependence of the heat 

capacity, which is ~T0.77 for TBPO. This would mean that the power that is actually used to 

dissociate the molecule into radicals, which is the driving force of iCVD deposition [44], is 

negligible. These measurements nuance the statement in vacuum textbooks that the 

conductive power is linearly related to Tw-Ts at low pressures [41]. 

At higher pressures, i.e. where the mean free path is small (λ << D), heat conduction is 

dependent on the temperature of the wire and the walls, since the gas close to the filament 

is dense enough to absorb the thermal energy of the wire and thus attain its temperature. 

Using data from the literature [45] for the thermal conductivity coefficient of N2 (κN2) at 

temperatures between 290 and 620 K and at a pressure of 1 atm., the relation between T and 

κN2 was fitted with a power function to obtain: 

 
2

-1 -1b -3 0.76
N W K m(T) = a T  = 0.35 10  T       (3-12) 

Substituting this expression in the Fourier law of heat conduction (Equation 3-5) results in 

the following solution: 

     1+b 1+b
cond w s w w s s

g g
P  =  a (T -T )= κ(T ) T -κ(T ) T

1+b 1+b
     (3-13) 

in which g is an overall geometry term, which is typical for the reactor and b is the 

exponent from Equation 3-12. From this expression, it is clear that the relation between the 

conductive power and the wire temperature is not linear but almost quadratic, as can be 

seen in Figure 3-6a. In this graph, the conductive power is plotted against the (1+b)th power 

of the wire temperature. At high pressures, the plot yields a straight line. When measuring 

at higher pressure for our process gas TBPO, we can use this expression for its conductivity 

coefficient: 
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Figure 3-6: The power consumed by heat conduction versus (Tw
(1+b)-Ts

(1+b)) for (a) 4.0 mbar   N2- pressure 
(including a linear fit) and (b) 0.20 mbar TBPO pressure (including a linear fit with the first six data 

points).
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1

3dense vC v n       (3-14) 

in which Cv is the heat capacity, v  the average velocity and n the molar density of the gas. 

The factor 1/3 in this expression is in practice often substituted by a “reality factor” [41] or 

replaced by 25π/64 [40], but since it is a constant value it does not change our model 

significantly. For an ideal gas, Equation (3-14) becomes: 

2

3


 


 v
dense

c A

RT C

N M
 (3-15)  

in which R is the gas constant and M the molar mass of the molecule. Using Equation 3-11 

for the heat capacity of TBPO, we can calculate the temperature dependence of the 

conductive power. Because there is also an extra factor √T in the expression for κ 

(Equation 3-15), it is proportional to T1.27. This means that the conductive power becomes 

proportional to T2.27.  

3.3.3 Reaction 
Plotting the conductive power loss of TBPO at 0.2 mbar against (Tw

2.27-Ts
2.27) gives a 

straight line at low Tw, whereas there is quite some deviation at high Tw (Figure 3-6b). This 

deviation could be ascribed to power consumed by the dissociation reaction. The 

dissociation power can in this case be estimated to be as low as 2 W at 250 °C. For 

deposition conditions, the partial TBPO pressure is about 4 times as low [12]. This means 

that under deposition conditions, the dissociation power is about 0.5 W. If an estimate is 

made of the irradiative power to be about 6 W at 250 °C (Figure 3-1) and the conductive 

power to be about 14 W (from conduction measurements under practical deposition 

conditions), the reaction power accounts for a mere 2 % of the total power consumed in the 

process. 
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3.4 Conclusions 
The power consumption for an iCVD reactor can be explained almost entirely by radiative 

and conductive heat transfer only. In the high pressure regime (λ << D), existing heat 

conduction theories can explain the results. At low pressures (λ >> D), the heat capacity of 

the gases entails a certain temperature dependence of the heat conductivity not accounted 

for in common heat transfer theories. The higher order temperature dependence (T2.27) of 

the conductive power of polyatomic gases indicates that heat conduction might not be as 

insignificant in other HWCVD processes as it is generally assumed. 
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Chapter 4: 
Initiated chemical vapour deposition of 
thermally stable 
poly(glycidyl methacrylate) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin films of poly(glycidyl methacrylate) (PGMA) were grown on different substrates, 

using initiated chemical vapour deposition (iCVD). The successful deposition of PGMA 

was confirmed by Fourier transform infrared spectroscopy (FTIR). The behaviour of the 

films under vacuum annealing conditions was studied and experiments were performed to 

test the planarization properties of the deposited PGMA. The annealing experiments 

showed a good stability of the films in terms of bonding structure integrity after 4 hours of 

annealing at 410 °C. This means that the material can be used in combination with other 

CVD deposition processes after PGMA deposition. Annealing at higher temperatures 

shows changes in the FTIR spectrum, which indicate altering of the epoxy ring. 

Experiments on planarization properties showed that the deposition of a layer of 315 ± 10 

nm of PGMA decreases the rms roughness of a textured substrate from 42 to 14 nm.  
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4.1 Introduction 
One of the main challenges of large scale (opto)electronic device production is reducing the 

cost by using cheap substrates, such as plastics or even paper. A further cost reduction can 

be achieved by scaling up of the deposition systems, using fully automated processes such 

as roll-to-roll deposition. This deposition technique requires a high rollability of these 

substrates. To be able to use such cheap and flexible substrates, these substrates, which 

mostly are less suitable for electronic applications, need to be pre-treated to enable good 

device production. Planarization is one of the pre-treatments that are beneficial to substrates 

for thin film electronics, such as thin film transistors (TFTs) [46], organic solar cells[47], or 

organic light-emitting diodes (OLEDs) [48]. Especially for non-polishable substrates, this 

can be achieved by coating the substrate with a thin layer of an adhesive polymer. 

One of the polymers that can be employed for planarization is poly(glycidyl methacrylate) 

(PGMA). We have chosen this polymer for our first depositions, because this is a polymer 

that has been used extensively for iCVD research [14, 44]. The molecular structure of 

PGMA is depicted in Figure 4-1, along with its precursor, glycidyl methacrylate (GMA). 

This simple acrylate polymer contains a C-O-C epoxy ring, which can be transformed in a 

variety of functionalities through a ring-opening reaction [44]. Another beneficial feature of 

PGMA is its high transparency, which makes it well suitable for use in optical devices. It 

was shown previously by Yang et al. [49] that PGMA created by plasma-induced 

polymerization shows good planarization of rough substrates in combination with the 

increased adhesion due to the presence of an epoxy group. However, cheap organic 
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Figure 4-1: Molecular formulae of compounds used in this chapter. 
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substrates (plastics) may not be resistant against the ion bombardment that such a plasma 

reaction entails. Also, the functionality of some polymer side groups, such as the epoxy 

group in PGMA can be decreased by exposure to plasma [50]. Therefore, the use of a 

plasma-free deposition technique is preferred. Spin coating is an example of a plasma-free 

method of depositing polymers on devices. The disadvantage of this technique is that it is a 

batch-type process that cannot be implemented in a roll-to-roll process. Initiated chemical 

vapour deposition (iCVD) is a gas-phase technique for depositing polymer films without 

the use of a solution or plasma, which can quite easily be integrated in large-scale device 

production [14].  

In the iCVD process, metal wires are resistively heated to a temperature of typically 

250 °C, so that the initiator is thermally decomposed into radicals. These radical species 

then initiate a free radical polymerization of the monomer to form a film on the cooled 

substrate (~25 °C, § 2.1.1). Because no plasma is involved and the process temperatures are 

very low, the occurrence of unwanted side reactions is minimized, resulting in a high purity 

of the deposited polymer [13]. Furthermore, the iCVD process consumes very little energy 

(Chapter 3), due to the relatively low process temperatures, which is an added advantage 

for implementation in commercial production lines. To be able to use PGMA-planarized 

substrates in combination with chemical vapour deposition processes, the thermal stability 

of the polymer should be investigated.This chapter reports on planarization and thermal 

stability experiments of PGMA films deposited by iCVD. We show that the deposited 

PGMA films are pure, transparent and that they show good thermal stability. The 

planarization properties of the polymer are also reported. 

 

4.2 Experimental 

4.2.1 Depositions 
Thin layers of PGMA were deposited on polished monocrystalline silicon wafers and 

Corning eagle 2000 glass substrates in a home-built reactor (the PANDA, Section 2.1). The 

reactor is cylindrically shaped with an internal diameter of 25 cm and internal height of 

5 cm. The monomer, GMA (97 %, Aldrich) was heated in a glass jar to a temperature of 
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60 °C, and fed into the reactor through a gas line that was heated to 90 °C. The initiator, 

tert-butyl peroxide (TBPO, Figure 4-1) of 98 % purity (Aldrich) was vaporized at room 

temperature. The TBPO was thermally decomposed at a resistively heated Nichrome wire 

(80 % Ni, 20 % Cr), mounted in a parallel array, 28 mm above the substrate. The 

temperature of the wire during deposition was 250 °C. The initiator/precursor flow ratio 

was set to 0.25, controlled by needle valves, and the gases were mixed in the (heated) gas 

line before entering the deposition chamber. The substrate temperature was kept below 

25 °C, by means of water cooling of the substrate holder. The operating pressure in the 

reactor was set at 0.22 mbar, which was determined to be the highest pressure at which no 

condensation was formed on the substrate. The growth of the PGMA layers on silicon 

wafers was monitored in situ with a helium-neon laser interferometer setup.  

