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Chapter 1

Introduction

1.1 Flexible optoelectronic devices
Optoelectronic devices, devices that directly convert electrical energy into op-
tical energy or optical energy into electrical energy, play a major role in today’s
society. They include light emitting diodes (LEDs), solar cells and lasers and
are based on the quantum mechanical interaction of light and electrons in
electronic materials, especially semiconductors.

One of the most desired properties for many of these devices is flexibility.
Thin film optoelectronic devices, fabricated on flexible substrates, will open
new technological opportunities, such as thin flexible lighting, lightweight clean
electric power producing solar cells, and electronics on paper-like documents,
for instance used in passports. There is also a growing interest to demonstrate
more "exotic" devices such as illumination quality OLED lighting foils, con-
formable displays, such as “electronic paper” (e-paper), or devices wearable as
clothing. A specific example of the latter could be a blue light (420-470 nm)
emitting suit, to be worn by newborns suffering from jaundice (hyperbiliru-
binemia). Nowadays these children have to stay in the hospital for a "blue
light treatment"1.

An important area, in which flexible optoelectronic devices can play a major
role, is in changing our energy system into a more sustainable one. Flexibil-
ity of photovoltaic (PV) and lighting devices allows for easy integration into

1Although this may seem a (future) niche market application, for the realisation of this
thesis it was of some importance: The author’s interest in this project was even more
increased by this example, since he grew up being told many times about his adventures
under the blue light as a newborn.
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the built environment (on roofs, ceilings and walls) and easy installation and
transport, since their weight is reduced by the use of light plastic substrates.
Most important however is that flexibility enables the devices to be produced
in a continuous roll-to-roll process. If a roll of (plastic) foil can, in an in-line
process, be transformed into a device, this yields large cost reductions [1],
whether using vacuum technology [2] or ambient processes [3]: Although the
question "what is too expensive?", in this era, in which the main measure for
things seems to be the price, is often too easily answered, even in matters
that are of essential importance for our society, there is little doubt that a
significant cost reduction of these devices will accelerate their implementation
and large scale application in society.

1.1.1 Changing our energy system
Each year the world energy needs grow. Over the period to 2035, global en-
ergy demand will probably increase by more than one-third, mainly because
of growth in China, India and the Middle East, which account for 60% of this
increase [4, 5]. Although low carbon sources of energy grow, fossil fuels re-
main dominant in the global energy supply. The international energy agency
(IEA) projects that nowadays emissions correspond to a long-term average
global temperature increase of 3.6°C [4]. According to the 2012 IEA world
energy outlook, no more than one-third of the proven fossil fuel reserves can
be consumed prior to 2050 if the world is to achieve a climate goal of limiting
warming to 2°C. This is why in the last year major energy consuming coun-
tries have announced new measures: China targets a 16% reduction in energy
intensity in 2015, the European Union has committed to a 20% cut on its
2020 energy demand, Japan to a 10% cut on electricity consumption by 2030
and the United States have adopted new fuel-economy standards. Addressing
global warming and climate changes, the search for renewable, limited green-
house gas emissions, energy sources and the development of energy-efficient
devices are underway [6].

The most widely used form of energy is electricity, being silent, clean, easily
transported and converted into work. The electron is the ultimate currency of
modern society, it has been said [7]. We produce electricity mainly by burning
fossil fuels. The sun, however, is a clean, abundant, and renewable energy
source that can be harvested to produce electricity. Moreover, enough solar
energy to satisfy the annual energy needs of mankind at the current stage of
development, reaches Earth every minute [8]! Solar radiation can be used to
produce electricity in various ways, but the most direct is found in photovoltaic
(PV) devices, in which light is directly converted into electricity. Despite its



1.1. Flexible optoelectronic devices 11

huge potential, less then 1% of our energy needs is covered with the use of
solar energy [6, 9].

In parallel, lighting accounts for a significant part of electricity demand in
developing countries and consumes over 20% of generated power in developed
countries [10, 11, 12]. Lighting, traditionally, mostly relies on incandescent,
fluorescent, or halogen lamps. Incandescent light bulbs show the lowest effi-
ciency (10-35 lmW−1), while fluorescent and halogen lighting devices are more
efficient with efficiencies of 50-100 lmW−1 [6]. New lighting devices using
light-emitting diodes (LEDs), which show high luminous efficiency, up to 150
lmW−1, have emerged in the last few years. In a LED electricity is conver-
ted directly into light, through the inverse process of that in a photovoltaic
device. Especially organic LEDs (OLEDs) are expected to be an important
next generation solid state lighting source, since these contain no toxic com-
ponents (mercury), have a thin flat shape, emit no UV and can be produced
in a low energy process [13]. Clearly, OLED lighting is a promising technology
for energy saving strategies [14, 15].

Considering PV as well as LEDs, we may conclude that optoelectronics
could play a major role in changing the design of our modern energy system.
Producing them cheaply on flexible substrates, in a roll-to-roll process, will
help accelerate this process.

1.1.2 Flexible devices

In the last decade many flexible devices have emerged. Thin film silicon solar
cells, single junction as well as tandem cells, have been made on plastic sub-
strates with efficiencies up to 9% [16, 17]. Flexible thin film silicon cells are
even produced in a large scale roll-to-roll production process by Helianthos
[18]. Also copper indium gallium diselenide (CIGS) cells were deposited on
plastic substrates with efficiencies of 20.4% [19]. More recently also highly
efficient OLED [11, 20] and organic PV (OPV) devices [21] were produced
on flexible plastic substrates, the latter even in a roll-to-roll process. Some
examples of recent flexible optoelectronic devices are shown in figure 1.1.

A major common challenge for all of these devices is given by the fact that
plastic substrates, contrary to conventional glass substrates, are generally very
permeable to moisture and oxygen. To prevent swift degradation of their active
layers and oxidation of metal contacts, thin film flexible moisture and oxygen
barriers have to be applied [22, 23, 24, 25, 26].
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a 

c b 

Figure 1.1: Examples of flexible optoelectronics. a) A flexible OLED display
by Holst Centre [27], b) OLED lighting developed by Holst Centre, Philips
Research and Agfa Materials [28] and c) a Helianthos thin film silicon solar
cell [29]. Reprinted with permission from Holst Centre (a,b).
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Figure 1.2: Water vapor transmission rate (WVTR) requirements of moisture
barriers for various applications.

1.2 Thin film moisture barriers
In figure 1.2 maximum allowed water vapor transmission rates (WVTR) of
moisture barriers are shown for different applications. Where for inorganic
solar cells a WVTR of < 10−2 g/m2/day is sufficient, organic devices bring
extremely strict barrier requirements. Although there is still some debate
about the exact requirements for the barrier of an OLED, it is generally un-
derstood that the requirements for water vapor are the most stringent and
that long lived flexible OLEDs need a barrier that transmits less water than
10−6 g/m2/day [30, 31].

Transparent materials known to have a high intrinsic barrier function are
oxides, nitrides, and oxynitrides of metal and silicon. Often used materials
are aluminum oxide (Al2O3), silicon nitride (Si3N4) and silicon oxide (SiO2).
Although the barrier performance of such materials increases with thickness
initially, after a certain critical thickness, typically 10-30 nm, depending on the
material, there is no significant gain [32, 24, 22, 26]. This limited improvement
in barrier performance is due to nanometer- to micron-sized defects, origin-
ating from surface roughness of the underlying layer or from the processing
conditions [33]. Such defects tend to propagate through the entire inorganic
layer, creating easy pathways for permeating moisture. The best barrier per-
formance of a single inorganic layer is therefore several orders of magnitude
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SiNx 
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Figure 1.3: Schematic representation of the application of a hybrid or-
ganic/inorganic multilayer as moisture barrier on a flexible solar cell and the
decoupling of pinholes or other defects in consecutive inorganic layers, creating
a tortuous path for diffusing moisture and oxygen

short of the OLED requirements [34]. To overcome this, multiple inorganic
layers can be combined with organic, defect decoupling interlayers, preventing
the propagation of permeation pathways through the entire barrier [26]. Ap-
plication of such a hybrid layer stack is schematically depicted in figure 1.3. A
combination of amorphous silicon nitride (SiNx) and polymer is very suitable
to create such a multilayer [35].

1.3 Hot wire chemical vapor deposition
We propose to deposit SiNx and polymer layers by hot wire chemical vapor
deposition (HWCVD). HWCVD is a vacuum technique in which source gasses
are decomposed at resistively heated wires, after which the formed radicals
react at the substrate to form a growing film.

The concept of using a catalyst in a CVD process, to improve film quality
and decrease preparation temperatures, was first reported [36] and patented
[37] by Yamazaki in 1968. However, the deposition temperature was almost as
high as that for conventional thermal CVD, making this more a modification
of thermal CVD, than an invention of low temperature deposition method
utilizing catalytic cracking reactions. In 1985, the group of prof. Matsumura
succeeded in preparing device quality amorphous Si (a-Si) by using only Si
source gas and a heated tungsten (W) wire [38, 39]. Mainly developed in the
1980’s [40] and 1990’s [41], HWCVD is a relatively new technique. Since it
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was almost simultaneously developed in different parts of the world, alternative
names are used: “cat-CVD” [42, 43], stressing that the wire material could have
a catalytic effect on the reactions, or “hot filament CVD” [44, 45], pointing
out the similarity between a incandescent light bulb and a hot wire reactor
(the term “filament” was used in electronics for the tungsten wires in a light
bulb).

In HWCVD radicals are formed remote from the substrate, which allows
for the substrate to be relatively cool (opposed to the substrate in conven-
tional CVD). Another important advantage, compared to the frequently used
plasma enhanced CVD (PECVD) is that bombardment of the substrate by
highly energetic ions (and subsequent damaging of the substrate), which are
accelerated in an electric field, is prevented. These properties of the HWCVD
process allow for the deposition of films directly on heat sensitive substrates,
such as cheap polyethylene terephthalate (PET) and polyethylene naphthalate
(PEN) films and sensitive devices.

1.3.1 Silicon nitride by hot wire CVD
It was shown by Verlaan et al. [35] that high quality SiNx can be depos-
ited by HWCVD, using silane (SiH4) and ammonia (NH3) as source gasses
This material exhibits a extremely high density of 2.7 g.cm−3, which indicates
good barrier properties, shows low stress and is highly transparent. Even at
relatively low substrate temperatures, around 250°C, HWCVD SiNx retains
excellent properties [46]. Alpuim et al. [47] deposited device quality SiNx by
HWCVD at substrate temperatures as low as 100°C.

1.3.2 Initiated CVD
Although HWCVD is mainly used to deposit inorganic (semiconductor) ma-
terials, it can also produce organic and polymer films. However, using high
temperatures could result in unwanted side reactions during the deposition
of chemically complex polymers and prevent the coating of delicate materi-
als. The use of an initiator, which is a second, thermally labile, precursor
which can be dissociated much easier than the actual monomer and starts the
polymerization process was reported by Pryce Lewis et al. in 2001 [48]. This
reduced the process temperatures drastically. Since then, the technique was
further developed in the laboratory of prof. Gleason at the Massachusetts In-
stitute of Technology (MIT). Not only are processes at the substrate and at
the hot wires separated, as they are in regular HWCVD, also are processes in-
volving monomer and initiator separated: while the initiator is dissociated, the
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Figure 1.4: Schematic representation of a roll-to-roll deposition system for
multilayers. The number of deposition chambers can be increased without
changing the concept.

monomer stays intact, creating a highly controllable process. iCVD combines
the great versatility of CVD with the many advantages of polymer materials.

1.3.3 Roll-to-roll deposition
Both techniques are very similar and use radical formation at heated wires,
allowing for a continuous roll to roll process. The wires provide a linear source
of radicals, resulting in a homogeneous deposition along the wire direction.
When the substrate is moved perpendicular to the wires, the deposition will
be homogeneous in both dimensions [49]. A roll-to-roll HWCVD/iCVD depos-
ition system for such hybrid multilayers is schematically depicted in figure 1.4.

To enable SiNx deposition on polymer layers, two main requirements need
to be fulfilled: (i) the polymer should be very stable against the flux of chemical
species during SiNx deposition and (ii) the SiNx must be deposited at low
substrate temperatures, compatible with common plastic substrates and also
the deposited polymer.

1.4 Outline and objectives
The goal of the research described in this thesis is to develop a process to de-
posit a hybrid SiNx/polymer multilayer, which has barrier properties that are
sufficient for any application and can be applied on any sensitive device and
on flexible substrates. The materials will be deposited by HWCVD and iCVD.
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Although our materials are deposited in lab-scale deposition systems, the pro-
cesses are designed in such a way that implementation in large scale roll-to-roll
production will be highly feasible. In addition to this "applied" approach, the
fundamental properties of the deposited materials and the physical explana-
tions for the behavior of an eventual multilayer will be examined thoroughly.
Not only will this contribute to the general understanding of the functioning
of a hybrid multilayer barrier, it also enables us to choose specific directions
for improvements of the structure more easily.

In the next chapter experimental setups, used for deposition of the mater-
ials, as well as for their characterization will be introduced.

In chapter 3, a fairly extensive description of the iCVD process will be
given, since it is a relatively new technique. It will concentrate on charac-
teristic aspects, such as molecular weight of the deposited polymer, which is
important for stability, and deposition rate. These are essential for large scale
application in hybrid gas barriers. Experimental results on the deposition of
poly(glycidylmethacrylate) (PGMA) are discussed, followed by results of de-
gradation experiments of PGMA under HWCVD SiNx deposition conditions,
since stability under these conditions is important for the eventual multilayer
deposition. Additionally the deposition of a second polymer, poly (trivinyltri-
methylcyclotrisiloxane) (V3D3), a hydrophobic silicon containing polymer, is
discussed. This polymer is highly cross-linked and has a high glass transition
temperature.

In chapter 4 the HWCVD deposition of SiNx at a substrate temperature of
100°C is discussed. A dedicated HWCVD reactor in which the wire-substrate
distance is 20 cm, was used for this. We were able to deposit high quality
SiNx at these low temperatures. The materials structure and composition was
examined by optical experiments. The elemental composition of these layers
is analysed thoroughly.

In chapter 5 transparent SiNx/PGMA multilayers are deposited. The
WVTR of a simple three layer structure, which consists of two 100 nm thick
SiNx layers, with a 200 nm PGMA layer in between, is found to be as low as
5*10−6 g/m2/day. Since this result was obtained in an accelerated WVTR ex-
periment, this value is sufficiently low for any sensitive device. The robustness
of our multilayer barriers with respect to defect-creating environmental dust
is increased by adding more sublayers. The structural integrity and interfa-
cial adhesion was investigated by TEM and FIB/SEM microscopy on samples,
after the WVTR experiment.

After the predominantly experimental description of individual as well as
multilayers in chapters 3, 4 and 5, the last chapter will provide a theoretical
background on the optical and the permeation behavior of our multilayers. An
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optical model is discussed, which was fitted to experimental data to determine
the thicknesses of the individual layers and their optical properties. This
model can be used to tailor multilayer dimensions for specific applications.
Finally, different theories on permeation through a multilayer are discussed
and compared to permeation experiment results.