4.2.2 Characterization 
The thicknesses of the films were determined by reflection measurements of the samples on 

silicon substrate, using a dielectric function model for PMMA (which has similar 

properties) in the SCOUT 2.1 program [31]. The asymmetric bonds in the deposited PGMA 

films were investigated using Fourier transform infrared (FTIR) spectroscopy in 

transmission mode with a Bio-rad (digilab) FTS-40 spectrometer, in the wavenumber range 

of 500-4000 cm-1. Reflection/transmission measurements were performed on samples 

deposited on Corning glass and Asahi textured SnO2:F substrates. The latter substrates were 

used because they have a well-defined pyramidal surface morphology with a constant rms 

roughness.To investigate the thermal stability of the iCVD deposited PGMA films, 

annealing experiments were performed in a vacuum (< 10-4 mbar) furnace. A c-Si wafer, 

with PGMA (~300 nm) deposited on the polished side, was cut into smaller pieces 

(1 cm x 1 cm), which were annealed at various temperatures for four hours. The optical 

thickness and FTIR spectrum of each sample were measured before and after annealing.  

For the planarization experiments, PGMA layers of different thicknesses were grown on 

textured Asahi U-type SnO2:F substrates The surface morphology was determined from 

atomic force micrographs (AFM), recorded on a Nanoscope® IIIa (digital Instruments, 

Santa Barbara) system in the tapping mode. An OTESPA tip was used from the Veeco ESP 

series, which has a tip size of 10 nm.  
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4.3 Results and discussion 

4.3.1 Degradation study with FTIR 
Figure 4-2 depicts the FTIR spectrum of the as-deposited PGMA layers and the changes 

upon annealing in vacuum at different temperatures. The absorption peak at 1730 cm-1 in 

these spectra is ascribed to the C=O stretching vibration [51, 52]. The epoxy group is 

identified by the absorption bands at 909, 848 and 760 cm-1 [53]. Comparison of these 

spectra with published spectra of PGMA shows great similarity between our layers and 

those reported in the literature [14], as can be seen from the top two curves in Figure 4-2. 

The absence of the C=C stretching peak around 1640 cm-1 shows that there is virtually no 

monomer left in the deposited film [44].  

The spectra of the post-annealed films in Figure 4-2  show the subsequent steps of 

structural change of the PGMA film. The differences between the spectra of the as-

deposited sample and the samples annealed up to 340 °C are limited and show only a small 

overall decrease in intensity caused by a decrease in thickness of the samples. For samples 

with an annealing treatment at higher temperatures, a more drastic decrease in intensity is 

observed. From the FTIR spectrum of the sample annealed at 518 °C, it is clear that the 
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Figure 4-2: The FTIR spectra of the as-deposited and post-annealed PGMA samples at different T, 

along with a reference sample of solution synthesized PGMA [14]. 
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small epoxy peaks break down completely, whereas the strong C=O absorption peak at 

1730 cm-1 remains clearly visible. 

In Figure 4-3, the relative decrease in height of the 1730 and 909 cm-1 FTIR peaks is 

plotted for different annealing temperatures, along with the optical thickness, as determined 

by reflectance measurements. The decrease of the FTIR peak at 1730 cm-1 correlates well 

with the changes of the optical thickness curve. The epoxy vibration peak at 909 cm-1, 

however, seems to decrease more swiftly upon annealing at temperatures above 410 °C. 

This would indicate that prior to the total thermal degradation the epoxy ring of the PGMA 

is destroyed. A curve similar to those plotted in Figure 4-3 was obtained for 

thermogravimetric analysis (TGA) measurements by Lee and Park [54]. However, our 

results indicate a greater stability of PGMA at higher temperatures than in their publication. 

The second step in the breakdown of the material, as can be seen in Figure 4-3, occurs at 

temperatures exceeding 410 °C, whereas the TGA-curve of Lee and Park shows a 

breakdown already at 360 °C.  

Thermal Volatilization Analysis (TVA) studies by Zulfiqar et al. [55] on the thermal 
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Figure 4-3: Relative optical thickness and FTIR absorption after 4 hours of annealing in vacuum at 

different temperatures (different samples).  
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degradation of PGMA showed the same two-step degradation process. The first degradation 

step was ascribed to depolymerization initiated by unsaturated chain ends, as was found for 

thermal degradation of poly(methyl methacrylate) (PMMA) by McNeill [56]. For high 

molecular weight PMMA, this first step seemed to disappear, due to the fact that the 

amount of (unsaturated) chain ends becomes insignificantly small compared to the total 

amount of repeating units and thus the mass of the polymer. The second breakdown step is 

ascribed to depolymerization initiated by random chain scissions. Zulfiqar et al. also 

reported ester decomposition of the PGMA. The aforementioned faster breakdown of the 

epoxy vibration peak, as compared to the C=O peak, can be explained by efficient ester 

decomposition at high temperatures. 

The results from the annealing experiment show no significant change in thickness of the 

PGMA-layers created by iCVD after 4 hours of annealing up to 195 °C in a vacuum oven. 

Even at an anneal temperature of 231 °C, only a thickness reduction of 10 % is observed 

and the FTIR spectrum shows no structural changes up to 410 °C. These circumstances 

(temperature and pressure) are comparable to standard process conditions of other 

deposition processes such as plasma enhanced CVD or hot-wire CVD [57, 58], which 

indicates that this material can be used in combination with such processes. 

4.3.2 Planarization and optical properties 
Figure 4-4a shows an atomic force micrograph of a bare Asahi U-type SnO2:F substrate. 

The rms roughness of this substrate is 42.3 nm. Layers of several thicknesses of PGMA 

(44±5, 190±5 and 335±10 nm, respectively) were deposited on this rough substrate. The 

AFM images of these samples are shown in Figure 4-4b-d. It can be seen from these images 

that the lateral size of the surface features increases dramatically with increasing PGMA 

layer thickness. Also the rms roughness changes from an initial value of 42.3 nm in the case 

of the bare Asahi substrate to a value of 14.3 nm in the case of a 335 nm thick layer of 

PGMA deposited on top of it (Figure 4-4d). The latter value is close to the intrinsic 

roughness of the polymer (13.2 nm), as measured on a smooth crystalline silicon substrate. 

Optical transmission measurements performed on these samples reflect the effect of this 

decrease in roughness. In Figure 4-5, the reflection and transmission spectra are given for 

PGMA grown on Corning glass and Asahi substrates. The total transmittance of the Asahi 
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substrate increases after deposition of PGMA (d = 335 ±10 nm). Since the specular 

reflectance is on average the same, this can be explained by a decrease of scattering losses 

due to the smaller roughness of the samples. 

Reflection/transmission measurements reveal a good optical transparency of the deposited 

PGMA coatings. Figure 4-5b shows that the total transmittance of the glass substrate 

decreases by only 2 % when a layer of PGMA (d = 220 ±10 nm) is added to the glass. Since 

no absorption in the visible wavelength range was ever reported for PGMA and the 

deposited polymer shows intrinsic rms roughness of 13.2 nm, as was seen in AFM studies, 

this decrease in transmittance is most likely due to scattering losses. The absence of 

interference fringes in the spectra indicates that the refractive indices of the PGMA and the 

glass substrate are similar (around 1.5). 
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Figure 4-4: Atomic force micrographs of a rough Asahi substrate (a), and pieces of the same substrate 
on which thin films of about (b) 44 ±5 nm (c) 190 ±5 nm and (d) 335 ±10 nm of PGMA were deposited. 
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Figure 4-5: Specular reflectance/transmittance spectra of bare substrates and PGMA deposited on an 
Asahi U-type SnO2:F substrate (a) and a Corning 1737 glass substrate (b). 
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4.4 Conclusion 
By using iCVD, we were able to deposit very high-quality transparent poly(glycidyl 

methacrylate) (PGMA) films. Atomic force micrographs (AFM) show that PGMA is well 

suited for planarization of rough substrates. This can be very useful when cheap plastic 

substrates such as PET or PEN are used. Annealing experiments reveal that the deposited 

PGMA films show very good thermal stability up to 410 °C, as determined by optical 

thickness and FTIR measurements. This makes our material highly suitable for applications 

in combination with other CVD processes, such as PECVD and HWCVD. FTIR 

measurements of the annealed samples suggest that the epoxy ring is less stable at higher 

temperatures (> 410 oC) compared to the rest of the polymer chain.  
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Chapter 5: 
High-density silicon nitride deposited at 
low substrate temperature using hot wire 
chemical vapour deposition  

 

 

 

 

 

 

 

 

For application as barrier coatings in (opto-)electronic devices, it is important to deposit 

transparent silicon nitride (SiNx) films with high mass density at low substrate 

temperatures. By using hot wire chemical vapour deposition (HWCVD) we were able to 

deposit transparent SiNx coatings at temperatures below 230 °C. As determined with elastic 

recoil detection (ERD), these films have a density of 2.8 g/cm3, which is only slightly lower 

than the density of 3.0 g/cm3 obtained for samples deposited at 450 °C. The low etch-rates 

of 18 nm/min and 7 nm/min, respectively, in a buffered HF-solution confirm the high 

compactness of the films. An interesting feature of these films is that the composition at 

which a maximum in mass density is obtained changes from stoichiometric towards slightly 

nitrogen-rich upon lowering the substrate temperature. The deposition rate of these high-

density films is as high as 3 nm/s and these films show very low absorption for visible light, 

which enables their use in optical devices. Since this high transparency is obtained in 

combination with the high mass density and a high deposition rate, we conclude that these 

HWCVD deposited SiNx films have great potential for application in barrier coatings. 