Chapter 2

Experimental techniques

Abstract
Since, in experimental science, it is essential to understand the experimental
details to be able to interpret results correctly, this chapter introduces the main
experimental techniques that were used in this research. Setups to deposit
different layers are addressed in the first part. The techniques and setups to
characterize these single layers and multilayers are described in the second
part.
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Figure 2.1: Our iCVD reactor, PANDA. The initiator is decomposed at the
array of NiCr wires. Monomer and initiator gasses flow through the reactor
from right to left.

2.1 Deposition systems
2.1.1 The iCVD reactor: PANDA
Our polymer layers are deposited by initiated chemical vapor deposition (iCVD)
in a home built reactor, the PANDA, designed after a reactor at MIT [50]. It
is shown in figure 2.1. The PANDA (Polymer Apparatus for New and Daring
Applications) consists of a cylindrical, stainless steel vacuum reactor, which
has an internal diameter of 25 cm and internal height of 5 cm. In the PANDA,
NiCr (80% Ni, 20% Cr) wires with a diameter of 0.4 mm are mounted in
a parallel array, held by insulating ceramic material. The wires are placed
3 cm above the substrate and heated to 200-250°C. Experiments have been
done with Ta wires as well, showing no significant changes in the deposition
process. The substrate temperature is controlled by cooling water flowing
through the reactor floor. The cooling water is cooled by a Polyscience chiller
(type MM72GY1A110E), which controls the temperature with an accuracy of
0.1°C. The initiator that was used throughout this research is tertbutyl perox-
ide (TBPO) (98%, Aldrich), which has an O-O bond that can be easily broken
upon exposure to elevated temperatures. To ensure a sufficient monomer flow,
the jar from which the fluid is evaporated is heated. The monomers described
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Figure 2.2: Top view of the multi-chamber CVD system PASTA. On the very
left the dedicated large substrate-filament distance HWCVD chamber.

in this thesis have varying saturation pressures (i.e. boiling points) at dif-
ferent temperatures. The temperature at which the monomer jar should be
kept is determined empirically for every monomer by measuring the flow. For
glycidyl methacrylate (GMA) and trivinyltrimethylcyclotrisiloxane (V3D3),
these temperatures are 60°C and 65°C, respectively. The monomers are fed
into the reactor at a flow rate of 3 sccm, through gas lines which are heated to
80°C to prevent condensation of the monomer and subsequent clogging. The
substrate holder was water cooled. A helium-neon laser interferometer setup
was used to monitor the layer growth .

2.1.2 The HWCVD reactor: PASTA
The depositions of amorphous silicon nitride at low substrate temperature are
performed in the PASTA (Process equipment for Amorphous Semiconductor
Thin film Applications), an ultra high vacuum multi-chamber CVD system
equipped with plasma as well as hot-wire reactors [51], which is shown in
figure 2.2. The dedicated low temperature HWCVD reactor, which was added
later, can be seen in the left part of the figure. The reactor, in which the
wire-substrate distance can be as large as 20 cm, is schematically depicted
in figure 4.2. For all SiNx depositions, an NH3 flow of 150 sccm is used. To
achieve the different flow ratios reported in Chapter 4, the flow of SiH4 is varied
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between 3 and 9 sccm. To ensure a good distribution of the gas mixture in the
chamber, the gases are fed into the reactor through a shower head. The reactor
contains four tantalum wires with a diameter of 0.175 mm, which are mounted
in a parallel array, at which the gasses are catalytically decomposed. The wires
were resistively heated to 2100 ± 50°C. No active cooling of the substrates was
applied. Thermindex TC8020 temperature indication stickers were attached on
the front side of the substrate to be able to accurately determine the maximum
temperature reached during deposition. To avoid any non-equilibrium reactive
environment during the actual deposition, the substrate is shielded from the
wires with a shutter before and after the deposition. The pressure is kept
constant during depositions by controlling the pumping rate.

2.2 Optical material characterization
2.2.1 Reflection-transmission measurements
Specular reflection and transmission of a sample can be measured simultan-
eously using the Reflection/Transmission eta-optik 2C5/HL setup (RT) from
M. Theiss hard- and software [52]. The setup consists of a halogen lamp, a
sample stage and a spectrometer which is connected by an optical fibre. RT
spectra are recorded for wavelengths from 380 to 1050 nm. A software pack-
age called ’SCOUT’ by W. Theiss can be used to analyse the data [52]. The
software uses several models for the calculation of the wavelength-dependent
absorption coefficient (α) and refractive index (n) for different materials. These
properties can then be used for layer stacks of different materials and different
thicknesses, to simulate their transmission and reflection spectra, which can
again be fitted to the measured spectra.

2.2.2 Fourier transformed infra red spectroscopy
Most of our deposited materials were characterized using Fourier transform in-
fra red spectroscopy (FTIR). Every atomic bonding configuration in the solid
state network that is asymmetric and thus has an oscillating dipole upon vi-
bration, has specific vibrational energies, leading to specific absorption peaks
in the IR spectrum. In an FTIR spectrometer, broadband IR radiation is first
led through a Fabry Perot interferometer, resulting in a sharp interference
peak, before reaching the sample. Afterwards, information about the entire
spectrum can be retrieved after measuring the transmission of only several
peaks (by slightly changing the interferometer settings) by Fourier transform-
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ation of the measured peaks. This makes it a very fast method compared to
conventional IR spectroscopy. Because of the high IR absorption of SiO2, glass
substrates cannot be used. Low doped, polished silicon wafers (100) were used
as a substrate. At the specific frequencies of the vibrations of the molecules in
the sample, the radiation is absorbed. The FTIR data presented in chapters
4 and 5 were measured in the wave number range of 500-4000 cm−1, using a
Bruker Vertex 70 spectrometer in transmission mode, equipped with a liquid-
nitrogen cooled HgCdTe detector. N2 purging was used to limit IR peaks
arising from CO2 and H2O from air. The interference in the thin film gives
rise to a periodic background in the measured spectrum, which was subtracted
using a self-made routine in the Mathematica® program.

2.3 Structural material characterization
2.3.1 Gel permeation chromatography
Gel permeation chromatography (GPC) is the most common method to de-
termine the molecular weight of a polymer. In the setup a solution of dissolved
polymer molecules is pumped through a micro-pore column. Two detectors,
a refractive index detector and a UV detector at the end of the column, can
be used to determine when the polymer molecules leave the column. Depend-
ing on their size, the polymer molecules diffuse into the pores of the column
and the retention time increases with decreasing size of the molecules. The
retention times can then be calibrated using standardized polymer samples of
known molecular size. In our case polystyrene standards were used.

For this purpose polymer depositions were made on silicon wafers, which
were cut into pieces, and the layers were dissolved in chloroform. The polymer
solution was injected into a Waters gel permeation chromatograph. Molecu-
lar weight distributions (number-average molecular weight MN and weight-
average molecular weight MW ) were determined with a mixed-bed column,
chloroform as eluent and UV/VIS at 254 nm as detection method. The meas-
urements were performed in the Pharmaceutics group of Utrecht University.

2.3.2 Atomic force microscopy
The surface morphology of our samples was determined from atomic force mi-
crographs (AFM), recorded on a Nanoscope® IIIa (digital Instruments, Santa
Barbara, Ca) system. This setup is equipped with an E scanner (maximum
lateral scan size 10 μm, maximum vertical scan size 2.5 μm). Micrographs
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were made in the tapping mode. An uncoated Si crystal OTESPA tip from
the Veeco ESP series was used, which has a tip size of 10 nm. The latteral res-
olution in tapping mode is approximately 5 nm, whereas the height resolution
is 0.1 nm.

2.3.3 Rutherford back scattering and elastic recoil detec-
tion

Elemental analysis of the SiNx used in our multilayers was done by Rutherford
back scattering (RBS) and elastic recoil detection (ERD). The first method
is suitable for detection of heavy elements, while the latter is used for light
elements, such as hydrogen. In RBS the samples are exposed to a 2 MeV
He+ ion beam, after which a spectrum is recorded from those He ions that
are scattered back elastically from atoms in the sample, in the direction of the
detector. The atoms and the collision depths can be identified by the energy
of the back scattered ions [53, 54]. Normal incidence of the ion beam and
detectors at scattering angles of 170° and 100° were used. In ERD the sample
surface is bombarded with heavy ions, with energies in the MeV range. By
analyzing the energy of recoiled particles, the identity and collision depth of
recoiled particles can be determined [55]. In the ERD measurements, a recoil
angle of 25° and a glancing angle of 15° between beam direction and sample
surface was used. The results are obtained by simulation, using WiNDF,
a state of the art software package which simulates all spectra of a given
sample simultaneously. RBS and ERD was performed at Acctec Accelerator
technologies, Eindhoven.

2.3.4 X-ray photo-electron spectroscopy
In X-ray photo-electron spectroscopy (XPS) the kinetic energy of electrons
emitted from a sample upon interaction with X-ray photons is analyzed. The
kinetic energy of the electrons depends on the energy of the X-ray, the bind-
ing energy and the work function of the material. The number of electrons
measured per second is plotted as a function of kinetic energy. After the spec-
trum is shifted with respect to known binding energies, in our case that of
carbon, C1s, at 284.8 eV, all peaks can be assigned to electrons from a spe-
cific orbital of a specific atom. An example of a spectrum is shown in figure
2.3. For a quantitative analysis the peak area’s are divided by relative area
sensitivity factors to obtain normalized peak areas, which should accumulate
to 1. An elemental depth profile can be found by etching the sample with as
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Figure 2.3: Example of an XPS spectrum. All peaks can be assigned to
electrons from a specific orbital of a specific atom. O1s, for instance means an
electron from the 1s orbital of an oxygen atom. Peaks on the left of the figure
are due to secondary (Auger) electrons. If an electron from the K shell (i.e. a
1s electron) falls back into the L shell, a second electron is released from the
L shell, resulting in the O KLL peak. Since this spectrum was taken at the
very surface of our sample, a lot of oxygen and some carbon are present.
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Figure 2.4: Permeation measurements were done by covering metallic Ca
squares and measuring the light transmission through these squares. Upon
oxidation the Ca turns into transparent calcium oxide.

argon-ion beam in between measurements. Binding energy data, used for the
interpretation of our spectra, can be found in literature [56, 57, 58].

Measurements were performed in a Quantera SXM (scanning XPS micro-
probe) from Physical Electronics, using a monochromatic Al Kα X-ray source
at 1486.6 eV, with an energy resolution of about 0.64 eV in full width at half
maximum (FWHM). They were done at Materials Characterisation, Nanolab,
at the University of Twente.

2.4 Multilayer barrier characterization

2.4.1 Calcium degradation test

The permeation measurements were performed using the Ca method [59]. In
this method squares of metallic calcium on glass are covered by the barrier
layer, as schematically depicted in figure 2.4. Upon oxidation the calcium be-
comes transparent. In this way the permeated amount of water can accurately
be determined and pinholes can be made visible by recording the transmission
of light through the sample. By keeping the samples in a climate chamber at
a temperature of 60°C at a relative humidity (RH) of 90%, the measurement
was accelerated [60]. The detection limit of the calcium test is in the order of
10−6 g/m2/day.
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Figure 2.5: FIB SEM setup as used to make a cross sectional image of our
multilayers. Material is etched away by the ion beam, after which an SEM
image of the side of the indent is made.
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Figure 2.6: Schematic representation of the TEM setup, with all used analysis
tools indicated.

2.4.2 Focussed ion beam and scanning electron micro-
scopy

Cross sectional Scanning Electron Microscopy (SEM) images of our multilayers
were recorded with a focussed ion beam (FIB) and SEM system. Although
both tools can be used for imaging [61], we only used the FIB to etch a hole in
our sample with high accuracy. Since both tools are mounted under an angle,
the SEM can be used for imaging of the cross section, as shown in figure 2.5.

Images were made using an FEI (Nova Nanolab 600 Dualbeam) combined
Focussed Ion Beam (FIB) and SEM system [62], using back scattered electron
mode at an operating voltage of 2.0 kV. At this operating voltage, the im-
age resolution is approximately 2 nm. The cross sectional SEM images were
made under an angle of 52°, which means the heights in the images should
be multiplied by 1/Sin(52°) = 1.27. The measurements were performed at
Biomolecular Imaging, Faculty of Science, Utrecht University.

2.4.3 Transmission electron microscopy
For high resolution cross sectional images of our multilayers, transmission elec-
tron microscopy (TEM) was performed. After thinning of the sample by argon
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ion milling, to ensure a high enough electron transparency, several imaging
methods were used for investigation of the sample. The incident electrons
interact with the sample in several ways, of which many can be used for ima-
ging [63, 64]. In this study, the bright field (BF), high angle annular dark
field (HAAFD) and energy dispersive X-ray spectroscopy (EDX) methods were
used, which are schematically depicted in figure 2.6. In the BF method, the
undiffracted beam is selected to make a diffraction contrast image. The central
beam is used together with diffracted beams to form a high resolution image
of the specimen. With a suitable beam direction and resolution atomic planes
or atomic columns can be visible [64]. Since high-angle scattering of electrons
is very sensitive to differences in atomic mass, HAADF can be used to obtain
high atomic mass contrast images. EDX is used for analysis of the elemental
composition. In this method, very similar to XPS, X-ray emission upon excit-
ation of atoms by interaction with the electron beam is detected. For imaging,
the Tecnai F20ST/STEM was used at an operating voltage of 200 kV. Thin-
ning of the samples was done using a Gatan PIPS 691 ion mill. TEM sample
foil preparation and measurements were performed at the National centre for
HREM in Delft.





Chapter 3

Initiated CVD of PGMA
and organosilicon films

Abstract
In this chapter, first a description of the iCVD process will be given, concen-
trating on aspects which are essential for large scale application in hybrid gas
barriers, such as molecular weight of the deposited polymer, which is import-
ant for stability, and deposition rate. Afterwards results on the deposition of
poly(glycidylmethacrylate) (PGMA) are discussed, followed by results of de-
gradation experiments of PGMA under SiNx deposition conditions. Stability
under such conditions is important for the eventual multilayer deposition. Fi-
nally the deposition of poly (trivinyltrimethylcyclotrisiloxane) (V3D3), a hy-
drophobic silicon containing polymer, which is highly cross-linked and has a
high glass transition temperature, is discussed.
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Figure 3.1: Schematic representation of the iCVD process.

3.1 Introduction
Using iCVD for the deposition of polymer layers, one does not need solvents
like in solution-based polymerization, which leads to materials that are highly
pure and stoichiometric. Many steps in the reaction mechanism take place
separated in space, which means that they can be controlled independently,
which gives a highly controllable processing. Since, also no high energies are
required to activate the processes, all the functional groups of the monomers
stay intact. In this way, many different functional coatings can be deposited
very effectively on any kind of substrate, even on highly soluble plastics or soft
tissue. By mixing different monomers the spectrum of possibilities even grows
broader. Since the promising technique of iCVD is relatively new, a fairly
extensive introduction will not only include a general description of possib-
ilities of the technique but also a thorough description of the polymerization
processes, concentrating on aspects like growth rate and polymer chain length,
which are important for a large scale application in hybrid barrier layers.

3.1.1 iCVD polymerization
The process of iCVD polymerization consists of different steps, which are spa-
tially separated: The radicals that are formed by thermal dissociation of ini-
tiators at hot filaments in the gas phase, only start the second step of the
process, the initiation, on the substrate. The polymerization that follows is
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determined by the amount of radicals reaching the substrate, the amount of
monomers present at the substrate, and the substrate temperature. The poly-
merization process, can be limited by (i) the dissociation of the initiator at low
filament temperatures, (ii) the propagation rate at the surface at low substrate
temperatures and (iii) monomer adsorption at the surface, when the partial
pressure of the monomer is lower than its saturation pressure (low pM/psat

ratio). The latter is again dependent on substrate temperature.