These high-density layers exhibit a total stress of only 155 MPa (tensile) at a thickness of 

208 nm. The electric breakdown field of these layers was also determined and, despite the 

low deposition temperature, it showed values of up to 1.1 MV/cm. 
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5.1 Introduction 
Silicon nitride (SiNx) is an alloy, which is used for many different types of applications. For 

instance, crystalline Si3N4 is widely applied as ceramic material and thermal insulator. 

Amorphous SiNx is commonly used in large area electronics such as dielectric layers in thin 

film transistors (TFT’s) [59, 60] and (multi)crystalline Si solar cells [61-63]. A relatively 

new application for SiNx is as high-quality transparent barrier coating. This is not only 

important for plastic electronics such as organic light-emitting devices (OLEDs) [18, 64, 

65] and flexible solar cells [66, 67], but there is also considerable interest from the food and 

pharmaceutical industry [68, 69]. These barrier coatings can be employed as single-film 

coatings [70], although it is most frequently used in an organic-inorganic stack [48, 71], 

generally yielding better barrier properties. Amorphous SiNx is a very promising material 

for these coatings since it possesses a high mass density at stoichiometry [62, 72] and is 

transparent for the visible wavelengths [73, 74]. 

High-density SiNx films thus far have only been reported when deposited at high substrate 

temperatures (higher than 400 °C) [62, 72, 75]. It is known that these high-density films can 

be compact enough to prevent molecular hydrogen transport through the SiNx layers [62]. 

For successful application of SiNx in barrier coatings these high substrate temperatures 

need to be lowered. This temperature decrease is not only important to enable deposition on 

flexible substrates, a low substrate temperature is also necessary to enable stacks to be 

made with materials, such as polymers, which are unstable at high temperatures [12, 48, 

71]. Therefore a lot of research is performed to enable depositions at low substrate 

temperature of high-density SiNx. However, with plasma enhanced chemical vapour 

deposition (PECVD), which is most frequently used for SiNx depositions, lowering the 

substrate temperature results directly in a sharp decrease in mass density [62, 76, 77].  

To overcome this, an alternative deposition technique is required. One possible candidate 

for deposition of high quality SiNx films at low substrate temperatures is hot wire (HW) 

CVD. Using the HWCVD technique, the source gasses are catalytically decomposed at 

heated filaments to radicals only with a very high decomposition efficiency (> 95 %) [78]. 

Since no plasma is applied, HWCVD has the advantage that it prevents the substrate from 

being damaged by ion bombardment. The use of HWCVD at a substrate temperature of 
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450 °C has resulted in films with very high mass density (3.0 g/cm3) [72] in combination 

with good optical transmission [79]. From a cost perspective, an effective way to reduce the 

production costs is by increasing the throughput. The most straightforward way to achieve 

this goal is by increasing the deposition rate. Obviously, this is much cheaper than investing 

in multiple parallel deposition lines and incurring concomitant maintenance costs. Several 

studies have shown that very high deposition rates (of up to 7 nm/s) can be obtained using 

HWCVD for transparent SiNx films [80-82], which is faster than commercial deposition 

systems offer [83]. In this chapter we characterize high growth rate (3 nm/s) SiNx layers 

deposited at a low substrate temperature of 230 °C using the HWCVD process. In doing so, 

we will show that transparent SiNx films can be obtained with very high density (2.8 g/cm3) 

in combination with minimal light absorption. Therefore, these high-density films have 

great potential for application as barrier coatings in (opto-)electronic devices. 

 

5.2  Experimental 

5.2.1 Depositions 
All depositions were performed in a four-filament assembly hot wire (HW) reactor that is 

part of an ultra high vacuum multi-chamber system (PASTA) [6]. As source gasses pure 

silane (SiH4) and ammonia (NH3) were used. No hydrogen dilution was used. In all cases 

the ammonia flow was kept constant and the silane flow was altered to obtain different flow 

ratios. The deposition pressure was set at a constant value of 200 μbar. The source gasses 

were catalytically decomposed at tantalum filaments held at 2350 °C. These heated wires 

are placed 3 cm below the substrate. In this laboratory system, a shutter is situated between 

the sample and the wires, to control the duration of the deposition. For thickness uniformity 

a square showerhead gas inlet was used, which creates a uniform deposition area of 

5 × 5 cm2. The uniform deposition area is only limited by edge effects and can be increased 

by scaling up the reactor. Scaling up the HWCVD technique towards larger areas is 

considered to be straightforward [84-86] since the vacuum chamber can be scaled up by the 

use of multiple heated wires and mobile substrates [87]. Two types of substrate holders 

were used, one with active water cooling and one without. The cooled substrate holder is 
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attached to a cooling body through which cooled water of 14 °C conducts the irradiated 

heat away from the substrate. 

To investigate the influence of the substrate temperature on the composition of the 

deposited films, two series of depositions were performed. The first series was performed 

without substrate cooling, on c-Si wafer and thin (50 μm) Schott AF45 glass. These 

substrates were heated by the radiation from the heated wires and reached a temperature of 

450 °C. No additional heating was applied. A second series was made using the water 

cooler whereby the substrate temperature was decreased to 230 °C using the same 

processing parameters. This temperature was directly measured by thermocouples attached 

to the surface of both the c-Si substrate and the glass substrate. Other types of cooling 

liquids for the substrate holder or a higher flow would obviously have led to lower substrate 

temperatures, but for this research only water is used. All deposited layers had a thickness 

of around 300 nm. 

5.2.2 Characterization 
The composition of the deposited samples was investigated with elastic recoil detection 

(ERD) [88] using 50 MeV Cu8+ particles. Rutherford backscattering spectrometry (RBS) 

[89] with 2 MeV He+-atoms was used for accurate (within 5 %) determination of the mass 

density. Fourier transform infrared spectroscopy (FTIR) was performed to investigate the 

bonded hydrogen and the internal structure of the films, where we corrected for coherent 

and incoherent reflections [90, 91]. The ambient H2O and CO2 signals were eliminated 

from the spectrum by intensive dry N2 purging during the FTIR measurements. The 

thickness and extinction coefficient (k) of the deposited layers were measured by 

reflection/transmission measurements [92, 93]. The etch rate of the films was determined 

using a 1:6 buffered hydrofluoric acid solution (16BHF, 5 parts 40 % NH4F with 1 part 50 

% HF). 

For the stress measurements, films were deposited on thin Schott D263T glass (100 μm). 

The curvature, before and after the deposition, was determined over a long range of 4 cm 

using a DEKTAK step profiler. Due to stress in the films, the film-substrate stack curves. 

The stress is quantified by the approach of Glang et al. [94]. A more detailed discussion 

about the use of this method for HWCVD SiNx films is given elsewhere [95]. 
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For the electrical measurements, metal-insulator-semiconductor (MIS) structures were 

made by depositing the insulating SiNx on an n-type silicon wafer (crystal direction: 100, 

resistivity: 2.5 ±0.5 Ω cm) and evaporating Al layers on the back of the wafer and small 

dots of Al (0.16 cm2) on the SiNx. 