Reaction mechanism

In figure 3.1, a schematic of a typical iCVD reactor is shown. Radicals created
by dissociation of initiator molecules at heated filaments, start a polymeriz-
ation reaction when they reach monomers adsorbed at the cooled substrate
[50].

 

gas phase reactions:         

initiator decomposition I (g) → 2 R● (g) (3.1) 

gas-to-surface processes:         

primary radical adsorption R● (g) → R● (ad) (3.2) 

monomer adsorption M (g) → M (ad) (3.3) 

surface reactions:         

initiation R● (ad) + M (ad) → M1● (ad) (3.4) 

propagation Mn● (ad) + M (ad) → Mn+1● (ad) (3.5) 

termination Mn● (ad) + Mm● (ad) → 
Mn+m (ad) 

 Mn (ad) + Mm (ad) 
(3.6) 

primary radical termination Mn● (ad) + R● (ad) → Mn (ad) (3.7) 

primary radical recombination  R● (ad) + R● (ad) → R2 (ad) (3.8) 

Table 3.1: The reaction scheme in the iCVD process. If only surface reactions
are considered, the kinetic equations from bulk phase radical polymerization
can be applied directly to iCVD polymerization[65].
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A complete reaction mechanism, which includes many steps and is given
above in table 3.1, was proposed by K.K.S. Lau and K.K. Gleason [65]. The
main reaction which occurs in the gas phase is the decomposition of the ini-
tiator in the vicinity of the heated wires (formula 3.1). The radicals that are
formed there diffuse to the substrate where they are adsorbed (3.2). Equilib-
rium conditions are expected for the adsorption of the monomer (3.3), since
monomer gas is fed into the reactor at sufficient rate. Now that radicals and
monomers are adsorbed at the surface, polymerization takes place through the
pathways of initiation (3.4), propagation (3.5) and termination (3.6), similar
to free radical polymerization in the liquid phase. In equation 3.6 termination
can occur through coupling of two polymer radicals or, alternatively, through
disproportionation, the transfer of a hydrogen atom from one radical chain
to another, eliminating both radical sites. It was found that, under certain
conditions, that the concentration of radicals can be so high that radicals
(the initiator) can terminate the polymerization (3.7) or recombine (3.8)[50].
If only surface reactions are considered, the kinetic equations of bulk phase
polymerization, describing the polymerization rate, Rp, and the kinetic chain
length, ν, in terms of Rp and the initiation rate Ri, can be applied [65]:

Rp = −d[M ]
dt

= kp[M ][M•] (3.9)

ν=Rp

Ri
= kp[M ][M•]

ki[M ][R•] (3.10)

where [M] is the monomer surface concentration, [M•] is the polymer rad-
ical surface concentration and [R•] is the primary radical surface concen-
tration. More detailed information on the kinetic equations of (bulk phase)
polymerization is given in [66].

Radical creation

A thermally labile initiator is fed into the reactor in the vapor phase and dis-
sociated at hot filaments. Usually peroxides are used for this, for instance
tert-amyl peroxide [50], tert-butyl peroxide or tert-butyl peroxybenzoate [67],
which are depicted in figure 3.2, however non-peroxides like perfluorooctane
sulfonyl fluoride [48] and triethylamine [68] have been utilized, all having dif-
ferent dissociation energies. The most commonly used initiator, tert-butyl
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Figure 3.2: For an initiator usually peroxides are used, which are thermally
unstable and can easily be dissociated into two radicals, by breaking the weak
bond between the oxygen atoms.

peroxide (TBPO), dissociates around 150°C. The filament temperature, how-
ever, needs to be higher, since one would like the initiator to dissociate not
only at the filament, but also in the vicinity of it. Typically filament temper-
atures between 200°C and 270°C are used. It was found by Xu and Gleason
[67] that by using tert-butyl peroxybenzoate (TBPOB), the growth rate could
be increased up to a factor 7, compared to TBPO, when using the same wire
temperature. This allows for their use of wire temperatures below 200°C.

Lowering the wire temperature can be important for several reasons. Firstly,
in this way, radiative and conductive heating of the substrate [69] can be
kept at a minimum. Since in vacuum it is difficult to cool the substrate,
due to insufficient heat conduction, it is crucial to accurately control the sub-
strate temperature. The importance of the substrate temperature as a process
parameter will be addressed in following subsections. Secondly, avoiding high
temperatures prevents the monomer molecules from dissociating and reduces
unwanted gas phase reactions. These were found to occur above 220°C by
Mao and Gleason [70]. The eventual amount of nucleation sites is influenced
by both the amount of initiator fed into the reactor and the fraction of ini-
tiator molecules that is subsequently dissociated, as well as the amount of
formed radicals eventually reaching the substrate. The latter is dependent
on the total pressure in the reactor and flow rates. Although the increase in
nucleation sites will increase the growth rate of the polymer layer, it can be
easily seen from formula 3.10 that increasing the initiation rate Ri (i.e. the
amount of nucleation sites) without increasing the polymerization rate Rp will
result in smaller polymer chains. Furthermore, it is important to understand
that as soon as initiator gas is dissociated, the partial pressure of the (now)
radical gas, relative to that of the monomer gas, becomes twice as high. Es-
pecially since, in vacuum systems, only the total pressure in the reactor can
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Figure 3.3: Keeping the partial pressures constant, the deposition rate
(left) as well as the molecular weight (right) of poly(cyclohexyl methac-
rylate)(PCHMA) and poly(glycidyl methacrylate) (PGMA), is linearly in-
creasing with monomer surface concentration. Surface concentrations were
measured using a quartz-crystal microbalance [71]. Reprinted with permission
from [71]. Copyright 2006 American Chemical Society.

be adjusted, meaning partial pressures of different gases can only be adjusted
indirectly by adjusting the relative flows of these gases and the total pressure
in the reactor.

Deposition rate and molecular weight

The deposition rate of the polymer is dependent on both initiation rate, Ri,
and propagation rate, Rp. In formula 3.10 it can be seen that by increasing
Ri independently, although the deposition rate is increased, the average chain
length of the polymer is decreased. Since some critical features of the polymer,
such as stability and glass transition temperature Tg depend on this chain
length, increasing Ri is usually not desirable. The other way to increase the
deposition rate is by increasing Rp, which is, as can be seen in formula 3.9,
dependent on both the monomer concentration, [M], and the polymer radical
concentration at the surface, [M•]. The latter, however, is in turn dependent
on Ri. To increase the deposition rate without decreasing the average chain
length, one thus needs to increase the monomer surface concentration. It was
indeed found by Chan and Gleason, that the polymer deposition rate increases
linearly with monomer surface concentration and, moreover, that the average
chain length (i.e. molecular weight) of the polymer increases too [71]. This is
shown in figure 3.3. Regimes exist in which this relation is of second order,
however, only when there are very few available monomers compared to the
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amount of radicals reaching the surface [50, 66]. The fact that deposition rate
and molecular weight both increase with increasing surface concentration of the
monomer means that no trade-off between the two is needed. Since industry
usually looks for high-troughput deposition methods, this is important for
eventual commercial deposition of iCVD polymer layers.

Besides the polymer radical and monomer surface concentration, the propaga-
tion rate and thus the deposition rate is also dependent on the reaction rate
constant kp in formula 3.9. This constant is first of all dependent on the
monomer used. Although in all commonly used monomers, including PGMA
and V3D3, polymerization proceeds through the vinyl bonds of the monomer,
the activation energy for this process is not equal for all of them. Another
aspect is that, when a monomer containing two or more vinyl bonds is used,
which will result in a branched polymer, the alignment of monomers is thought
to play a major role in propagation [72]: a steric hindrance can occur in the
propagation, especially when large monomers are used. Secondly, kp is de-
pendent on the surface temperature. The above mentioned steric hindrance in
the propagation will have less effect at higher temperature, when the surface
mobility of the monomers is higher. In general, iCVD kinetics will be enhanced
by a higher surface temperature because rate coefficients of the surface reac-
tions generally follow the usual Arrhenius dependence [50]. Summarizing, the
deposition rate will increase with decreasing substrate temperature in an ad-
sorption (surface monomer concentration) limited regime and the deposition
rate will increase with increasing substrate temperature in a regime that is
limited by initiation or propagation processes. In the next section, however,
it is shown that the monomer surface concentration is strongly negatively de-
pendent on substrate temperature, meaning that the activated growth process
is often only valid when large monomers with multiple vinyl groups are used.

Monomer adsorption

The above section addressed the issue that the monomer adsorption (i.e.
monomer surface concentration) is often one of the most important paramet-
ers, if not the most important, in the iCVD polymerization process. It was
found experimentally by Chan and Gleason [71] that the monomer surface
concentration is dependent on substrate temperature and partial pressure of
the monomer (see in figure 3.4). The volume, V, of monomer that is ad-
sorbed on the substrate can be related to the ratio of partial pressure of the
monomer, pM , and the saturation pressure of the monomer, psat, using the
BET (Brunauer, Emmet and Teller) equation [73]:
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Figure 3.4: Temperature dependency at a constant partial pressure (left)
and partial pressure dependency at a constant substrate temperature of the
monomer surface concentration, for GMA and CHMA monomers, as found by
Chan and Gleason [71]. Surface concentrations were measured using a quartz-
crystal microbalance. Reprinted with permission from [71]. Copyright 2006
American Chemical Society.

pMVmc

V (psat − pM ) = pM (c− 1)
psat

+ 1 (3.11)

in which Vm is the volume of a monolayer of monomer and c is given by:

c = exp(∆Hdes −∆Hvap

RT
) (3.12)

where T is the temperature, R is the gas constant,∆Hvap is the enthalpy
of vaporization of the monomer, and ∆Hdes is the enthalpy of desorption of
a monolayer of monomer from the substrate. The enthalpy of vaporization,
∆Hvap ,can be found experimentally, using the Clausius-Clapeyron equation,
which relates the boiling point and the vapor pressure at a fixed temperature
of a gas-liquid system [46, 74]. Boiling points and vapor pressures for some
monomers can be found in Afeefy et al.[75]. Intuitively, one could predict that
using larger monomers, less of them will reside in the vapor phase, under the
same process pressure, compared to smaller monomers [50], i.e. ∆Hvap will
be larger for larger monomers. The enthalpy of desorption of a monolayer
of monomer from the substrate is dependent not only on the monomer but
also on the substrate [46]. It is, amongst others, dependent on the polarity or
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non-polarity of the monomer combined with the (non) hydrophobicity of the
substrate. Desorption energies for some monomers used in iCVD are described
by Alf et al. [76]. For example: when using GMA as a monomer and a clean
crystalline silicon wafer, a value of 12 was calculated for c, by Bakker et al.
[46]. It can be derived from formula 3.11 that, at low pM/psat ratios, the
relation between pM and monomer concentration becomes linear, following
Henry’s law [77, 78]. This is very useful, as it means that, in this regime, the
monomer surface concentration is directly proportional to pM , as can be seen
in the right side of figure 3.4. Consequently, the deposition rate and molecular
weight of the deposited polymer are directly proportional to pM . The BET
equation can be rewritten in the more convenient form [46]:

V

Vm
= cx

(1− x)(1− x+ cx) (3.13)

in which x = pM/psat. Equation 3.13 is used to plot BET isotherms for
different values of the BET constant c, in figure 3.5. The volume adsorbed,
expressed in the number of monolayers, is plotted against x. Assuming that
a volume of adsorbed monomers close to one monolayer is the ideal situation,
since the amount of available monomers, i.e. [M] in equations 3.9 and 3.10, is
optimal and yet no liquid is formed on the surface, it can be seen in figure 3.5
that a larger process window is available if the BET constant c is larger. Larger
c values give a more flat isotherm around a V/Vm value of 1.

In practice it is not necessary to avoid adsorption of more than one mono-
layer of monomer, however, the conformality of the deposition will, in this
case, decrease [79]. It can be seen in figure 3.5 that when pM approaches psat

(x→1), the monomer starts to condensate, meaning a liquid will form on the
surface. This should be avoided for several reasons: Monomers that did not re-
act can be trapped inside the growing polymer. When diffusing out afterwards
they can cause a porous material, or even bubble like cavities. Second, the
conformality of the deposited polymer layer is highest when surface tension is
absent in the process, meaning, when coating textured materials, one should
avoid forming a liquid on the surface.

Summarizing, in general, using iCVD, it is beneficial to have adsorbed as
many monomers on the substrate as possible, hereby increasing deposition rate
as well as polymer chain length (the latter will improve material characteristics
such as stability and glass transition temperature, addressed in section 3.1.3),
as long as one avoids condensation of the monomer. There is one major excep-
tion: if extremely conformal coating is required, one should preferably have
one monolayer of monomer or less adsorbed on the surface.
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Figure 3.5: The number of monomer layers (V/Vm) plotted against x
(pM/psat). BET isotherms are shown for different values of the BET con-
stant c [46]. Reprinted with permission from [46].

3.1.2 Advantages of iCVD in hybrid multilayer gas bar-
riers

Using thin layers for decoupling defects

Since the increase in barrier performance of a single layer of inorganic mater-
ial saturates after a critical thickness, due to macro defects, defect decoupling
interlayers are needed to create an ultrahigh barrier material. Graff et al. [80]
concluded that the good performance of such a multilayer can be ascribed to
the tortuous path that permeating molecules must follow through the organic
layer from pinhole to pinhole in consecutive inorganic layers. The tortuous
path is dependent on the organic interlayer thickness [81]. As soon as the
interlayer thickness becomes less than the average lateral distance between de-
fects in consecutive inorganic layers, one enters a regime in which the diffusion
of permeating molecules becomes non-Fickian and is slowed down significantly
[24]. This is shown in figure 3.6. Thus, since one should preferably use thin and
conformal organic interlayers, iCVD is a very well suited method to deposit
these layers. It allows for the conformal deposition of films with nanoscale
thicknesses at high rate with macroscale uniformity [76] and the thickness is
highly controllable [82].
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Figure 3.6: For permeation through a multilayer system the ratio of lateral
distance between defects in consecutive layers and interlayer thickness is im-
portant. When the latter is smaller (b) the diffusion rate will be signific-
antly lower. Ultimately, decoupling defects without an interlayer (c) results
in a hermetically closed multilayer[24]. Reprinted with permission from [24].
Copyright 2004 American Vacuum Society.
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Figure 3.7: Schematic representation of the filling of nano pores in the inor-
ganic material by polymer during the iCVD process.

Filling of defects by polymer

It was pointed out by Affinito and Hilliard [83] that in addition to permeation
through macro defects, permeation through nanoscale defects, comparable to
the size of the permeating molecules, in the inorganic material matrix plays an
important role in permeation barriers. Permeation through such defects was
confirmed by Roberts et al. [33], when modelling permeation through a single
barrier layer on a polymer substrate. The organic interlayer is thought to
enhance barrier performance of a multilayer by filling of such nanopores [83].
The ability of iCVD to conformally coat high aspect ratio pores makes the
technique extremely useful for this purpose. This was shown by Aresta et al.
[84], who deposited interlayers of trimethyltrivinylcyclotrisiloxane (V3D3) by
iCVD on top of PECVD deposited SiOx-like inorganic barrier layers, which
is depicted in figure 3.7. Their measurements point out the infiltration of
monomer into the nano-defects and filling of them in the iCVD polymerization
process. Additionally, in these studies the hypothesis of Affinito and Hilliard,
about the microstructure of the inorganic layer was confirmed.