 

5.3 Results and discussion 

5.3.1 Influence of flow ratio 
In Figure 5-1, the atomic N/Si ratio and the deposition rate of the deposited films is shown 

for both the 450 °C and the 230 °C series. The flow ratio of the source gasses has a large 

influence on the atomic N/Si ratio (x in SiNx) of the deposited films. Since the NH3 flow 

was constant, the difference in flow ratio is created by using different SiH4 flows. It can be 

seen that the deposited films have an x just over stoichiometry (x = 1.33) for low SiH4 

flows. When increasing the SiH4 flow the films become more Si-rich since more SiH4 

molecules are exposed to the heated wires. Since the volume density of Si-atoms in the film 
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Figure 5-1: N/Si ratio and deposition rate dependence on the flow ratio. The trends for the different 

substrate temperatures are roughly the same. 
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is independent of the composition for these materials [72, 96], the deposition rate of the 

deposited films has a linear correlation with the SiH4 flow, such that higher silane flows 

result in higher deposition rates. It is quite remarkable that the composition and the 

deposition rate reveal the same dependence on the flow ratio for the two substrate 

temperatures. This indicates that the surface mobility of the growth precursors has only a 

minor influence on the composition and the deposition rate. The only difference between 

the two substrate temperatures is when depositing with relatively high SiH4 flow (flow ratio 

above 0.09), when applying higher substrate temperature the N/Si ratios are much lower 

than for films deposited at 450 °C. In this paper we will use the N/Si ratio to characterize 

the films since this is a physically more meaningful parameter than the flow ratios during 

deposition [72].  

5.3.2 Compactness 
For successful application in devices, either as barrier layer or as the dielectric in 

semiconductor devices, it is important to deposit compact films with a high mass density. In 

Figure 5-2, both the mass density and the 16BHF etch-rate are plotted for different 
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Figure 5-2: The mass density and 16BHF etch rate of the various SiNx samples. The etch rates confirm 

the high mass densities. The lines are guides to the eye. 
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compositions. For the series deposited at a substrate temperature of 450 °C the mass density 

increases with increasing N/Si to a very high value of 3.0 g/cm3 at x = 1.31. For higher N/Si 

ratios the mass density decreases. This is caused by the creation of voids in the films [72, 

97]. Also for the films deposited at a substrate temperature of 230 °C an increase in mass 

density with increasing x is observed. In this case however, a maximum of 2.8 g/cm3 was 

achieved at a value of x around stoichiometry. This density is considerably higher than the 

value of 2.35 g/cm3 as reported for PECVD films deposited at identical substrate 

temperatures [62]. The 16BHF etching experiments confirm these trends in mass density: a 

very low etch rate of 7 nm/min is reached for films deposited at 450 °C, and an etch rate of 

18 nm/min when films are deposited at a substrate temperature of 230 °C.  

5.3.3 Optical properties 
For barrier coatings applied in optical devices (OLEDs and solar cells), it is important for 

the barrier layer to be transparent in the visible wavelength range. In Figure 5-3, the 

extinction coefficient (k) for visible wavelengths of films deposited at 230 °C with different 

compositions is shown. As can be observed, absorption only occurs at wavelengths smaller 

400 450 500 550 600

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

 N/Si=0.68
 N/Si=1.07
 N/Si=1.19
 N/Si=1.41

 

 

E
xt

in
ct

io
n 

co
ef

fi
ci

en
t (

k)

Wavelength (nm)
0.6 0.8 1.0 1.2 1.4 1.6

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

E
xtinction coefficient (k

400nm )

 
 

 

N/Si ratio

 
Figure 5-3: The extinction coefficient of the hot-wire CVD deposited SiNx deposited at 230 °C. For 

N/Si ≥ 1.41, there is no significant absorption in the visible wavelength range. 
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than 600 nm and increases with decreasing N/Si ratio. This occurs since decreasing the N/Si 

ratio leads to more Si-rich material, which causes narrowing of the band gap. 

5.3.4 Hydrogen concentration 
The hydrogen concentration in the SiNx films deposited at 230 °C was determined using 

ERD. In Figure 5-4, the total hydrogen concentration in the films is shown as a function of 

composition. A clearly decreasing trend can be observed, in which the lowest hydrogen 

concentration is measured for the most N-rich samples. However, all samples contain a 

relatively high hydrogen concentration, despite their high mass density. The lowest 

concentration of 16.5 at.-% is significantly higher than for materials deposited without a 

cooled substrate (~9 at.-%) [98], however lower than that reported for SiNx films deposited 

at comparable substrate temperature using PECVD [99, 100]. Since cross-linking reactions 

at the growth surface are the major mechanism for hydrogen removal during the deposition 

process [96], these higher hydrogen concentrations are probably caused by a lower rate of 

cross-linking reactions due to the lower substrate temperature. Figure 5-4 also shows the 

integrated absorption of the Si–H and N–H stretching modes at 3340 cm−1 and 2200 cm−1, 
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Figure 5-4: Total hydrogen concentration of the SiNx films deposited at 230 °C and its relative 

distribution over the N–H and Si–H bond. The lines are guides to the eye. 
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respectively. This analysis reveals that the amount of hydrogen bonded in the Si–H 

configuration decreases with increasing N/Si ratio. The intensity of the N–H peak shows 

the inverse trend with the highest values for the most N-rich samples. 

5.3.5 Electronic measurements 
To investigate whether or not the low substrate temperature SiNx films we have created also 

have potential for implementation as dielectric medium, I-V measurements were performed 

on HWCVD SiNx films implemented in a metal-insulator-semiconductor (MIS) structure. 

Figure 5-5 shows a typical I-V curve. For the layers deposited at 230 °C, the most N-rich 

samples (N/Si = 1.58) have a breakdown field of up to 1.1 MV/cm, which is slightly lower 

than the values of 2-6 MV/cm reported in the literature for HWCVD and PECVD SiNx 

[101-103], but nevertheless of the same order. 
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Figure 5-5: I-V curve of a metal-insulator-semiconductor (MIS) structure containing a 208 nm thick 

SiN1.58 film as insulator. The film has an electrical breakdown field of 1.1 MV/cm. 
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5.3.6 Stress  
For the application of SiNx in plastic (flexible) electronics it is important for the SiNx films 

to have low mechanical stress. Therefore, the total stress of the films is determined. For the 

most N-rich samples (N/Si = 1.56) the stress is tensile, and has a low value of 155 MPa. 

Based on earlier measurements [95], it is expected that more Si-rich samples will have even 

less stress. 

 

5.4 Conclusions 
For application as barrier coating in opto-electronic devices it is important to develop 

transparent silicon nitride (SiNx) coatings with a high mass density deposited at low 

substrate temperatures. By using hot wire chemical vapour deposition (HWCVD) we were 

able to deposit dense, transparent SiNx coatings at 230 °C. These films have a high mass 

density of 2.8 g/cm3. This density is considerably higher than the values reported for 

PECVD films deposited at identical substrate temperatures. The deposition rate of the films 

with the highest mass density was kept as high as that of films deposited at > 450 °C, at 

3 nm/s. Furthermore, these high-density films have very low light absorption for the visible 

wavelengths which enables their use in optical devices. Therefore, we conclude that SiNx 

coatings have great potential for application in barrier coatings. These high-density layers 

exhibit a total stress of only 155 MPa (tensile) at a thickness of 208 nm. The electric 

breakdown field of these layers was also determined and, despite the low deposition 

temperature, it reaches a value of up to 1.1 MV/cm. 
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Chapter 6: 
Synthesis and doping of semiconducting 
oligo(phenyl acetylene) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We have explored the feasibility of producing semiconducting polymer layers by initiated 

chemical vapour deposition (iCVD). Thin films of oligo(phenyl acetylene) (OPA) have been 

successfully deposited. The material is quite easily processable and can be grown at an 

adequate rate (~3.5 nm/min) for thin film device applications. We demonstrate that the 

films can be doped by placing them in I2-vapour. This doping and also the dopant effusion 

of our iCVD thin films are reported in this chapter. FTIR spectra show an interaction of the 

dopant with the phenyl ring of the oligomer. Reflectance/transmittance measurements 

showed a saturation of the dopant in the 400 nm thick layers after 40 minutes of exposure 

to I2-vapour at room temperature and a partial I2-pressure of about 40 Pa. The films 

change from transparent to brown-green in the diffusion process and show a drastic 

increase in conductivity, which we attribute to doping. 
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6.1 Introduction 
The discovery of (semi)conducting polymers by Heeger, Shirakawa and McDiarmid, has 

opened a whole new field of research into the possibilities of these materials. The first 

(semi)conducting polymer they reported on was doped polyacetylene [15]. Several 

substituted polyacetylenes have been reported since then, with varying features and 

applications, such as efficient electroluminescence, high conductivity and strong light 

absorption. One of those substituted polyacetylenes is poly(phenyl acetylene) (PPA, Figure 

6-1), which is intensively studied for its selective barrier properties [104], 

photoconductivity [105, 106] and non-linear optical properties [107]. The process of 

fabricating such a polymer usually entails complex chemistries and the use of a solvent, 

which is unfavourable for the production of multilayer micro-electronic devices. Doping of 

conjugated organic materials is of essential importance to their semiconducting properties. 

The conductivity of these materials can vary over several orders of magnitude by doping. 