Smoothening of the substrate

The high surface roughness of commercially available plastic substrates induces
many macro scale defects in deposited inorganic layers [85]. A third way in
which organic layers are thought to enhance barrier performance in hybrid
multilayer barrier is by smoothening of the layer or substrate underneath,
avoiding a high amount of defects [24, 83]. That iCVD deposited layers are
suitable for this was shown by Coclite and Gleason [86], by comparing a PET
substrate with a 20 nm SiOx layer, with and without applying a planarizing,
1 µm thick, iCVD deposited polymer layer first. The planarizing layer improves
the barrier function by two orders of magnitude (figure 3.8 right). Bakker et al.
[87] demonstrated that even thin iCVD layers of PGMA (of only 300 nm) are
good planarizing layers, by coating a textured Asahi U-type TCO substrate.
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Figure 3.8: By applying a PGMA planarizing layer the surface rms roughness
of a rough substrate can be decreased from 42.3 nm to 14.3 nm using a layer
of only 335 nm thickness (left). Comparison of the WVTR of a bare PET
substrate, a planarized PET substrate, a SiOx coated PET substrate and a
SiOx coated planarized PET substrate (right)[87, 86]. Reprinted with permis-
sion from [86]. Copyright 2012 American Institute of Physics. Reprinted with
permission from [87]. Copyright 2007 Elsevier.

Their results and those of Coclite and Gleason are shown in figure 3.8. By
applying a 335 nm thick PGMA layer, the rms surface roughness of the Asahi
U-type TCO substrate was decreased from 42.3 nm to 14.3 nm [87].

3.1.3 Requirements for the use in hybrid multilayers
To be able to use iCVD polymer layers as inter-layers between typical inor-
ganic layers like Si3N4, SiO2 or Al2O3 they should exhibit certain properties.
They should be very stable since the inorganic layers are usually deposited
in PECVD, HWCVD, or sputtering processes that involve (aggressive) highly
reactive radicals, ion bombardment, and/or high temperatures. Furthermore
they should be planarizing to decouple the defects, and have a high glass
transition temperature to facilitate controlled deposition of the high quality
inorganic layers. Thirdly, the adhesion between inorganic and organic layers
should be excellent, to enable practical use in flexible devices.

Stability

During the deposition of inorganic layers by sputtering, PECVD, or HWCVD
on top of polymers, generally elevated substrate temperatures are involved
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and highly reactive species like atomic hydrogen are present, which can easily
degrade the polymer [88, 89]. Therefore, it is important to deposit poly-
mer materials with a high (temperature) stability. A strong indication that
the temperature stability of iCVD polymer layers depends on their molecular
weight was found by Bakker et al. [87]. Their data reveals that degradation of
polymer layers progresses in two steps. This is consistent with the data found
earlier by Lee and Park [90]. The first step in material reduction is ascribed
to de-polymerization initiated by unsaturated chain ends [91, 92]. The second
step, at higher temperatures, is ascribed to random chain scissions. If chains
are, on average, larger, the amount of unsaturated chain ends will be relatively
lower, making the material more stable.

Planarization

For the use as a decoupling layer, the deposited layers should be on the one
hand conformal to fill up pores in the underlying substrate and cover defect-
inducing features tightly, while simultaneously being planarizing. This can
conveniently be combined, since on the one hand planarization increases with
the thickness of the layer, even at small thicknesses [87] and conformality is
tunable by adjusting the fractional saturation pM/psat of the monomer dur-
ing the deposition [93]. Another aspect is the intrinsic smoothness of the
polymer layers. In iCVD this is dependent on the amount of radicals avail-
able at the surface to start polymerization, i.e. the amount of nucleation
sites [70]. This amount in turn is dependent on both filament temperature
and monomer/initiator flow ratio. To avoid a coarse morphology and deposit
smooth layers, a sufficient amount of radicals should be available [70].

High glass transition temperature

To be able to deposit smooth, defect free inorganic layers on the polymer, the
glass transition temperature (Tg) of the polymer should not be exceeded. If
it is exceeded, the material is easily deformed. For this reason, the Tg of the
polymer should preferably be high. As Tg in general is not a discrete value,
it is hard to ascribe an exact Tg to most polymers. Intuitively, it is easy to
see that the transition from a crystalline into a glassy state is dependent on
the ease of movement of the polymer chains relative to each other [94]. The
glass transition temperature Tg increases with increasing polymer chain length.
Also, the stiffness of the polymer backbones influences Tg. The third factor,
the amount of crosslinking, is probably the most important factor determining
Tg. In a branched polymer, there is hardly any movement possible, making Tg



3.2. Experimental results on the deposition of PGMA 45

high. Where Tg can be around 80°C for a material consisting of linear chains
without crosslinking, such as PGMA, it can be above 120°C for a branched
polymer such as V3D3. When using thin layers, as is often the case using
iCVD, the thickness of the layer and the underlying substrate also affect the
Tg: If there is a high interfacial energy, a thin polymer layer will have a Tg

higher than its bulk value. If, on the other hand, the interfacial energy is low,
the Tg will decrease compared to the bulk material [95].

Adhesion

When the polymer layer is to be integrated into a device it is important to have
high interfacial adhesion. Adhesion can be promoted by chemically activating
the substrate. For organic substrates this can for example be done using a
plasma glow discharge, for inorganic substrates by using a piranha solution or
an oxygen plasma treatment. The former method generates free radical species
on the substrate, able to initiate polymerization with gas phase monomers [96].
The latter two methods create a high density of hydroxyl groups at the surface
[97, 98]. However, since barrier layers are often to be applied on sensitive
substrates or devices, methods like this cannot always be used. Another option
is to use monomers with groups that can physically (or even chemically) attach
to neighboring layers. The epoxide ring in the GMA monomer, encircled in
figure 3.9, can be used for this. Even another strategy is to entirely avoid a
sharp organic/inorganic interface, thereby circumventing adhesion challenges.
An example of this is a multilayer gas barrier deposited in the MIT group of
Prof. Gleason [23]. Since good barrier performances had been achieved before
by graded organic/inorganic hybrid materials deposited by PECVD [34], this
strategy was used to overcome the problem of poor adhesion between the
organic and the inorganic material. A graded interface is naturally produced
by PECVD deposition of the inorganic material, due to the ion bombardment
and subsequent chemical reactions with the organic layer underneath.

3.2 Experimental results on the deposition of
PGMA

Our first choice for monomer to use for the iCVD deposition of the polymer
layers in our barriers is glycidyl methacrylate (GMA). It is a monomer that can
easily and cheap be purchased and is one of the monomers that has been most
investigated in iCVD experiments [87]. The GMA molecule is schematically
depicted in figure 3.9. One feature of this monomer that is beneficial for the
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Figure 3.9: Schematic of the used monomer GMA. While the vinyl group is
involved in the polymerization raction, the epoxide group (encircled) stays
intact during deposition and can easily open when the deposited polymer is
exposed to heat afterwards.

specific use in multilayer structures is the epoxide group. This ring stays intact
during the iCVD deposition. When the layer is exposed to heat afterwards,
for instance during the deposition of SiNx, the ring can easily open up and
react with adjacent layers, ensuring excellent adhesion between layers.

3.2.1 Filament temperature series
One of the main parameters that defines the iCVD deposition process is the
filament temperature. When sufficient initiator gas is fed in the reactor the
amount of radicals is directly influenced by the filament temperature. Ozaydin-
Ince and Gleason defined an equation describing the deposition rate [99]:

rdep ∼ kdep[I·]θM,eq, (3.14)

in which kdep is a rate constant,θM,eq is the equilibrium adsorbed monomer
concentration, both depending at the substrate temperature and [I·] is the
gas phase radical concentration. This radical concentration is not dependent
on substrate temperature since the radicals have a relatively low surface con-
centration due to their volatility [79]. Many radicals even directly react from
the gas phase with the adsorbed monomer, via an Eley-Rideal mechanism.

In figure 3.10 a filament temperature series is shown. When increasing
the filament temperature more radicals are expected to be formed, increasing
the deposition rate. Up till a filament temperature of 230°C, this is indeed
observed. The deposition rate increase from 20 to 79 nm/min between 180°C
and 230°C. Above 230°C the deposition rate falls again.

The latter can have several reasons. First of all, above 220°C, unwanted gas
phase reaction of the monomer start to occur [70]. It was also found by Ozaydin
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Figure 3.10: Deposition rate of PGMA as a function of the filament temper-
ature. The depositions were done at 0.20 mbar and an approximate substrate
temperature of 30°C, using a I/M ratio of 1/6.

and Gleason [99] that different radicals than the usual t-butoxyl radicals can
be formed in a β-scission reaction. These radicals are smaller and even more
volatile than the t-butoxyl radicals. Furthermore, if more initiator molecules
are decomposed into two radicals, the partial pressure of the monomer will
drop, as explained in section 3.1.1, which in certain regimes will decrease the
deposition rate.

In figure 3.11 the first five data point of the filament temperature series
are plotted in Arrhenius form. This technique, plotting the logarithm of a
reaction rate against the inverse temperature is a widely used technique in the
field of vapor deposition to estimate apparent activation energies [100]. From
the Arrhenius equation:

k = exp[ −Ea

RTfil
], (3.15)

in which k is the reaction constant, R is the gas constant and Tfil is the
filament temperature, it can be seen that the activation energy is given by
Ea = −SR, where S is the slope of figure 3.11. In this way an activation
energy of 52 kJ/mol is found. Since the energy needed to decompose the
TBPO molecule is reported to be around 155 kJ/mol [46], it is clear that we
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Figure 3.11: First five data points of figure 3.10 plotted in Arrhenius form.
An activation energy for the decomposition of TBPO of 52 kJ/mol is found.

are not working in the TBPO dissociation limited regime. Since we are using
small flow rates (the TBPO flow is only 0.5 sccm) this is probably due to the
fact that the vapor supplied is not sufficient to keep [I2] constant [99].

Surface roughness at high filament temperatures

The before mentioned onset of gas phase reactions of the monomer above a
filament temperature of 220°C can influence the morphology of the deposited
film [70]. Although layers deposited using a filament temperature lower than
250°C in general exhibit a rms surface roughness below 1 nm, above approx-
imately 250°C, the gas phase reactions start to dominate, resulting in a coarse
surface morphology of the films. This is depicted in figure 3.12, where 300 nm
thick PGMA layers, deposited at a pressure of 0.22 mbar, are shown. The rms
roughness increases from 0.7 nm to 8.9 nm when the filament temperature is
increased from 250°C to 290°C. It must be noted that the substrate temper-
ature increased from 50°C to 80°C, since the same cooling capacity was used
and radiative heating of the sample increases. Considering the surface rough-
ness of the samples together with growth rates of the PGMA films, a filament
temperature of 220°C seems to be optimal.
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Figure 3.12: When using filament temperatures higher than 250°C, the rough-
ness of the PGMA samples increases. From left to right samples deposited at
filament temperatures of 250°C, 270°C and 290°C are shown, exhibiting rms
roughnesses of respectively 0.7, 2.1 and 8.9 nm.

3.2.2 Substrate temperature and monomer partial pres-
sure series

In figure 3.13 the deposition rate of the PGMA in a substrate temperature
series is shown in which the pressure was kept at 0.20 mbar. The deposition
rate increases with decreasing substrate temperature between 34 and 27°C,
which indicates that here we are depositing in a adsorption limited regime.
The polymerization is in this case limited by the available amount of adsorbed
monomers at the surface. When decreasing the temperature of the substrate,
the saturation pressure of the monomer gas will decrease in the vicinity of
the substrate and the volume of adsorbed monomer will increase according
to formula 3.13. When the substrate temperature is decreased below 27°C,
the deposition rate drops again. Looking at figure 3.13 one might expect
that a transition is made to the surface reaction limited regime, since reaction
kinetics at the surface slow down with temperature. In that situation, however,
a plateau, i.e. a more gradual transition, in the graph would be expected [99].
The drop in deposition rate is in fact due to condensation of the monomer
on the substrate. During such a deposition, the growth rate seems very high,
however, afterwards the unpolymerized liquid monomer evaporates out of the
film again, resulting in a thin (and porous) film. Since deposition rates of the
films were calculated using final thicknesses of the film, which were measured
by ex situ RT measurements post deposition, low deposition rates are found
in this regime.
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Figure 3.13: Influence of the substrate temperature on the deposition rate
for depositions at a filament temperature of 220°C and a reactor pressure of
0.20 mbar.
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Figure 3.14: Arrhenius plot of the deposition rate versus inverse substrate
temperature of the data in the adsorption limited regime.
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Figure 3.15: The deposition rate plotted against the monomer partial pressure
at Tfil = 250°C.

The data taken in the adsorption limited regime are in figure 3.14 plotted
in Arrhenius form. Using Ea = −SR, from the slope S an apparent activa-
tion energy of -180 kJ/mol is found. Since the deposition rate increases with
decreasing temperature, this value is negative.

As was mentioned in section 3.1.1 the parameter that is most directly
related to the amount of adsorption of the monomer is PM/Psat. Where we
can adjust P sat by adjusting the substrate temperature, we can also change
PM , the partial pressure of the monomer, by adjusting the total pressure in the
reactor. Figure 3.15 shows a monomer partial pressure series of the deposition
rate at a substrate temperature of 30°C. Although the deposition rate is found
to be linear with partial pressure of the monomer, as expected according to
Henry’s law [77, 78], it must be noted that the total pressure in the reactor
was changed. Since this probably affects the deposition process, this relation
would better be investigated adjusting the monomer partial pressure, while
keeping the total pressure the same.

3.2.3 Deposition rate and molecular weight
Besides deposition rate, also the molecular weight of the deposited PGMA is
dependent on the amount of adsorbed monomer at the substrate. In figure 3.16
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Figure 3.16: Influence of the substrate temperature on the molecular weight.
A filament temperature of 220°C and a pressure of 0.20 mbar were used.

a substrate temperature series of the molecular weight is shown. The molecu-
lar weight increases when the substrate temperature is decreased from 33°C to
27°C. A maximal molecular weight of ~105 g/mol is found. Since the molecu-
lar weight of GMA is 142 g/mol the average chain length is 700 monomers.
Below 27°C condensation of the monomer starts to occur and the molecular
weight drops again. Since the data point at 27 °C in figure 3.16 represents the
same deposition as the maximum deposition rate in figure 3.13, we are able to
deposit PGMA with a molecular weight of ~105 g/mol at a deposition rate of
133 nm/min.