The aim of our research is to obtain a semiconducting polymer by a dry, conformal, and 

low-temperature CVD process that will be used as active layer in devices such as solar 

cells. In this chapter, we present a way to produce oligo(phenyl acetylene) (OPA), a 

substituted oligoacetylene, from its acetylene precursor phenyl acetylene by initiated CVD, 

a gas-phase method, using (di)tert-butyl peroxide (TBPO, Figure 6-1) as the initiator. 

The monomers that are used to polymerize in iCVD are generally alkenes, which lead to 

non-conjugated, electrically insulating polymers. Because no plasma is involved and the 

process temperatures are very low, the occurrence of unwanted side-reactions is minimized, 
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Figure 6-1: Structures of the two molecules used in iCVD for the deposition of conjugated polymers and 
the resulting poly-/oligomer structure. 
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resulting in a high purity of the deposited polymer [13, 44]. Furthermore, as discussed in 

Chapter 3, the iCVD process consumes very little energy, due to the relatively low process 

temperatures, which is an advantage for implementation in commercial production lines. 

 

6.2 Experimental 

6.2.1 Depositions and iodine diffusion 
Thin layers of OPA were deposited on polished mono-crystalline silicon (c-Si) wafers, 

quartz substrates and glass substrates in a home-built reactor (the PANDA), which is 

described in Chapter 2. The temperature of the wires during deposition was 350 °C. The 

initiator/monomer flow ratio was set to 0.14, controlled by needle valves at a total flow of 

11 sccm. The substrate temperature was kept at ~35 °C, without the use of active cooling of 

the substrate holder. The operating pressure in the reactor was set to 0.8 mbar. The growth 

of the OPA layers on silicon wafers was monitored in situ with a helium-neon laser 

interferometry setup (Section 2.1.2).  

Iodine diffusion was performed by placing the sample at room temperature for several 

hours in a glass vessel, in which solid iodine (Aldrich) was added. The iodine sublimates 

and diffuses into the oligomer, giving the layer a brown-green colour. For the time-

dependent doping measurements, the samples were all made in one deposition, put in the I2-

filled tank at the same time and were taken out of the tank at different time intervals. 

6.2.2 Characterization 
The thicknesses of the films were determined by reflection measurements of the samples on 

the c-Si substrates, using a constant refractive index model in the SCOUT 2.1 program [31], 

from which the deposition rate was estimated. Reflectance/transmittance (R/T) 

measurements were performed on samples deposited on Corning glass eagle 2000 and on 

quartz substrates. The asymmetric bonds in the deposited OPA films were investigated 

using Fourier transform infrared (FTIR) spectroscopy in transmission mode by a Bruker 

VERTEX 70 spectrometer, in the wavenumber range of 500-4000 cm-1, using lightly p-

doped crystalline (100) Si wafers as substrates.  
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Gel permeation chromatography (GPC) was performed using a mixed-bed column and 

tetrahydrofuran (THF) as eluent. Refractive index and UV absorption (254 nm) detectors 

were used along with polystyrene standards. The setup at the Pharmaceutics group of 

Utrecht University was used. The matrix-assisted laser desorption/ionization –time of flight 

(MALDI-TOF) spectra were acquired using a Voyager-DE BioSpectrometry Workstation 

mass spectrometer (PerSeptive Biosystems Inc., Framingham, MA, USA) in the organic 

chemistry department of Utrecht University. 

For dc conductivity measurements in planar configuration, the layers were deposited onto 

glass substrates with pre-evaporated interdigitated gold contacts. These contacts are 

separated by 0.5 mm and are 103 mm long. 

 

6.3 Results and discussion 

6.3.1 Molecular weight analysis 
Smooth films were obtained at a deposition rate of ~3.5 nm/min. This depositon rate could 

not be increased by increasing the pressure. At higher pressures, there was condensation on 

the substrate, even though the ratio of the monomer partial pressure and the saturation 

pressure (p/psat, see Section 2.1.1) was small. At the high filament temperatures that were 

used for these depositions, the formed radicals may undergo ß-scission to form acetone and 

an ethyl radical, of which the latter may initiate the polymerization reaction [108]. 

The layers that were used for further analysis are all in the order of 600-700 nm thick, as 

determined by reflectance/transmittance measurements, using a constant refractive index 

model for the visible part of the spectrum (400-1000 nm) for the undoped layers. The 

refractive index was determined in this model to be 1.55 ± 0.05. GPC and MALDI-TOF 

measurements revealed short oligomer chains. The weight-averaged molar weight (Mw) 

was 1578 g/mole and the number-average molar weight (MN) was 304 g/mole. Since the 

molar weight of phenyl acetylene is 102.1 g/mole, the chains are only 3-15 monomers long, 

which is why the material will be referred to as an oligomer instead of a polymer. Slight 

changes in deposition pressure (0.5-0.8 mbar), substrate temperature (25-35 °C) and 

initiator/monomer ratio (0.10-0.14) did not significantly increase the chain length. 
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6.3.2 FTIR spectrometry 
The FTIR spectrum of an undoped layer is depicted in the middle curve of Figure 6-2. It is 

very similar to the spectra of solution-synthesized PPA found in the literature (top curve) 

[109, 110] and the modes can be assigned according to calculated vibrations of phenyl 

acetylene [111]. The occurrence of a single peak at 760 cm-1, rather than a doublet at 740 

and 760 cm-1, as can be seen in the top curve from the literature suggests a trans-rich 

structure [109]. The absence of a C≡C peak at 2100-2140 cm-1 suggests that there is no 

monomer left in the sample and that the reaction occurs through breaking a triple bond of 

phenyl acetylene to form the double bond in oligo(phenyl acetylene) (Figure 6-1).  

Upon doping, the most striking differences in the spectrum are the strong decrease in 

intensity of the peak at ~700 cm-1 and the increase in intensity of the peak at 1452 cm-1. The 

former is due to the out-of-plane bending of the C-Ph bond and the latter to the phenyl 

deformation parallel to the plane [111]. This means that there is a strong interaction of the 

dopant with the phenyl ring, causing it to shift its vibrations to the direction parallel to the 

conjugated oligomer chain. 
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Figure 6-2: FTIR spectra of cis-rich PPA from the literature [109] (top) and oligo(phenyl acetylene) 
(OPA)  of an undoped (middle) and an iodine-doped film (bottom).  
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6.3.3 Iodine diffusion and effusion 
Figure 6-3 shows doped and undoped samples of OPA on glass substrates. The change in 

colour upon doping is clearly visible. Figure 6-4a shows the relative absorption 

(= 1-{T/(1-R)}, see Section 2.2.2) spectra of 400 nm thick OPA samples after varying 

dopant exposure times. From this graph it can be seen that these layers are maximally 

doped after 40 minutes. For measurements with a thicker sample, of 700 nm thickness, the 

saturation takes place after almost 2 h. The effusion in Figure 6-4b seems somewhat slower 

for the thicker sample, since after 70 minutes only half of the doped states have 

disappeared. The absorption edge just below 300 nm remains visible as a small shoulder 

after doping and can be ascribed to energy states in the phenyl ring [112]. It is suggested in 

the literature that the penetration depth of the iodine molecules in PPA can be quite small 

(3-6 nm) [113], which could mean that not the whole layer is doped. Since the absorbance 

for the thin film is quite strong, however, the penetration of I2 in the layer may be orders of 

magnitude higher than in the literature mentioned above. Experiments with thinner films, 

about 50 nm thick, consistently showed much less (total) absorbance in the visible part of 

 

Figure 6-3: Photograph of doped (left) and undoped (right) films of OPA.  
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the spectrum, which means that the penetration of dopant is significantly greater than this 

value. The occurrence of broad absorption bands in the doped sample can be explained by 

the formation of sub-bandgap levels, such as soliton bands [114]. 

-0.2

0

0.2

0.4

0.6

0.8

1

200 300 400 500 600 700 800 900 1000 1100
λ (nm)

R
el

at
iv

e 
ab

so
rp

ti
on

100 min
70 min
40 min
20 min
0 min

 
(a) 

-0.2

0

0.2

0.4

0.6

0.8

1

200 300 400 500 600 700 800 900 1000 1100

λ (nm)

R
el

at
iv

e 
ab

so
rp

ti
on

0 min
20 min
70 min
38 days

 
(b) 

Figure 6-4: Relative absorption spectra of 600-700 nm thick OPA layers after (a) variable doping times 
(b) variable dopant effusion times in air at room temperature. 
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6.3.4 Conductivity and degradation  
DC conductivity measurements of the undoped samples showed no measurable dark 

conductivity, d, other than the conductivity of the glass substrates on which the layers 

were deposited (~10-13 S/cm). The high conductivity of a doped sample is deduced from the 

I-V plot in Figure 6-5. Using coplanar gold contacts, these layers showed an ohmic dark 

conductivity up to 1.39.10-5 S/cm, which is in the same order as values reported for doped 

PPA produced in solution [115]. In Figure 6-6, a plot is shown of the photocurrent and its 

degradation experiment in air at a constant bias of 30 V. The illumination was varied 

between dark and AM1.5 (100 mW/cm2) irradiation conditions, of which the latter intervals 

are shaded in the figure. A small, but measurable Photoconductivity (difference between 

illuminated and dark conductivity, ph = ill-d) of ~10-9 S/cm was determined. It is clear 

that these layers degrade swiftly under illumination. It should be noted that these layers 

were not kept in a glove box, were unsealed, and exposed to air. Since polyacetylenes are 

known to degrade in the presence of oxygen [116], the degradation might be overcome by 

performing the measurements in a glove box and for practical use, the layers should be 

sealed from oxygen or other oxidants by using a proper encapsulation stack. 