In figure 3.17 a summary is given of deposition rate and MW data of differ-
ent deposition series, side by side as a function of total pressure, to show even
more clearly that deposition rate and MW show qualitatively the same beha-
vior in the iCVD of PGMA. This means that no trade-off is needed between the
two. When the I/M ratio increases the MW and deposition rate decrease for
the same pressure. One might expect at least the deposition rate to increase
when more initiator is used, however more initiator means a lower partial
pressure of the monomer, which will result in less adsorbed monomers on the
substrates surface causing a decrease in MW as well as deposition rate. When
the filament temperature is lowered from 250°C to 220°C the deposition rate
decreases because a smaller amount of the initiator will decompose and less
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Figure 3.17: rdep and MW of deposited samples plotted against total pressure
during deposition. Both show qualitatively the same behavior. In the I:M
ratio = 1:6 and Tfil =250°C series, PGMA with a MW of 78000 g/mol at a
rdep of > 60 nm/min was deposited (encircled).

radicals will form. However, because the same cooling capacity was used, a
lower filament temperature results in a lower substrate temperature. Since the
saturation pressure of the monomer is strongly dependent on the temperat-
ure, the monomer concentration on the substrate is higher at lower filament
temperature at the same pressure. The partial pressure of the monomer gas
is also higher because less radicals are formed. This means that, although less
radicals are formed the deposition rate decreases not very much and high MW

PGMA is deposited.

3.3 Stability of PGMA under SiNx deposition
conditions

For the hydrogen degradation nine of the samples shown in figure 3.17 were
used. They were chosen in a way, that there was a wide variety in MW and
all three series were represented. Although besides MW , surface roughness
was another expected parameter for stability in this experiment, the initial
differences in surface roughness between the samples were very small, varying
between a rms roughness of 2.7 nm and 5.0 nm, and no dependence on MW

could be found between samples in the initial state.
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Figure 3.18: Typical AFM pictures of a PGMA layer degraded in atomic
hydrogen. The rms roughness increases from left to right (0, 190 and 370 s of
hydrogen treatment) to values of, respectively, 2.7, 26.1 and 66.3 nm.

In the experiment, pure hydrogen was used as a source gas. The reactor
pressure was set at a constant value of 200 μbar. The hydrogen gas was
catalytically decomposed at tantalum filaments held at 2100°C. The heated
filaments were placed 3 cm from the substrate. These were conditions closely
approaching standard SiNx deposition conditions [35]. Degradation was done
in three steps (190, 330 and 550 s), after each of which the PGMA samples
were examined.

3.3.1 Surface morphology
Figure 3.18 depicts typical AFM pictures of PGMA layers degraded in atomic
hydrogen. The surface is deformed heavier with increasing degradation time:
the rms roughness increases as does the size of the surface features. All samples
show the same patterns.

3.3.2 FTIR measurements on thickness decrease
Since after degradation the samples look hazy and are not flat any more it
was impossible to measure accurate thicknesses with reflection measurements.
From the height of typical PGMA peaks in the FTIR spectra of the samples
(which is here proportional to the peak area, as can be seen in figure 3.19),
however, a thickness loss, of the samples could be found. Figure 3.19 shows the
FTIR spectra of one of the samples with encircled the epoxy peak as well as
the C=O peak. These are the peaks that were used, both of them decreasing
upon hydrogen degradation.
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Figure 3.19: FTIR spectra of one of the samples made at 250°C, initially and
after respectively 190, 370 and 550 s of hydrogen degradation.

Because it is expected that degradation due to H-exposure takes place on
the surface, one should use the absolute decrease in thickness as a measure
for degradation. This is contrary to thermal degradation in vacuum, where
degradation takes place in the bulk of the layer and one should use relative
thickness loss [87]. This results in the following:

thickness decrease = tinitial−
tinitial

hnitial
hafter = tinitial(1−

hafter

hinitial
), (3.16)

where tinitial is the initial thickness of the layer, measured by reflection
measurements and hinitial and hafter are the, respectively, initial and after
hydrogen degradation FTIR peak heights. The results of these calculated de-
creases in thickness for all samples are plotted in figure 3.20 against MW .
The first remarkable result is that for the samples made at a filament tem-
perature of 250°C the epoxy peak decrease is much less than the C=O peak
decrease. Apparently the C=O group reacts faster with the atomic hydro-
gen than the epoxy group, contrary to thermal degradation of PGMA, where
the epoxy group breaks down faster [87]. For these samples a trend (dashed
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Figure 3.20: Thickness decrease after 550 s of H-treatment calculated by for-
mula 3.16 using the epoxy peak and C=O peak height as a function of MW .
Samples made at a filament temperature of 220°C are encircled.

line) indicating increasing stability with increasing MW could be seen. Much
clearer, however, is the difference between these samples and the ones made
at a filament temperature of 220°C (encircled in figure 3.20), which are more
resistant against H-treatment. The most important parameter for stability
is an indirect one, filament temperature during deposition, instead of MW or
surface roughness of the layer. The importance of the filament temperature on
stability could be explained in a few ways. First of all, using the same cooling
capacity a lower filament temperature will, due to less radiative heating, res-
ult in a lower substrate temperature changing the way in which the polymer
grows. More plausible however seems the explanation that a filament temper-
ature above 220°C results in gas phase reactions of the monomer that change
the morphology of the layers [70]. In addition to this, high filament tem-
peratures can also result in radicals, other than the usual t-butoxyl radicals,
being formed [99], which could again lead to a different polymer morphology.
Such differences between layers are not hardly detectable by FTIR spectra
comparison.
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3.4 Deposition on SiNx and PEN
Since the eventual purpose of the PGMA layers is to be used in a PGMA/SiNx

multilayer on a flexible substrate like PEN, besides the ability of PGMA to
withstand the SiNx deposition conditions, it is important to investigate how
these substrate materials influence the deposition.
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Figure 3.21: Deposition of PGMA on c-Si compared to that on amorphous
SiNx. PGMA layer thicknesses plotted against deposition time.

3.4.1 SiNx substrate vs. c-Si substrate
To compare the deposition of PGMA on c-Si wafers with that on amorphous
SiNx, Corning glass substrates with a thin layer of HWCVD deposited SiNx

on top of it were used. The experiment was done by depositing PGMA, at a
reactor pressure of 0.20 mbar using a filament temperature of 220°C, simultan-
eously on the glass/SiNx substrate and on a c-Si wafer. The depositions were
done at various substrate temperatures. Since the refractive index difference
between the glass, SiNx and PGMA is small, the in situ thickness could only
be measured by directing the interferometer at the c-Si wafer. The actual layer
thicknesses were measured afterwards by RT measurements, which are shown
in figure 3.21. It can be seen that the layer thickness on c-Si is always higher
than on amorphous SiNx. The difference however, is constant for all deposition
times, approximately 20 nm. This can only be explained if there is a difference
in the beginning of the deposition, i.e. on SiNx there is an higher incubation
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time for the PGMA growth initiation. Intuitively one can see that once the
entire surface is covered with growing PGMA both processes are identical.
Since all conditions are the same the difference must be in the adsorption of
GMA monomers on both substrates, assuming that the adsorption of initiator
radicals is negligible. It is indeed found that the adsorption of monomers is
very dependent on the substrate material as described in formula 3.11-3.13.

3.4.2 Planarizing effect on a PEN substrate

Since PGMA and the PEN substrate have in practically the same refractive
index and are both almost perfectly transparent, it is very hard to distinguish
the deposited layer from the underlying substrate. During the experiment
again PEN samples were coated simultaneously with c-Si wafers. Assuming
that the only difference in growth rate was in the initial phase of the deposition
again, the latter could be used to monitor the layer thickness on both samples.
Afterwards it turned out to be impossible to investigate the PGMA layer by
RT as well as by FTIR measurements. AFM micrographs of bare and coated
PEN substrates, shown in figure 3.22, however indicate that a PGMA layer was
deposited. This layer shows very good planarization properties, which might
be beneficial for the defect free deposition of SiNx layers on PEN substrates
afterwards. The rms roughness of the PEN sample was reduced to 2.5 nm.

Figure 3.22: AFM micrographs of a bare PEN substrate (left) and of PEN
substrate with a 200 nm PGMA layer deposited on top (right). Even 200 nm
of PGMA is a very good planarizing layer. The rms surface roughness is
reduced from 8.8 to 2.5 nm with the PGMA layer, including the artefact in
the right upper corner.
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Figure 3.23: Schematic of the V3D3 monomer. In contains three vinyl groups
which are involved in the branched polymerization.

3.5 Experimental results on the deposition of
V3D3

In addition to the iCVD of PGMA, the deposition of poly (V3D3), a hydro-
phobic silicon containing polymer was explored. The V3D3 monomer is depic-
ted in figure 3.23. The polymer is highly cross-linked and the cyclotrisiloxane
ring provides a stiff backbone, These features ensure good stability and a glass
transition temperature above 120°C. The high temperature stability and hy-
drophobicity could be beneficial for the use in our multilayer moisture barrier.

3.5.1 Deposition rate
The involvement of each V3D3 monomer in multiple polymerization reactions
is a significant hindrance for chain mobility during the propagation step in
the polymerization reaction [72]. The activated monomer requires a certain
alignment with other V3D3 units, resulting in a slow film deposition rate.
Furthermore, the deposition of poly(V3D3) requires a higher substrate tem-
perature compared to PGMA, since the polymerization of V3D3 has a higher
activation energy than that of GMA [72]. Since we were unable to heat the
sample, we decided to increase the filament temperature, thereby increasing
the radiative heating of the substrate. The filament temperature was chosen
at 270°C. According to O’Shaughnessy et al. [72], this temperature should be
low enough to ensure that the majority of the siloxane rings will survive the
deposition while a sufficient growth rate is maintained[72]. A monomer partial
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Figure 3.24: Deposition rate of V3D3 as a function of partial pressure of the
monomer gas. All depositions were done at a filament temperature of 270°C at
a substrate temperature around 40°C, since no substrate cooling was applied.

pressure series, performed at a substrate temperature of approximately 40°C
is shown in figure 3.24. The highest deposition rate achieved was 12 nm/min,
significantly lower than that of PGMA (133 nm/min).

3.5.2 Stability compared to PGMA
To investigate if V3D3 indeed shows better resilience in SiNx deposition com-
pared to PGMA, 200 nm layers of both polymers were coated by a 50 nm
HWCVD low temperature SiNx layer, deposited below 100°C. AFM micro-
graphs of these samples are shown in figure 3.25. Where the PGMA shows
some typical deformations, the V3D3 sample seems to be unchanged upon the
SiNx deposition, confirming its higher stability and glass transition temperat-
ure.

3.6 Conclusions
The iCVD of PGMA was investigated , exploring the influence of filament tem-
perature, substrate temperature and reactor pressure on the deposition rate
and molecular weight of the deposited polymer. High molecular weight PGMA
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Figure 3.25: Surface morphology of a 50 nm SiNx layer deposited on a 200 nm
PGMA layer (left) and a 200 nm V3D3 layer (right). Both polymer layers
had a rms roughness of less than 1 nm before the SiNx deposition. When
compared to the PGMA sample, which shows clear deformation and a rms
surface roughness of 22.1 nm after the SiNx deposition, the V3D3 sample
seems to better withstand the deposition of SiNx, the rms roughness increased
only slightly to 2.9 nm.

(105 g/mol) was deposited at high deposition rate of 133 nm/min, by iCVD.
More importantly, it was found that no trade-off is needed between these two,
showing that it may be very suitable for large scale industrial application. The
high molecular weight suggests that the PGMA is thermally stable. Exam-
ination by AFM shows that layers deposited at filament temperatures below
250°C rms have surface roughnesses below 1 nm.

For the use of these layers in hybrid thin film gas barrier layers they must
be also stable under SiNx deposition conditions. To mimic SiNx deposition
conditions, the deposited layers were exposed to an atomic hydrogen environ-
ment. Surprisingly, the most important parameter for stability under these
conditions was not a direct one such as molecular weight of the polymer, or
the roughness of the surface. The temperature of the filament when depositing
the PGMA appears to be the parameter of most importance. Layers deposited
using lower filament temperatures are more stable. The lower stability using
higher temperatures could be explained by the fact that higher filament tem-
peratures result in different radicals formed at the filaments when dissociating
the initiator or by gas phase reactions of the monomer, both resulting in dif-
ferently growing polymers. A third possible explanation is that slightly higher
substrate temperatures (due to more radiative heating) during deposition de-
crease the stability. A filament temperature of 220°C seems to be optimal to
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deposit our PGMA layers.
Comparing deposition on c-Si with deposition on SiNx, it is found that

there is only a small difference in growth rate in the initial phase of the depos-
ition. The films were utilized as a planarization layer on bare PEN substrates.
The achieved smooth surface should enhance a defect free deposition of SiNx.

Additionally films of a second polymer, poly(V3D3), were deposited. Al-
though deposition rates for this polymer are low, the stability of V3D3 samples
upon HWCVD SiNx deposition on top of it is very high, compared to PGMA
films.



Chapter 4

Hot wire CVD of silicon
nitride at 100°C

Abstract
In this chapter the HWCVD deposition of silicon nitride (SiNx) at a substrate
temperature of 100°C is discussed. For the deposition we used a dedicated
HWCVD reactor in which the wire-substrate distance is 20 cm. The layers
were characterized by Fourier transformed infra red (FTIR) and RT measure-
ments. High quality SiNx could be deposited at these low temperatures. For
practical reasons we decided to use non optimal SiNx layers, that have a higher
growth rate, in our multilayers. Of these layers a more thorough compositional
analysis was done.
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4.1 Introduction
One of the most extensively investigated inorganic materials for the use in thin
film gas barriers is SiNx, since it has a high intrinsic barrier function due to its
high density [101] and at the same time it is highly transparent in the visible
spectrum [102, 35]. Furthermore, no reactive oxygen is present during its de-
position, which avoids the risk of oxidation of the underlying layers [24]. It can
be deposited by HWCVD using SiH4 and NH3 as precursor gasses. To enable
SiNx deposition on PGMA layers, two main requirements need to be fulfilled:
(i) the PGMA should be very stable against the flux of chemical species dur-
ing SiNx deposition, and (ii) the SiNx must be deposited at low substrate
temperatures, compatible with common plastic substrates, sensitive (organic)
functional materials and also PGMA. Experiments discussed in this chapter
concentrate on the latter. It was shown by Alpuim et al. that transparent,
dense SiNx layers can be made at temperatures as low as 100°C by HWCVD
[47]. However, as evident from this research, it remains difficult to control
the substrate temperature accurately and to prevent it from increasing during
continuous deposition, due to high radiative heating. Using a large substrate
to filament distance is one of the methods used in HWCVD to minimize the
radiative heating from the filament and device quality a-Si semiconductor films
at 100°C have been made by this method [103]. When depositing on polymers
it is crucial not to exceed the glass transition temperature, often as low as
100°C, because this will prevent the deposition of a smooth layer, since the
polymer will soften. Exceeding the glass transition temperature largely will
change the polymer properties irreversibly. To this end, a dedicated hot wire
reactor was built for low temperature deposition, in which the wire-substrate
distance can be increased up to 20 cm. As an introduction to this chapter,
first a brief description of the HWCVD process of SiNx will be given, after
which some recent results on HWCVD SiNx in barrier layers will be discussed.

4.1.1 SiNx HWCVD process
The HWCVD process can be divided into three, to a certain extent, independ-
ent parts: the decomposition at the wires, gas phase reactions, and surface
processes.

Decomposition at the wires

SiH4 gas can be decomposed at the tantalum (Ta) wires into different radical
species [104, 105]:
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SiH4 → SiHn· + (4− n)H·, (4.1)

where n is an integer between 0 and 3. The amount of the different radicals
is dependent on the wire temperature [104, 106] and filament surface material
[107]. The catalytic NH3 decomposition takes place as [108, 109]:

NH3 → NH2· +H· (4.2)

In our experiments no H2 as a source gas was added in the process. It can be
formed in the deposition process however (amongst others, through reactions
shown in formula 4.4 and 4.5) and subsequently be decomposed at the wires:

H2 → 2H· (4.3)

The decomposition probability of NH3 is approximately two orders of mag-
nitude smaller than that for SiH4: it decreases when, besides NH3, SiH4 is
present near the Ta filaments [110, 108]. Probably this is caused by a TaSix
shell formed at the filament, which influences the catalytic properties of the
filaments [111, 110]. Si is, under specific circumstances, known to form alloys
with the Ta of the filaments [112, 113, 114].

Gas phase reactions

It was found by Umemoto et al. [115] that SiH3· radicals, the main precursor
for Si deposition, are formed in the gas phase by H· radicals reacting with
unreacted SiH4. This is one of the three main gas phase reactions[116, 117]:

NH3 +H· → NH2· +H2, (4.4)

SiH4 +H· → SiH3· +H2, (4.5)

Si· + SiH4 → HSiSiH∗3 . (4.6)

Other reactions are less frequent, since Umemoto et al. [115] detected only
a negligible amount of other large (amino-silane) species in the gas phase. it
can therefore be concluded that the actual SiNx formation takes place at the
substrate.
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Surface reactions

SiH3· and NH2· are the main precursors for the SiNx deposition, which
means that an excess of H atoms is transported to the surface. Therefore, the
amount of bonded H in the eventual material can be as high as 30 at%. It
was found by Stannowski et al. [118] that at the surface Si-H and N-H bonds
are replaced by Si-Si, N-Si and N-N bonds in various cross-linking reactions,
where the excess H atoms are released in the form of H2. Since, in contrast
to the formation of Si-N and Si-Si bonds, the formation of a N-N bond occurs
in an endothermic reaction, the majority of H atoms in the eventual film are
involved in N-H bonds [110].

4.1.2 HWCVD SiNx in thin film moisture barriers
Recently, HWCVD SiNx and similar materials like SiOxNy and SiCN were
investigated in moisture barriers as single layers and in multilayer structures.

Figure 4.1: a) A flexible OLED covered by a roll-to-roll HWCVD deposited
SiNx coated PET film by Heya et al. [119]. Reprinted with permission from
[119]. Copyright 2008 Elsevier. b) Cross section SEM image of a SiNx/SiOxNy

stack by Ogawa et al. [120]. Reprinted with permission from [120]. Copyright
2008 Elsevier.

Single layers of SiNx -like material

Heya et al. [119] used a HWCVD roll-to-roll setup to coat a PET foil with
SiNx at substrate temperatures between 20 and 100°C, obtaining a water va-
por transmission rate (WVTR) of 0.01 g/m2/day for a 40 nm thick layer. To
check its reliability over time, this barrier was applied to an OLED, which is
shown in figure 4.1(a). No dark spots appeared up to 400 hours in a 60°C
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and 90% relative humidity (RH) environment, corresponding to 5600 hours in
a normal environment [119]. Nakayama and Ito [25] used monomethylsilane
(Si(CH3)H3), NH3 and H2 as precursor gasses to deposit HWCD SiCN, a ma-
terial which can be considered an alloy of SiCx, SiNx and CNx, on a PEN
foil as a moisture barrier. In their studies, it was found to be crucial to coat
both sides of the PEN film to avoid breakdown of the SiCN/PEN interface,
i.e. de-lamination, due to H2O accumulation. Using two 100 nm thick lay-
ers, a WVTR below 10−3 g/m2/day was obtained. Roll-to-roll deposition of
such layers on foils up to 75 cm wide was also successfully demonstrated by
Nakayama et al. [121].

SiNx in inorganic multilayer barriers

Ogawa et al. [120] deposited a layer stack of SiNx and SiOxNx using SiH4,
NH3 and O2 as source gasses. Although the WVTR rate of single layers
of SiOxNy was found to be around 3 g/m2/day, the WVTR greatly improved
when the SiOxNy layer was stacked upon SiNx layers. The double layer showed
a WVTR of 0.018 g/m2/day, one order of magnitude lower than that of a
single layer of SiNx. This remarkable improvement is ascribed to coverage
of the cracks in the underlying SiNx layer: since SiOxNy is less dense and
more flexible, no cracks are present in this material, which can be seen in
figure 4.1(b). Using 7 of these stacks, an OLED was coated, resulting in 1000
hours of OLED operation without observing damage, in a 60°C and 90% RH
environment [120]. A new strategy to prevent defects propagation through a
barrier structure is proposed by Majee et al. [122]. Low-T silicon nitride layers
are stacked, while using an Ar-plasma surface treatment between subsequent
depositions. Such defect decoupling, without an actual physical interlayer,
resulted in a WVTR of 9.1*10−3 g/m2/day for a 200 nm thick barrier [122].

4.2 Experimental results on HWCVD of SiNx

A series of low temperature SiNx depositions was done, using different SiH4/NH3
flow ratios. For this experiment the dedicated low temperature reactor was
used, which is described in more detail below.

4.2.1 Dedicated low temperature reactor
In figure 4.2 a schematic of our HWCVD reactor is shown. Where in a con-
ventional reactor the wire-substrate distance is ~3 cm, here it is 20 cm. This
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Figure 4.2: A schematic representation of our dedicated hot wire CVD cham-
ber, in which the wire-substrate can be increased to 20 cm.

greatly reduces the radiative heating of substrate, making active cooling of
our substrate unnecessary. Even using a filament temperature of 2100°C, the
substrate temperature was found to saturated at ~100°C. Using such a large
wire-substrate distance, the mean free path of the radical species should be in
the order of cm’s to avoid dust formation in the gas phase. To achieve this a
low pressure of 40 μbar was used. Although this results in low deposition rates,
one should keep in mind that in an actual roll-to-roll process active cooling
can be applied and high deposition rates can be achieved. In the deposition of
our multilayer SiNx, which will be discussed in section 4.3, a small compromise
was made between deposition rate and material quality.

4.2.2 Deposition rate

In figure 4.3 (b) the deposition rates as a function of flow ratio are shown. The
deposition rate decreases with the SiHx flow, as expected.[35, 47].
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Figure 4.3: (a) Refractive index at a wavelength of 632 nm and (b) deposition
rate dependence on SiH4/NH3 flow ratio.
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Figure 4.4: (a) Extinction coefficients k for different layers and (b) k at 400
nm for different SiH4/NH3 flow ratios.
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4.2.3 Optical properties
The refractive index at 632 nm, shown in figure 4.3 (a), also decreases with
decreasing SiH4/NH3 flow ratio. A low refractive index is important for avoid-
ing interference effects in a multilayer, since it will ease the adjustment of
the individual layer thicknesses significantly when alternating layers have a
refractive index close to each other (that of most polymers is around 1.5). The
decrease in refractive index can be explained by the increasing band gap due to
an increasing N/Si ratio, using the Kramers-Kronig dispersion relation [123].
However, the refractive index can not be used as an absolute measure for the
N/Si ratio, since it is also dependent on the density of the layer.

It was found by Verlaan et al. [35] that the extinction coefficient k of
the material decreases when approaching stoichiometry. This can again be
explained by an increasing band gap with increasing N/Si ratio. In figure 4.4(a)
the dependence of k on the wavelength for different layers is shown and indeed
it can be seen that k decreases for layers made at lower SiH4/NH3 flow ratios.
In figure 4.4(b) the values of k at a wavelength of 400 nm are shown for
different layers. The values for the layers made at flow ratios of 5/150 and
3/150 are respectively 0.002 and 0.0001. This shows that the layers are highly
transparent.

4.2.4 Bond structure by FTIR
An accurate figure for the N/Si ratio of the layers can be derived from the
FTIR spectra [110]. The integrated absorptions of the N-H and the Si-H
peaks are shown in figure 4.5(a). The ratio is around 1 for a flow ratio of
5/150. It was shown by Verlaan et al.[35] that this is the case for layers close
to stoichiometry. The position of the Si-H peak in the FTIR spectrum is also
related to the N/Si ratio in the layer. It shifts for different ratios because
the electron affinity of Si and N atoms is different. The peak shifts to a
higher wavenumber for higher N/Si ratios [35, 47]. The different positions as a
function of flow ratio are shown in figure 4.5(b). The peak position for a flow
ratio of 5/150 is 2180 cm−1, which indicates a N/Si ratio around 1.2 [35].

4.2.5 Buffered HF etching
The N/Si ratio being close to stoichiometry suggests a dense layer. To confirm
this, the layer made at a flow ratio of 5/150 was etched in 16BHF, an etching
mixture, consisting of 6 parts 40% ammonium fluoride (NH4F) and 1 part 49%
hydrofluoric acid (HF). The etch rate was found to be around 25 nm/min.
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Figure 4.5: (a) Integrated absorption of the N-H and Si-H peaks and (b) Si-H
FTIR peak position as a function of SIH4/NH3 flow ratio.

Although this is not as low as for state of the art high density nitride made
at 450°C (7 nm/min) [35], it indicates a high density of the film, close to
2.5 g/cm3 [47]. Furthermore, this layer was found to be extremely smooth,
with an rms roughness of 1.1 nm. A smooth layer is considered to be beneficial
for the construction of an impermeable coating [83].

4.3 Compositional Analysis of multilayer SiNx

For the deposition of the material used in our eventual multilayers, for practical
reasons we chose to use a SiH4/NH3 flow ratio of 6/150. This resulted in
slightly lower quality layers, having a nl=632nm of 2.08 and a kl=400nm of 0.004,
which could however be deposited at ~1 nm/min. In chapter 5 it is shown that
using this material not necessarily means a compromise in barrier performance.
The composition of these SiNx layers was analysed after degradation in a
climate chamber by RBS/ERD and XPS.
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layer thickness (1015 at./cm2) H N O Si
1 94.1 28 at% 22 at% 10 at% 40 at%
2 563.6 32 at% 31 at% 0 at% 37 at%

total amount: (1015 at./cm2) 203.3 190.7 9.0 254.7

Table 4.1: RBS/ERD data are combined to find a complete elemental com-
position of the SiNx used in our multilayers. For the simulation the layer was
divided into two layers, of which the top one contains 10% oxygen. The estim-
ated thicknesses are 11.6 nm for the top layer and 68.5 nm for the main SiNx

layer.

4.3.1 Rutherford back scattering and elastic recoil detec-
tion

RBS and ERD data for a 80 nm SiNx layer made at a SiH4/NH3 flow ratio of
6/150 are shown in figure 4.6. When combining the RBS and ERD spectra, a
complete elemental analysis can be made, which is shown in table 4.1. For an
optimal fitting, the layer was divided into two sublayers, a top layer, containing
oxygen, and a main layer. Concentrating on the main layer we find a N/Si
ratio of 0.85 and a hydrogen content of ~30 at%. Using the atomic masses (1
for H, 14 for N and 28.1 for Si ) and the number of found atoms, shown in
the bottom row of table 4.1, together with the optically determined thickness
of the film, 80 nm, we find a mass density of ~2.07 g/cm3. As can be seen in
the second row of table 4.1, an oxygen content of 10 at% is found in the top
layer, which has a thickness of approximately 10 nm. Since the layer has a low
density and contains a large amount of hydrogen, it can indeed be expected
that some oxidation occurs at the top surface.

4.3.2 X-ray photospectroscopy
In XPS measurements done at an entire multilayer, which are discussed in
more detail in the next chapter, similar N/Si ratio were found, confirming the
RBS measurements.

4.4 Conclusions
SiNx layers for the use in impermeable thin film multilayers were deposited in
a dedicated low temperature HWCVD reactor at a substrate temperature of
100°C, making them compatible with polymer layers. FTIR spectra suggest
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Figure 4.6: Detected particle energy spectra of the detected particles in the
RBS (top) and ERD (bottom) experiments for a 80 nm SiNx layer on a c-
Si wafer. A channelling configuration was used to suppress the signal of the
crystaline substrate. Simulated spectra, shown in red, were used to calculate
the amount of different atoms. For accurate simulation, the layer was divided
into two parts: an O containing top layer and an underlying layer without
O. The amounts of calculated Si, N, O (from RBS) and H (from ERD) are
summarized in table 4.1. In the top figure can be seen that the simulation
slightly deviates from the measured spectrum in the N-peak, underestimating
the amount of N atoms by 1-2%.
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that layers were deposited with a N/Si ratio of 1.2, close to stoichiometry. This
results in a slightly reduced refractive index of 1.97, compared to stoichiometric
layers, and high transparency (k400 of 0.002). A high impermeability can be
expected since the 16BHF etch rate of 25 nm/min indicates a high density.
These layers have an rms surface roughness of only 1.1 nm.

A compositional analysis of the material deposited using a flow ratio of
6/150 was performed. The advantage of this recipe is that it results in a
reasonable growth rate for laboratory barrier experiments. The deposited
material was found to have a density of 2.07 g/cm3 and a N/Si ratio of 0.85,
containing ~30 at% hydrogen. This material was used in the multilayer barrier
film, as discussed in chapter 5. It will be shown that using this non-optimal
material not necessarily decreases the barrier performance of our multilayers.



Chapter 5

Multilayer moisture
barriers

Abstract
In this chapter PGMA and SiNx are combined resulting in transparent hybrid
multilayers. The WVTR rate of a simple three layer structure, consisting of
two 100 nm thick SiNxlayers, with a 200 nm PGMA layer in between, is found
to be as low as 5*10−6g/m2/day. Adding more layers was found to increase the
robustness of our barriers with respect to defect-creating environmental dust.
In a FIB-SEM experiment, the structural integrity and interfacial adhesion
was investigated. The formation of a SiOxNx layer underneath each SiNx

layer was revealed by XPS and TEM experiments.
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5.1 Introduction
In this chapter materials discussed in the previous two chapters, PGMA depos-
ited by iCVD and SiNx deposited by HWCVD, are combined to deposit an or-
ganic/inorganic stacked layer, in which the defects in the consecutive SiNx lay-
ers are decoupled by thin PGMA layers. In this way a tortuous path for diffus-
ing moisture is created, which theoretically should result in a near-hermetically
closed barrier coating, as described in section 1.2. Both deposition techniques
were individually used before in hybrid barriers, in combination with other de-
position techniques, such as PECVD,. Recent research investigating the use of
HWCVD materials in gas barrier layers, such as SiNx[119, 122], SiOxNy[120]
and SiCN [25, 121] was discussed in section 4.1.2. The use of iCVD in hy-
brid structures has also been investigated. It was confirmed by Coclite and
Gleason [86] that the barrier performance of a 20 nm thick SiOx layer on a
PET substrate was increased by two orders of magnitude when an iCVD de-
posited planarizing layer was applied first. The same group was the first to
utilize organic layers by iCVD as interlayers in a hybrid barrier with PECVD
deposited oxide layers [23]. An inorganic/organic multilayer was deposited
in a single deposition chamber using one single precursor, hexavinyldisiloxane
(HVDSO). Using iCVD, organic layers were deposited, whereas using PECVD,
precursor fragmentation resulted in a SiOx-like inorganic layer. By depositing
the inorganic layer on top of the iCVD layers using PECVD, hereby exposing
it to ion bombardment, a graded barrier was formed, avoiding adhesion chal-
lenges at an organic/inorganic interface [23]. Coating a PEN substrate with a
hexalayer, a WVTR of 0.01 g/m2/day was achieved.