 
 

Figure 6-5: I-V measurement (dc) of a doped film of OPA.
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Figure 6-7: Emission spectra of doped and undoped OPA solutions. The excitation wavelength was 
325 nm.

 
Figure 6-6: Illuminated conductivity and photodegradation measurement of doped OPA sample at 

30 V. During the coloured intervals, the sample is illuminated with AM 1.5 (100 mW/cm2). 
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6.3.5 Photoluminescence 
In Figure 6-7, emission spectra are depicted at an excitation wavelength of 325 nm. Upon 

doping, the emission spectrum changes significantly. The initial peak for the undoped 

oligomer shifts to higher energies upon doping and an extra peak around 500 nm appears.  

This shows a change in the energy bands of the material. Blue luminescence in PPA is 

generally ascribed to energy states within the phenyl ring [112]. The changing of the 

luminescent properties is yet another hint towards the interaction between the dopant and 

the phenyl ring, as suggested by the FTIR measurements. 

 

6.4 Conclusions 
We have demonstrated the possibility of depositing OPA with the iCVD method. No earlier 

reports exist so far on substituted poly- or oligo-acetylene produced by any CVD technique. 

The time-dependence of doping of OPA layers with I2-vapour and the dopant effusion from 

the layer was studied as well. Upon doping with I2, both the IR and UV/Vis spectra 

changed considerably, showing a far broader absorption band in the visible part of the 

spectrum, which we attribute to the appearance of energy states between the 

HOMO/LUMO levels. Conductivities are comparable to the values already reported in the 

literature for solution-processed polymers of phenyl acetylene. The possibility of depositing 

films which show good conductivity after doping opens up many new applications of 

polymer layers in multilayer electronic devices. 
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Chapter 7: 
Synthesis of poly(meta-diethynyl 
benzene) with initiated chemical vapour 
deposition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, polymerization of meta-diethynyl benzene (MDEB) using iCVD is reported, 

which opens possibilities for use of polymers as a dielectric insulator in electronic 

applications that cannot be exposed to solvent-based materials. iCVD is a solvent free 

production method, allowing the deposition of PMDEB layers at a rate of 12 nm/min. The 

polymers produced have a high molecular weight with a broad distribution (1000 to more 

than 25000 g/mole) and a clearly defined Fourier transform infrared spectrum. The 

presence of a small peak at 2105 cm-1 and a monomer peak in the gel permeation 

chromatogram (GPC) suggest that some monomer is incorporated in the layers. 
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7.1 Introduction 
(Co-)Polymers of meta-(or 1,3-)diethynyl benzene (MDEB, Figure 7-1) are interesting 

materials for integrated circuit applications, because of their high thermal stability, low 

moisture pickup, low dielectric constant, and possible lithographic sensitivity [117, 118].  

These co-polymers are classified as “low-k” dielectrics, or more correct: “low-κ”. In this 

case, k or κ is the dielectric constant, also denoted as ε1 (the symbol we use in this chapter). 

The advantage of a low dielectric constant is that the thickness and thus the electrical 

breakdown resistance can be increased, without increasing the RC-time too much [119]. 

MDEB is employed in these applications because of its ability to form high-molecular-

weight and cross-linked polymers. This cross-linking occurs due to the presence of two 

reactive alkyne (~C≡C~) groups in the molecule which can both be subject to 

polymerization. On the right hand side of Figure 7-1, the molecular formula of PMDEB is 

shown when only one of the alkyne groups is polymerized. In principle, the other alkyne 

group can also react with a radical species, giving rise to another polymerization chain and 

thus a cross-linked or branched network polymer. 

The disadvantage of this cross-linking or branching is that it gives rise to low solubility due 

to which the polymers can hardly be used industrially in a solution-based process. To 

overcome this problem, we have investigated the possibility to deposit PMDEB by iCVD, a 

gas-phase, and thus solution-free technique. This opens up great opportunities in processing 

the aforementioned copolymers industrially. The added advantage is that this dielectric can 

be combined with solution-based processes for other layers. 
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Figure 7-1: Molecular  formulae of compounds used in this chapter.  
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7.2 Experimental 

7.2.1 Depositions 
Thin films of 600-900 nm were deposited on lightly doped single crystal Si-wafers (100) 

for Fourier transform infrared (FTIR) spectrometry and quartz substrates for 

reflection/transmission UV/Vis spectroscopy measurements. These depositions were done 

in a home-built reactor (the PANDA), which is described in Section 2.1.1. The temperature 

of the wires during deposition was 250 °C. The initiator/monomer flow ratio was set to 

0.45, controlled by needle valves at a total flow of 3 sccm. The substrate temperature was 

kept at ~25 °C, by active cooling of the substrate holder, using a constant water flow. The 

operating pressure in the reactor was set to 0.5 mbar. The growth of the layers on silicon 

wafers was monitored in situ with a helium-neon laser interferometry setup (Section 2.1.2). 

The monomer, 1,3 (or meta)-diethynyl benzene (MDEB) (Aldrich) was heated to 50 °C and 

subsequently fed into the reactor. The pipes leading the gas to the reactor were heated to 

~70 °C to avoid condensation. 

7.2.2 Characterization 
The samples on the c-Si substrates were measured with a Bruker VERTEX 70 spectrometer 

in the wavenumber range of 500-4000 cm-1. For the GPC experiments, these samples were 

cut into pieces, after which they were put in small glass tubes with tetrahydrofuran (THF) 

and subsequently placed on a stirring machine for several hours. The calibration of the 

mesopore chromatography column was done with linear polystyrene standards (Section 

2.2.4), dissolved in THF. The dielectric function was calculated from the 

transmittance/reflectance measurements, performed with an eta-optik 2C5/HL Mini-RT 

setup in the spectral range from 400 nm to 1000 nm, with the model of  O’Leary, Johnson 

and Lim (OJL) [32] which is implemented in the SCOUT 2.1  software [31]. UV/Vis 

spectrometry was done using a Perkin Elmer UV/VIS Spectrometer Lambda2S with a 

spectral range of 200-1100 nm.  
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7.3 Results 
Smooth light-yellow layers of 600-900 nm were obtained with a deposition rate of 

12 nm/min as determined by laser interferometry (Section 2.1.2). From the value of psat  at 

25 °C in Figure 2-4, we calculated p/psat to be ~10. This high value and the fact that the 

value does not fit with the other data in Figure 2-4 leads us to doubt the value of 0.02 mbar 

for psat for this monomer as derived from Figure 2-4. When we extrapolate the other values, 

we can estimate psat to be around the value for glycidyl methacrylate, which is ~1 mbar, 

leading to a p/psat of ~0.3.  

7.3.1 GPC 
A gel permeation chromatogram of one of the dissolved layers is depicted in Figure 7-2, 

along with the curve for the injection of a 1 mg/ml solution of monomer (MDEB). A wide 

range of retention times is visible, which indicate molecular weight ranges from small to 

larger than 25000 g/mole. The peak above 18 minutes can be ascribed to monomer that is 

either incorporated in the film, or depolymerized during or after dissolving the sample in 

THF. Since it is outside the calibration curve, it is not used in further calculations. The 

same holds for the peak before 10 minutes, which is due to very high molecular weight 
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Figure 7-2: Gel permeation chromatogram of dissolved thin films of PMDEB, along with that of a 

1 mg/ml solution of MDEB. Both solutions are in THF. 
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polymers (above 25000 g/mole), which are also outside the range of the column that was 

used. Using the mid-range peaks, which also give the largest intensities, the weight-average 

molecular weight (MW) is calculated to be 5952 g/mole, which is about 47 repeating units 

(the molecular weight of the monomer is 126.1 g/mole) and the number-average molecular 

weight (MN) is 2889 g/mole, which is about 23 repeating units. The polydispersity 

(MW/MN) of this distribution is 2.06, but since we have not taken the highest and lowest 

peak into account, the values for MW and MN are actually further apart, giving rise to a 

larger polydispersity. 