This research for the first time attempts to combine these two techniques,
iCVD and HWCVD. It will be shown that a very simple three layer structure,
made this way, exhibits barrier performances, meeting the most strict flexible
electronics requirements. Excellent results are exhibited, even while barrier
performance of individual layers is not fully optimized. Together with the
fact that our samples had to be transported between different reactors in a
non-clean room environment, this shows the strenght of our iCVD/HWCVD
multilayer concept, which is robust with respect to substrate and process in-
duced defects.

In additional experiments the influence of adding more layers to our stacked
structure on the yield of our samples with respect to environmental contamin-
ation is investigated. Finally our multilayer barriers are analysed after degrad-
tion testing by FIB/SEM and XPS experiments, revealing a high structural
integrity and interfacial adhesion in our layer stack.

The discussed results are very promising for future applications, since, in
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principle, both techniques are highly similar and thus can easily be combined
in an in-line or roll-to-roll process, with due design consideration. Both allow
for very delicate substrates due to the possibilty of device quality material
deposition at low substrate temperatures, which results in high versatility of
applications.

5.2 Depositing SiNx on PGMA
In the last two chapters it was shown that we can deposit highly stable PGMA
layers by iCVD and SiNx by HWCVD, at a substrate temperature <100°C.
However, to confirm that the deposited SiNx layers are compatible with PGMA
and can thus be used in multilayers, a 70 nm thick SiNx layer was deposited.on
top of a 150 nm thick PGMA layer deposited by iCVD. A photograph of the
double layer on glass is shown in figure 5.1, confirming excellent transparency.
The double layer was further investigated by RT and FTIR experiments.

5.2.1 Reflection transmission experiment
The results of the RT measurements are shown in figure. The RT spectra in
figure 5.1 show that a highly transparent double layer was made. The reflection
is higher than that of bare glass, due to the higher refractive index of SiNx,
compared to that of the glass (and of PGMA), i.e. interference effects. The
absorption is very low, although some minor loss in R+T can be found at the
very left end of the spectrum (λ=450 nm), attributed to higher absorption in
that part. The loss of transmittance is probably a consequens of the use of non
optimal SiH4/NH3 flow ratios during the SiNxdeposition, which was discussed
in the previous chapter, causing a slightly higher extinction coefficient at lower
wavelengths.

5.2.2 FTIR measurement
Comparing the FTIR spectra of the individual layers with that of the double
layer in figure 5.2, it is confirmed that the PGMA layer is not damaged and
the SiNx grows the same on PGMA as on a silicon wafer. Although at 100°C
the underlying PGMA could slightly deform due to the exceeding of the glass
transition temperature, as shown in figure 3.25, none of the PGMA peaks
has decreased in the FTIR spectrum of the double layer, indicating chemical
stability of the PGMA under SiNx deposition conditions. Also the SiNx peaks
in the double layer are identical to that in the single layer spectrum.
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Figure 5.1: Left a photograph of a double layer consisting of 70 nm SiNx

deposited on 150 nm PGMA on glass. Right the reflection and transmission
spectra of this double layer on glass, compared to bare glass.

5.3 WVTR of a 3 layer SiNx/PGMA structure
Being able to deposit hybrid multilayers, we now could test the barrier prop-
erties of different layer stacks. Ca degradation experiments were performed at
accelerated conditions of 60°C and 90% relative humidity (RH). Besides the
normal conditions of 20°C and 50% RH, these are widely used conditions for
moisture permeation testing [60].

5.3.1 Accelerated WVTR experiment
First we tested the permeability of three different samples: a 100 nm thick
low temperature deposited SiNx layer, a 100 nm thick state-of-the-art SiNx

layer and a multilayer consisting of two 100 nm low-temperature SiNx layers
with a PGMA layer in between. For the multilayer a very thin interlayer of
only 200 nm PGMA was chosen. On the one hand, the decoupling function
of the layer will probably decrease with decreasing thickness. On the other
hand, for the barrier function of a multilayer to be as high as possible, thinner
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Figure 5.2: FTIR absorption spectra of 150 nm PGMA (top), 70 nm SiNx

(middle) and the double layer (bottom). The small peak in the PGMA spec-
trum around 2300 cm−1 is caused by CO2 gas in the FTIR setup, due to
insufficient N2 purging.

interlayers are beneficial, since they create a more tortuous permeation path
[24]. We chose a thin polymer layer, since Bakker et al. [87] demonstrated
that PGMA layers made by iCVD are excellent planarizing layers even at
thicknesses around 200 nm. The optical transmission of Ca squares covered
by the three samples after various incremental moisture exposure durations
is shown in figure 5.3. Comparing the Ca degradation of the two single layer
SiNx samples, the behavior is as expected. Higher porosity and a higher
density of pinholes are expected in low temperature samples compared to the
high temperature state of the art ones, since the surface mobility of precursors
during deposition goes down with decreasing substrate temperature. However,
a configuration of two of these layers with a PGMA interlayer shows an entirely
different behavior. Even after 190 days in the accelerated measurement, no
significant degradation of the Ca layer is visible.
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Figure 5.3: The development in time of 5x5 mm2 Ca squares covered with three
different barrier layers and kept in a climate chamber at 60°C and 90% RH:
100 nm low-temperature SiNx (top), 100 nm state-of-the-art high-temperature
SiNx (middle), and a low temperature multilayer (bottom).

5.3.2 Permeation graph
The permeation graph of the above mentioned multilayer sample is shown in
figure 5.4. Applying a linear fit, a water vapor transmission rate (WVTR)
of 5*10−6 g/m2/day is found. The WVTR of a single layer of state-of-the-
art SiNx was found to be 3*10−5 g/m2/day. The first day was not included
in the fitting, since it seemed that residual moisture was diffusing out of the
multilayer itself. For the individual low temperature layer we were not able
to determine the WVTR because it is not sufficiently good by itself: it de-
teriorates within two days by permeation through the pinholes. The excellent
barrier performance of our multilayer can be explained by the fact that our
organic layer is kept relatively thin: 200 nm is probably significantly smaller
than the average distance between defects in the inorganic layers, even if the
number of pinholes in the low temperature SiNx is high. In this way an ex-
tremely tortuous path is created for the permeating moisture [24]. Also the
good barrier performance of the double layer being partly caused by the filling
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up of defects in the SiNx layer by PGMA [83] cannot be ruled out. Since the
WVTR of 5*10−6 g/m2/day was found at 60°C and 90% RH, an excellent
performance at room temperature can be expected [60]. For comparison of
this value with that of other relevant thin film moisture barriers, an overview
is given in table 5.1. The permeation graph shown in figure 5.4 flattens over
time, indicating that the extremely high barrier function is most probably a
consequence of a low equilibrium permeation rather than a high lag time of
the water vapor [80]. Our experiment shows that the multilayer function is
robust with respect to defects originating from the deposition and the sub-
strate. It was however difficult to avoid contamination with defect-creating
dust particles, since the present facilities in our laboratory are such that the
samples had to be moved outside vacuum between different reactors to deposit
the multilayer. This affected the yield of our samples. In practical production
it is straightforward to avoid such issues by transporting the samples between
subsequent reactors in vacuum.

5.4 SiNx/PGMA multilayers
To investigate the effect of an increasing number of SiNx layers on the yield
of our samples, i.e. their robustness with respect to environmental dust,
a second experiment was done, in which three different configurations were
tested. Where yield is defined as the part of the samples which does not show
any form of deterioration, measured over 36 samples. We deposited multilay-
ers consisting of two, three and four SiNx layers, keeping the total thickness
of all SiNx layers constant at 200 nm: two layers of 100 nm, three layers of
67 nm and four layers of 50 nm. In between these layers were always 200 nm
thick PGMA interlayers.

5.4.1 FIB-SEM
A SEM image of a cross section of the multilayer containing four SiNx layers is
shown in figure 5.5. The cross section was made by FIB. The image shows that
the SiNx layers are around 50 nm, as expected. The PGMA layers however,
are around 150 nm, while 200 nm was intended. If more layers are deposited on
top of each other, the surface becomes less planar. Knowing that as deposited
PGMA layers exhibit a rms roughness lower than 5 nm (measured over an
area of 10x10 µm2), the surface roughness indicates that there is still some
slight deformation of the PGMA layers during deposition of the SiNx. It is
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Figure 5.4: Graph of the permeation through the multilayer. Fitting a linear
function, a WVTR of 5*10−6 g/m2/day was found. In the data used for fitting,
the first day was not included, since it seemed that residual moisture was dif-
fusing out of the layer itself. For comparison, in the inset permeation through
the state of the art SiNx layer is depicted, including pinholes (upper line,
3*10−5 g/m2/day) as well as in between them (lower line, 6*10−6 g/m2/day).

difficult to see the abruptness of the interfaces in the SEM image, since the
electrons have some penetration depth and the cross section is seen under an
angle (52°).

5.4.2 WVTR experiment

In figure 5.6 the typical development of Ca squares covered by our differ-
ent barriers are shown after incremental exposures to moisture. Considering
the squares that were not affected by pinholes after 30 days, we see that
the WVTR goes down slightly with an increasing number of SiNx layers:
8.3*10−5 g/m2/day for two layers, 3.6*10−5 g/m2/day for three layers and
2.8*10−5 g/m2/day for four layers, even though the total amount of SiNx is
constant.
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Figure 5.5: SEM image of a multilayer, consisting of four SiNx layers and three
PGMA layers, on glass. The cross section was made by the FIB method. The
sample was covered by platinum to avoid electrical charging.

Figure 5.6: The development in time of arrays of 5x5 mm2 Ca squares covered
with: 4 layers of 50 nm SiNx (top), 3 layers of 67 nm SiNx (middle), and two
100 nm thick SiNx (bottom), with 200 nm PGMA interlayers.
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The most distinct effect in the second experiment however, is an increase in
yield with an increasing number of layers. In figure 5.7 it is shown that the yield
increases from 0.06, using two layers, to 0.37 using four layers, as measured over
36 samples. Probably there are two factors that contribute to this increase:
the probability that pinholes in all consecutive layers are laterally in the same
spot or less than roughly the interlayer thickness apart is decreasing rapidly
with the number of layers. Secondly, the chance of dust particles being entirely
covered increases, since the thickness of the total multilayer increases due to
the increased accumulated PGMA thickness.
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Figure 5.7: The yield of our samples, as a function of number of SiNx layers
within the moisture barrier. For all types 36 samples were studied.

Different types of white spots

In figure 5.8 three typical developments of white spots in the Ca squares,
covered by four layers of SiNx, are shown. Spots that are visible from the
start of the experiment and do not grow (top row of figures) are probably due
to oxidation of the calcium before the first layer of SiNx was deposited, as
shown in the top images of figure 5.8. Other spots become visible after some
time and stop growing after their first appearance. These are probably due
to moisture diffusing out of the multilayer itself through pinholes in the first
SiNx layers. An example is shown in the middle row figures. Permeation paths
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Figure 5.8: Different types of white spots can be seen in the Ca squares covered
by the quadruple layer of SiNxwith PGMA interlayers. Some are there from
the start and do not grow afterwards (top row), others appear quickly and stop
growing after some time (middle row). In the bottom row a typical growing
white spot is shown. The squares are 5 mm wide.

through which moisture can diffuse from outside, cause white spots of which
the area grows linearly with time, since a constant amount of moisture diffuses
through. An example is shown in the bottom row.

5.5 Material analysis after degradation
After the WVTR experiments we analysed our multilayers by FIB-SEM mi-
croscopy to investigate their structure and see how a typical pinhole is formed.
Compositional analysis was done by XPS. Since the multilayers were deposited
on glass, an RBS/ERD analysis, as could be performed on single SiNx layers,
was impossible (due to the low conductivity and various elements in the glass).

5.5.1 FIB-SEM at a pinhole
In the SEM images of figure 5.9, a dust particle causing a pinhole in a barrier
coating consisting of four SiNx and three PGMA layers is shown. The particle
was in the centre of a typical pinhole, i.e. a pinhole through which a constant
amount of moisture is permeating, causing a white spot growing linearly in
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time [59]. In figure 5.9 (a) it can be seen that the pinhole is caused by a dust
particle, which is around 10 µm in diameter, cutting through the entire mul-
tilayer. Directly around the pinhole, large bubble-like structures have formed,
indicating that the multilayer is detached from the substrate. To create a cross
section of the white spot area, a rectangular piece of material was removed by
FIB to a depth of 3 μm, as is shown in figure 5.9 (b). The cross section and an
enlarged detail of it are shown in figure 5.9 (c) and 5.9 (d). The de-lamination
of the multilayer from the substrate is clearly a result of the deterioration of
the covered calcium layer by moisture. In this way it is revealed that the ad-
hesion of the different organic and inorganic layers and the robustness of the
multilayer is high: its structure is retained even when the multilayer stands
alone.

5.5.2 XPS experiment
Different multilayers were analysed by XPS. Depth profiles for a triple and
quadruple layer are shown in figure 5.10. Since sputter rates are unknown for
the materials, the elemental composition is plotted against sputter time rather
than depth. Layer thicknesses could however be derived from FIB-SEM meas-
urements. Due to sputtering, mixing of materials occurs, broadening all peaks
and decreasing the depth resolution of the elemental composition. At the very
surface, however, no mixing has occurred and the found N/Si ratio of ~0.85
confirms that the SiNx is similar to the material deposited on a wafer, which
was analysed by RBS/ERD in section 4.3.1. In both profiles in figure 5.10,
a very small O1s peak is found around 0 min. (at the surface of the mul-
tilayer), which is most probably due to oxidation of the surface. A remarkable
result is that an O-rich layer is found at the depth where SiNx was depos-
ited in PGMA. This oxygen probably originates from the PGMA material,
since the found C/O ratio in the bulk PGMA material is lower than expected:
this should be around 7/3, considering the GMA monomer (figure 3.9). The
formation of a SiOxNy-like layer is confirmed by TEM measurements of our
multilayer.

5.6 Investigation by TEM
Cross sectional micrographs of our multilayer were made by TEM. These are
shown in figure 5.11. Bright field (BF) mode was used for a high resolution
image (figure 5.11 (c)) and high angle annular dark field (HAADF) mode for
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Figure 5.10: XPS etching profile of multilayers containing 4 SiNx layers (top)
and 3 SiNx layers (bottom). The depth profile was made by etching with a 3kV
3x3 mm2 Ar ion beam. Since etching rates for our materials are unknown, the
profile is plotted against etching time. Different layers are clearly visible, the
accuracy decreases with depth, since materials are mixed by the etching. At
0 min. no mixing has occurred and the elemental composition is very accurate.
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a high z resolution (figure 5.11 (d)). What can be seen in the images is that
although the SiNxis not perfectly homogeneous, the material does not contain
any voids or nanocrystals. This was thoroughly checked by recording images
slightly out of focus, which would make voids clearly visible. Another thing
that can be seen in these micrographs, is that underneath every SiNxlayer
(between the PGMA and the SiNx) an additional sublayer is visible.