7.3.2 FTIR spectrometry 
In Figure 7-3, the FTIR spectrum of the deposited layers is depicted, along with a spectrum 

of solution-synthesized PMDEB found in the literature [120]. The spectra are quite similar, 

except for different background absorption and some small peaks. The background of our 

spectrum was subtracted by a 4th degree polynomial in the Mathematica© program. Both 
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Figure 7-3: The FTIR spectrum of iCVD produced PMDEB (top curve) and a PMDEB spectrum taken 
from the literature [120]. The measured data were background-corrected; the curve taken form 

literature data probably contains some background signal. 
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spectra show the distinctive peak of the aromatic ring at 900 cm-1, but the literature 

spectrum does not show those at 650 and 680 cm-1, which are also vibrations in the 

aromatic ring and reported for the monomer [121, 122]. 

The peak in our measured spectrum at 2105 cm-1 shows that there are still some alkyne 

bonds present in the material. This means that either some monomers are incorporated in 

the film, or not all the monomers are polymerized via both alkyne groups. The latter reason 

is to some extent inherent to the iCVD process, which occurs mainly by propagation steps 

in a monolayer of adsorbate at the substrate. Full polymerization of both alkyne groups is 

more likely to occur in freely moving polymer chains in a solution, such as in the reference 

spectrum. The layer has been in high vacuum after the deposition (3 μbar), which means 

that there should be only little monomer left in the layer. However, since we also find a 

monomer peak in the GPC experiment, we cannot rule out the presence of monomer in the 

layer, although some of it may be produced during or after dissolving the layer in THF. 

7.3.3 Reflection/transmission UV/Vis spectroscopy 
In Figure 7-4, the UV/Vis transmittance and reflectance are shown, together with the 

relative absorption (Section 2.2.2) calculated from these measured curves. The layer shows 

a good transparency for wavelengths above 500 nm. At shorter wavelengths some 
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Figure 7-4: Transmittance, Reflectance, and relative absorption curves of thin films (~600 nm) of 

PMDEB. 
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absorption is present, which causes the light-yellow colour of the layers. From similar 

measurements in the range of 400-1000 nm, the dielectric function has been derived with 

the OJL method [32]. The outcome of this model is shown in Figure 7-5. The refractive 

index, n, is generally between 1.58 and 1.8 in this range, with n632 = 1.64. The k value is 

close to zero for wavelengths above 500 nm and increases with increasing wavelengths 

below 500 nm, with k400 = 0.017. This absorption can be ascribed to the disubstituted 

phenyl ring and can thus be lowered when a copolymer with a non-aromatic monomer or 

monosubstituted aromatic monomer, such as phenyl acetylene [123] (Chapter 6), is 

synthesized. The dielectric functions are plotted in the inset. The value of ε1, or κ, is 

between 2.5 and 3.2 for this wavelength range, which classifies it as “low-κ”. 

 

7.4 Conclusions 
We have demonstrated the deposition of thin films of PMDEB with iCVD. The layers show 

a broad distribution of molecular weight, which reaches high values above the measurable 

value for a standard chromatography column and has a MW and MN of 5952 and 

2889 g/mole, respectively. A monomer peak suggests that either some monomer is 
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Figure 7-5: Plot of refractive index (n) and extinction coefficient (k) of PMDEB versus wavelength, as 

calculated with the OJL model [32]. In the inset, the dielectric constants ε1 and ε2 are plotted. 
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incorporated in the layer, or that some monomer is produced during or after dissolving the 

films in tetrahydrofuran (THF). The FTIR spectrum shows good similarity with PMDEB 

produced in a solvent. The small peak at 2105 cm-1 suggests that some of the alkyne bonds 

are still intact. This means that the cross-linking in the polymer does not occur for every 

repeating unit, which is also not expected for an iCVD process. The layers are quite 

transparent and show a slight absorption in the blue part of the visible spectrum. The 

extinction coefficient at 400 nm (k400) of 0.017 can be easily lowered when the compound 

is used in combination with other monomers. The dielectric constant of the material is 

between 2.3 and 3.2 for the visible wavelength range, which classifies it as a “low-k” 

dielectric polymer. 
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Abstract 
 

The need for large quantities of rapidly and cheaply produced electronic devices has 

increased rapidly over the past decades. The transistors and diodes that are used to build 

these devices are predominantly made of crystalline silicon. Since crystalline silicon is very 

expensive to produce on a large scale and cannot be directly deposited on plastic substrates, 

much research is being done on thin film amorphous or nanocrystalline semiconductors and 

insulators. Hot-wire chemical vapour deposition (HWCVD) is a convenient way to deposit 

these materials. The process can be controlled in such a way that specific chemical 

reactions take place and unwanted side reactions are minimized. It can easily be scaled up 

to produce large-area thin film electronics.  

Originally, HWCVD or plasma enhanced chemical vapour deposition (PECVD) were used 

to deposit semiconductors and inorganic dielectrics, but with the invention of initiated 

chemical vapour deposition (iCVD), the possibility of producing organic materials in a 

vacuum reactor was opened. This technique was developed at the Massachusetts institute of 

technology (MIT) by Prof. Karen Gleason. The iCVD process involves the creation of 

radicals by dissociation of a peroxide (a molecule with a ~O-O~ bond) by a heated wire in a 

vacuum reactor. This radical initiates a polymerization reaction of a vinyl (a molecule with 

a double carbon-carbon bond, ~C=C~) monomer at a substrate held at room temperature.  

A newly installed iCVD reactor is introduced in this thesis, along with a reactor with a 

cooled substrate holder in an existing HWCVD multi-chamber setup for silicon nitride 

(SiNx) depositions. The most important features of these reactors are described and the 

characterization techniques are explained. 

The iCVD reactor characteristics have been studied by considering the heat transfer. The 

main power consumption in the process is shown to be heat conduction from the wire 

through the gas to walls of the reactor chamber, especially to the cooled bottom plate. 

Radiation from the wires is also a major contribution, though significantly smaller in a 

regular deposition. The contribution of the dissociation reaction of the initiator at the heated 
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wires is estimated to be only 2 % of the total power consumption. No earlier research on the 

heat transfer within an iCVD reactor had been published before. 

One of the polymers that can be made with our new iCVD reactor is poly(glycidyl 

methacrylate) (PGMA). We show that this polymer is 80 % stable up to 410 °C, as 

determined  by placing it in a vacuum oven and measure the network integrity with Fourier 

transform infrared (FTIR) spectrometry and the thickness by reflectance/transmittance (RT) 

spectroscopy in the visible wavelength range. These layers show planarization of a rough 

substrate of textured SnO2:F and good optical transparency. 

PGMA can be used in combination with amorphous silicon nitride (a-SiNx) films to form 

encapsulation barrier layers which can shield sensitive semiconducting materials from O2 

and H2O present in air. To see whether these two layers can indeed be deposited on top of 

each other, we have investigated the production of a-SiNx at low substrate temperatures 

with HWCVD. The substrate temperature could be lowered to < 230 °C while retaining 

suitable properties for barrier coatings of the material. The most important of these 

properties is the compactness of the material, which determines the permeability of gases 

through the layer and is closely related to the mass density. This mass density was 

2.8 g/cm3, which is almost as high as the value for a-SiNx deposited by HWCVD at higher 

substrate temperatures (450 °C). The layers are transparent and have reasonably low stress 

and dielectric properties. 

The possibility of making conjugated polymers with iCVD was investigated. Conjugated 

polymers are polymers with a backbone which consists of alternating single (~C-C~) and 

double (~C=C~) carbon bonds. To achieve this, alkyne monomers, i.e. molecules with a 

triple carbon bond (~C≡C~) were used as monomer in the iCVD process. 

One of the alkynes that proved to be suitable for iCVD depositions is phenyl 

acetylene (PA). Short oligomer chains were produced, as determined by gel permeation 

chromatography (GPC). The layers changed in colour (colourless to light brown) after 

placing them in a glass vessel filled with iodine vapour at room temperature. The 

conductivity of the material changed dramatically after the reaction with iodine (10-13 to 

10-6 S/cm). FTIR and photoluminescence spectra showed that the iodine most likely 
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interacted with the phenyl ring of the oligomers. This is the first time that an iCVD-

produced polymer was made semiconducting by a reaction with iodine. 

Another alkyne that was used in the iCVD process was meta-(or 1,3-)diethynyl benzene 

(MDEB). This is in principle a phenyl acetylene molecule with an extra alkyne group 

attached to it. This extra alkyne group can form side chains in the polymer, which makes 

the structure more rigid, less soluble and more stable. Copolymers of MDEB can be used as 

low-k dielectrics, materials that have a low dielectric constant and still good dielectric 

barrier properties. The polymers we made with iCVD of MDEB, PMDEB turned out to 

have a high molecular weight and a dielectric constant between 2.5 and 3.2, which qualifies 

it as being “low-k”. The FTIR spectrum showed a small alkyne peak, which means that not 

all of the alkyne groups are involved in polymerization reactions, which is also not 

expected for a polymerization process of molecules adsorbed on a substrate. 

In conclusion, this thesis contains four new fields of HWCVD thin film research. Firstly, a 

technical description is given of the iCVD reactor that was installed at the start of the 

research. The important parameters of the depositions are described and a model is 

presented of the heat transfer within the reactor. Secondly, two HWCVD materials are 

investigated that can be combined to form non-permeable barrier coatings, being PGMA 

made by iCVD and a-SiNx made by “traditional” HWCVD. Both materials are deposited at 

low substrate temperatures. Thirdly, the possibility of creating conjugated polymers from 

alkynes with iCVD is explored. This research has led to oligomers of phenyl acetylene 

which are semiconducting after a reaction with iodine vapour. Finally, we have 

demonstrated the deposition of intermediate to high molecular weight PMDEB, which is 

very interesting for application as a “low-k” dielectric layer. 
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Samenvatting in het Nederlands 
 

De behoefte aan grote hoeveelheden snel en goedkoop geproduceerde elektronische 

apparaten is snel gestegen in de afgelopen decennia. De transistors en diodes die worden 

gebruikt om deze apparaten te bouwen, worden in hoofdzaak gemaakt van kristallijn 

silicium. Aangezien kristallijn silicium zeer duur is om te produceren op grote schaal en 

niet rechtstreeks kan worden gedeponeerd op plastic substraten, wordt er veel onderzoek 

gedaan naar dunne film amorf of nanokristallijne halfgeleiders en isolatoren. Hete-draad 

chemische damp depositie (HWCVD) is een handige manier om deze materialen te 

produceren. Het proces is op een zodanige wijze controleerbaar dat specifieke chemische 

reacties plaatsvinden en ongewenste nevenreacties tot een minimum worden beperkt. Het 

kan ook gemakkelijk worden opgeschaald om dunne film elektronica op grote oppervlakten 

te produceren. 

Oorspronkelijk werden HWCVD of plasma-geassisteerde chemische damp depositie 

(PECVD) gebruikt om halfgeleiders en anorganische diëlektrica te produceren, maar met de 

uitvinding van de geïnitieerde chemische damp depositie (iCVD), werd de mogelijkheid 

van het produceren van organische materialen in een vacuümreactor gecreëerd. Deze 

techniek is ontwikkeld aan het Massachusetts Institute of Technology (MIT) door prof. 

Karen Gleason. Het iCVD proces omvat de productie van radicalen door dissociatie van 

een peroxide (een molecuul met een ~O-O~ binding) door een verwarmde draad in een 

vacuümreactor. Dit radicaal zet een polymerisatiereactie van een vinyl (een molecuul met 

een dubbele koolstof-koolstofbinding, ~C=C~) monomeer op een substraat dat op 

kamertemperatuur wordt gehouden.  

Een nieuw geïnstalleerde iCVD reactor wordt beschreven in dit proefschrift, samen met een 

reactor met een gekoelde substraathouder in een bestaande HWCVD (meerkamer)opstelling 

voor silicium nitride (SiNx) deposities. De belangrijkste kenmerken van deze reactoren 

worden beschreven en de karakterisatietechnieken worden uitgelegd. 

De kenmerken van de iCVD reactor zijn onderzocht door de warmteoverdracht te 

modelleren. Het meeste vermogen in het proces is gebleken te gaan naar de 
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warmtegeleiding vanaf de draad door het gas naar de wanden van de reactor, in het 

bijzonder naar de afgekoelde bodemplaat. Straling van de hete draden is ook een 

belangrijke bijdrage, maar aanzienlijk kleiner in een standaard depositie. De bijdrage van 

de dissociatie reactie van de initiator aan de verwarmde draden is naar schatting slechts 2 % 

van het totale stroomverbruik. Dit is het eerste onderzoek naar de warmteoverdracht binnen 

een iCVD reactor. 

Een van de polymeren die kunnen worden gemaakt met onze nieuwe iCVD reactor is 

poly(glycidyl methacrylaat) (PGMA). We tonen aan dat dit polymeer 80 % stabiel is tot 

410 °C, bepaald door het in een vacuümoven te stoopen en de integriteit van de bindingen 

met Fourier-getransformeerde infrarood (FTIR) spectrometrie en de dikte van 

reflectie/transmissie (RT) spectroscopie in het zichtbare golflengtegebied te meten. Deze 

lagen laten planarisatie van een ruwe ondergrond van getextureerde SnO2: F zien en zijn 

optisch transparant. 

PGMA kan gebruikt worden in combinatie met amorf silicium nitride (a-SiNx) films om 

barrière lagen te maken die gevoelige halfgeleidende materialen van O2 en H2O, aanwezig 

in lucht, kunnen afsluiten. Om te zien of deze twee lagen inderdaad op elkaar kunnen 

worden gedeponeerd, hebben we onderzoek gedaan naar de productie van a-SiNx bij lage 

substraattemperaturen met HWCVD. De temperatuur van de ondergrond kon worden 

verlaagd tot < 230 °C, met behoud van de geschikte eigenschappen voor barrière coatings 

van het materiaal. De belangrijkste van deze eigenschappen is de compactheid van het 

materiaal, die de permeabiliteit van gassen door de laag bepaalt, en deze is nauw verwant 

aan de massadichtheid. Deze massadichtheid was 2,8 g/cm3, wat bijna net zo hoog is als de 

waarde voor a-SiNx gedeponeerd met HWCVD bij hogere substraat temperaturen 

(~450 °C). De lagen zijn transparant en hebben redelijk lage stress en diëlektrische 

eigenschappen. 

De mogelijkheid van het maken van geconjugeerde polymeren met iCVD werd ook 

onderzocht. Geconjugeerde polymeren zijn polymeren met een keten die bestaat uit 

afwisselende enkele (~C-C~) en dubbele (~C=C~) koolstofbindingen. Om dit te bereiken, 

hebben we alkyn monomeren, zijnde moleculen met een drievoudige koolstof binding 

(~C≡C~) gebruikt als monomeer in het iCVD proces. Een van de alkynen die geschikt 
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bleek te zijn voor iCVD afzettingen is fenyl acetyleen (PA). Korte oligomeerketens werden 

geproduceerd, bepaald door gel permeatie chromatografie (GPC). De lagen veranderden 

van kleur (kleurloos tot licht bruin) na plaatsing ervan in een glazen vat, gevuld met 

jodiumdamp bij kamertemperatuur. De geleiding van het materiaal veranderde drastisch na 

de reactie met jodium (10-13 naar 10-6 S/cm). FTIR en fotoluminescentie spectra toonde aan 

dat het jodium waarschijnlijk interactie heeft met de phenylring van de oligomeren. Dit is 

de eerste keer dat een polymeer dat met iCVD geproduceerd is halfgeleidend werd gemaakt 

door een reactie met jodium. 

Een ander alkyn dat we hebben gebruikt in het iCVD proces is meta-(of 1,3-)diethynyl 

benzeen (MDEB). Dit is in principe een fenyl acetyleen molecuul met een extra alkyn 

groep eraan verbonden. Deze extra alkyngroep kan zijketens vormen in het polymeer, die 

de structuur meer rigide, minder oplosbaar en stabieler maakt. Copolymeren van MDEB 

kunnen worden gebruikt als "low-k" diëlektrica, materialen die een lage diëlektrische 

constante en nog steeds goede diëlektrische barrière-eigenschappen hebben. De polymeren 

hebben we gemaakt met iCVD van MDEB, PMDEB, bleek een vrij hoog moleculair 

gewicht te hebben en een diëlektrische constante tussen 2,5 en 3,2, die het kwalificeert als 

"low-k". Het FTIR-spectrum bleek een kleine alkynpiek te bevatten, wat betekent dat niet 

alle alkyngroepen zijn betrokken bij de polymerisatiereacties, wat men ook niet verwacht 

van een polymerisatieproces van moleculen op een substraat. 

Samenvattend, dit proefschrift bevat vier nieuwe velden van dunne-film HWCVD 

onderzoek. Ten eerste is er een technische beschrijving gegeven van de iCVD reactor die is 

geïnstalleerd aan het begin van het onderzoek. De belangrijke parameters van de deposities 

zijn beschreven en er is een model gepresenteerd van de warmteoverdracht in de reactor. In 

de tweede plaats zijn er twee HWCVD materialen onderzocht die kunnen worden 

gecombineerd om niet-doorlatende barrièrecoatings te vormen, bestaande uit PGMA 

gemaakt met iCVD en a-SiNx gemaakt door "traditionele" HWCVD. Beide materialen zijn 

gedeponeerd bij lage substraattemperaturen. Ten derde is de mogelijkheid van het creëren 

van geconjugeerde polymeren met behulp van alkynen met iCVD onderzocht. Dit 

onderzoek heeft geleid tot oligomeren van fenyl acetyleen, die halfgeleidend werden na een 

reactie met jodiumdamp. Ten slotte hebben we aangetoond dat de afzetting van PMDEB 
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met redelijk tot hoog moleculair gewicht, hetgeen heel interessant is voor de toepassing als 

een "low-k" diëlektrische laag. 
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