5.6.1 Energy dispersive X-ray spectroscopy
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Figure 5.12: Spectra of different elements from the EDX experiment. Taken
over a 90 nm line, crossing a SiNx/SiOxNy layer. It can be seen that on the left
side (which is the initially grown material) of the inorganic sublayer, compared
to the main SiNxlayers, some of the Si as well as the N atoms are substituted
by oxygen.

The sublayers underneath each SiNx layer were examined in energy dispers-
ive X-ray spectroscopy (EDX) mode by scanning a 90 nm line across a SiNx

sublayer. The spectra for all found elements are shown in figure 5.12. What
can be seen is that in the initial part of the Si containing region, the amount
Si and N are decreased compared to the main SiNx and a significant amount
of O is present there. These results confirm those of the XPS experiment and
show the presence of a SiOxNy layer.

The formation of such a layer, due to oxygen release from the epoxide
groups upon SiNx deposition, can be beneficial. SiOxNy layers are used in
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other studies [120] in addition to SiNx layers, for its higher plasticity compared
to SiNx: Although the density (and intrinsic barrier function) of SiOxNy is
lower than that of SiNx it can be used to cover up defects.

5.7 Conclusions
In a process entirely below 100°C we deposited a multilayer by HWCVD,
consisting of only two SiNx layers with a PGMA layer in between. Using
iCVD to deposit PGMA we were able to create an interlayer with a thickness
of only 200 nm, which very effectively decouples defects in consecutive SiNx

layers. Although the low-temperature SiNx itself exhibited a high porosity,
this three-layer structure is pinhole free and shows a water vapor transmission
rate (WVTR) as low as 5*10−6 g/m2/day at 60°C and a relative humidity of
90%. This value is low enough for any possible electronic device.

In a second experiment it was shown that the robustness of our multilay-
ers with respect to defect-creating dust particles increases when increasing
the number of SiNx interlayers while keeping the total thickness of SiNx the
same. In practical production however, the issue of environmental dust can be
avoided by transporting samples in vacuum.

Cross sectional SEM images of a degraded sample reveal that the structural
robustness of our multilayer is high, as is the adhesion between the organic
and inorganic layers.

XPS and TEM experiments show the formation of a SiOxNx layer un-
derneath each SiNx layer. This material is probably formed due to oxygen
release from the epoxide group of the PGMA upon SiNx deposition and can
be beneficial for the barrier performance.

Our super barrier result shows the strength of the concept of combining
iCVD organic and HWCVD inorganic layers, when compared to the material
characteristics of the individual layers. Under the condition of their compat-
ibility, this concept yields excellent gas barriers even when less than optimal
individual layers are used. Due to the low radiation and consequently low
deposition temperature and the absence of high energy ions in the process,
these layers can be deposited directly onto any kind of organic or polymeric
electronic devices.



Chapter 6

Modelling and theory of
optics and permeation

Abstract
Where the previous chapters mainly described experimental results on indi-
vidual as well as multilayers, this chapter provides some theoretical background
on the permeation and the optical behavior of our multilayers. In the first part
an optical model is discussed, which was fitted to RT data to determine the
thicknesses of the individual layers and their optical properties. Fixing the
latter, the model can be used to tailor multilayer dimensions for specific ap-
plications. In the second part different theories on water vapor permeation
through a multilayer are discussed and compared to permeation experiment
results addressed in the previous chapter.
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6.1 Introduction
Although individual PGMA layers are highly transparent in the visible region,
as are the SiNx layers, which was shown in chapter 4, the two types of layers
have different refractive indices: ~2.0 for the SiNx layers and ~1.5 for PGMA.
This means that interference effects will play a role in the transmission of light
through the multilayer, consisting of SiNx and PGMA. The number of layers
used can be minimized to decrease these effects, on the other hand it was found
that a higher number of sublayers can increase the robustness of the barrier.
By adjusting the sublayer dimensions one could change the barrier from an
anti-reflection coating to a reflection coating: optimizing this for a specific use
is important. Where for devices like OLEDs the optima in the transmission
spectrum of the encapsulant can be adjusted to fit the wavelengths emitted
(except of course for those devices where broadband emitting polymers are
used), in solar cells it is a challenge to optimize the transmission over the entire
visible domain and preferably minimize it in the UV, to minimize degradation
of UV sensitive parts of the device. These requirements can be challenging,
since optimal barrier properties impose certain constraints to the individual
layers: the minimum SiNx layer thickness is around 40 nm [24] and PGMA
layers must be as thin as possible as long as they decouple defects in consecutive
SiNx layers effectively [24]. From an optical point of view, however, thick
PGMA layers and very thin SiNx layers will be the best, since in this way
an low effective refractive index can be achieved, which will be beneficial for
the in- and outcoupling of light. In this chapter an optical model of our
multilayers, developed in SCOUT, is discussed. By fitting the RT spectra
of this model, to the experimental RT results, we can determine the optical
properties of the individual materials. As soon as these are known, we can use
the model to tailor the sublayer dimensions for optimal transmission in the
desired wavelength domain.

Just as the optical simulation of the multilayer, the permeation through
our multilayers could be described theoretically and simulated. If one can
accurately describe the permeation behavior in the materials, a model can
be made to tailor the optimal multilayer dimensions for barrier performance.
The amount of data available on permeation through multilayer structures
with different dimensions was found to be insufficient for the development of
a permeation model. In addition to this, large dust particles, penetrating
through the entire multilayer, disturb the trends one would expect when chan-
ging the multilayers’ dimensions and number of sublayers. For this reasons we
compared our results in a qualitative manner with several existing theories on
permeation through multilayer barriers.
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Figure 6.1: Diagram of the density of states as a function of electron energy in
an amorphous semiconductor with band gap E0, according to the OJL model.
the shape of the tail states can be characterised by the parameter γ.

6.2 Optical model of multilayer
An optical model was developed in the SCOUT program [132] which could
describe the light transmission behavior of actual multilayer permeation bar-
riers and which can be used to adjust layer dimensions such as to fulfill optical
requirements for device application. Since with our set up (eta-optik 2C5/HL
Mini-RT) we are only able to determine specular RT spectra, the model is
also designed to simulate this. It should be noted that in actual devices often
diffractive structures are used to optimize light in and out coupling. In the
model sharp interfaces are assumed: for the PGMA layers deposited on SiNx

this is a reasonable assumption, for the SiNx deposited on PGMA this is more
uncertain since the deposition is more aggressive in nature and PGMA is less
dense and stable material than the SiNx. The broad wavy nature observed for
the multilayer (figure 5.5) is to a first approximation neglected and considered
optically flat.

6.2.1 Modelling individual materials
The band structure of SiNx is similar to that of an amorphous semiconductor.
In covalent weakly conducting semiconductors the dielectric properties are
usually dominated by interband absorption, where valence electrons are photo-
excited into the conduction band [110]. The O’Leary, Johnson and Lim (OJL)
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Figure 6.2: Refractive index n of PGMA as used in our multilayer model.

model, an interband transition model for amorphous semiconductors [133], can
therefore be used to model the optical absorption of amorphous SiNx. The
amorphous nature of both PGMA and SiNx has been confirmed from FIB SEM
images. The model mathematically describes the density of states (DOS) in
the conduction and valence band as a function of electron energy, as is shown
in figure 6.1.

The relation between absorption and polarizibility of a material, and there-
fore also the relation between absorption and the (real part) of the refractive
index, in any medium, is described by the Kramer-Kronig relation (KKR)
[134]. They can be written in many forms, of which one, the most useful here,
describes the relation between the refractive index n(ω) and the extinction
coefficient k(ω), as:

n(ω) = 1 + 2
π

ˆ ∞
0

ω’k(ω’)
ω′2 − ω2 dω’ (6.1)

and

k(ω) = −2ω
π

ˆ ∞
0

n(ω’)
ω′2 − ω2 dω’. (6.2)

Using the relation between the extinction coefficient k and the absorption
coefficient α, α(ω) = 2w

c k(ω), and the assumption that α(ω) = 0 for energies
below the band gap E0 [135], equation 6.1 can be written as:
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n(ω) = 1 + c

π

ˆ ∞
E0

α(ω’)
ω′2 − ω2 dω’. (6.3)

In this equation it can be easily seen that when the band gap E0 in the OJL
model (which is directly related to the absorption in our simulated material)
increases, the refractive index n(ω)will decrease.

The OJL interband transition model as well as the KKR are implemented
in the SCOUT program [136, 137]. The DOS profile of the OJL model is
determined by four parameters, of which the main three are: (i) E0,the band
gap size ,(ii) γ, determining the shape of the tail states DOS profile and (iii)
the height of the DOS profile.

To minimize the number of free parameters during fitting, the refractive
index of the PGMA layers was fixed. This is justified by the fact that the
chemical composition of the PGMA layers does not vary like that of the SiNx

layers. Indeed, always the same refractive index function was found when ex-
amining single PGMA layers. Since the refractive index of PGMA is identical
to that of poly(methyl methacrylate) (PMMA), which is an acrylic, chemic-
ally very similar to PGMA, for convenience this was used in our model. The
refractive index, which is implemented in the SCOUT material database, is
shown in figure 6.2.

6.2.2 Fitting the model to different multilayers

The transmission of three different multilayers on glass was determined experi-
mentally; four 50 nm SiNx layers, three 67 nm SiNx layers and two 100 nm SiNx

layers, all separated by 200 nm PGMA layers. As an example, in figure 6.3
the transmission and reflection of the sample containing four SiNx layers are
shown, together with a model fit which was made in the SCOUT program. Ad-
justable parameters were four parameters describing the SiNxband structure
and the thicknesses of all individual layers.

In all three cases the model could be fitted very well to the RT data,
obtaining always the same refractive index and extinction coefficient for the
SiNx material, which are shown in figure 6.3 and very plausible individual
layer thicknesses. In the four layer case, shown in figure 6.3, the SiNx layer
thicknesses were all found to be between 49 and 51 nm and the PGMA layers
between 170 and 190 nm, which is in good agreement with the FIB-SEM
micrograph shown in figure 5.5.
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Figure 6.3: RT data of a multilayer containing 4 SiNx layers and 3 PGMA
layers on glass and the model fit in grey, on the left. The resulting functions
for n and k of our SiNx, as a function of wavelength, on the right.
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Figure 6.4: On the left a typical amorphous silicon thin film solar cell structure
on plastic foil, used to simulate the fraction of incident light that is transmit-
ted into the absorber layer. On the right a comparison of the transmittance
spectrum without a barrier and a feasible barrier structure.
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6.2.3 Tailoring layer dimensions

Fixing the determined refractive index and extinction coefficient, now the layer
thicknesses and configuration can be adjusted to optimize the barrier device
performance. Not only are the desired optima in the transmission spectrum
different for different applications, the entire spectrum is dependent on the
layers underneath (and on top of) the barrier. Here two different device struc-
tures are addressed: an amorphous silicon thin film solar cell on a PEN foil
and an OLED on PEN foil. The first structure, having a 300 nm amorphous
silicon absorber layer and a 1 μm ZnO transparent conducting oxide (TCO)
layer [138], is schematically depicted in figure 6.4. Simulated transmission
spectra into the absorber layer of this device, coated with different barriers
containing 2 and 4 SiNx layers are shown in figure 6.5. The most feasible
configurations are shown in bold lines. What can be easily seen is that the
interference spectra can be shifted in the wavelength domain by slightly ad-
justing individual layer thicknesses. The 4 layer 50-200 configuration, exhibits
desired (a reasonably flat maximum) behavior between 500 and 650 nm, where
the internal quantum efficiency (IQE) of the absorber layer of thin film solar
cells is generally maximal. Barriers containing 2 nitride layers show interfer-
ence pattern that are less distinct and thus easy to tailor. For silicon solar
cells, which are less sensitive than organic devices and where single pinholes
not necessarily destroy the entire device, a two layer structure could be a suffi-
cient barrier. From figure 6.4 it can be seen that the main interference effects
are caused by the high refractive index layers underneath the barrier, i.e. they
are present even without a barrier applied. However, in practice, solar cells
have light trapping structures which will prevent these severe interference ef-
fects [139, 140]. Interpreting our simulations, one should keep this in mind.

In figure 6.6 an OLED structure, based on a light emitting polymer (LEP),
with an ITO front contact is schematically depicted [141]. For this kind of
device the interference effects are smaller than for the solar cell, since lower
refractive index polymers (~1.5) are used in the device. In figure 6.6 it can,
however, be seen that the transmission spectrum in the short wavelength region
can be easily changed by slight changes in individual layer thicknesses. Which
wavelengths need to be transmitted optimally depends on the device, where
RGB OLEDs emit around the wavelengths of 480 nm (blue), 540 nm (green)
and 635 nm (red), OLEDs based on a LEP emit broadband light. In figure 6.7
transmittance for different barrier configurations is shown, where again the
feasible and actually deposited, configurations are printed bold.
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Figure 6.6: On the left a typical polymer based OLED structure on plastic
foil, used to simulate the fraction of generated light that is emitted from the
device. On the right a comparison of the transmittance spectrum without a
barrier and two feasible barrier structures, which show very different behavior
in the short wavelength region, when changing the interlayer thickness from
150 to 250 nm..

6.3 Permeation theories compared to multilayer
results

Although only few WVTR data are available on the effects of changing the
amount of sublayers in our barriers, by considering different theories about
permeation through multilayer barriers and comparing them qualitatively with
our results, we are able to make some general statements on the permeation
through our barrier.

Ideal Laminate Theory

Since the multilayer with defect decoupling interlayers, known as Barix™, was
first introduced by Vitex Systems Inc. [30], it is generally agreed upon that
a tortuous path approach is necessary to create a pinhole free barrier. Water
transport through a multilayer is sometimes also described by the ideal lam-
inate theory (ILT) [142]. The main reasons for this are that the distribution
and size of pinholes is often difficult to measure [143] and that numerical mod-
els easily become extremely large even for one single pinhole [144]. Although
water permeation through the bulk of the coating can not always be ignored
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[145, 146],the dominance of permeation through the pinholes in our results is
clear enough to not consider this here.

6.3.1 Tortuous path models
Although the tortuous path theory is widely used, there is still some debate
about what the effect of the tortuous path is and which features of a multilayer
are most important for the performance. The common idea is that the per-
meation through the structure must be non Fickian, i.e. conduction limited
instead of diffusion limited (according to Fick’s laws) [147, 148, 149]. If this
is achieved by the geometry of the multilayer, not only will the steady state
flux of permeating species be reduced, also the lag time (time until the first
permeating species reach the far end of the barrier) is increased.

Steady state permeation vs. lag time

In a paper by Graff et al. [80] it is argued that the effect of the tortuous path on
lag time is far more significant than the effect on the equilibrium permeation
rate. It is calculated that using 4 dyads (organic/inorganic layer pair) with
an average defect distance of 1 mm, a lag time of more than one year can be
achieved. Such a large time could easily be mistaken for a very low equilibrium
permeation rate. For a two dyad structure with an average defect distance of
5 mm a lag time as large as 2 years is found. However, when we convert our
results of 190 days for a two dyad structure from 60ºC and 90% RH to room
temperature, which would slow the experiment down with a factor of ~50 [60],
we would be measuring a lag time of at least 25 years. In addition to that,
for our low temperature process, an average defects distance of 5 mm is very
unrealistic. We may thus assume that we are actually measuring the steady
state permeation.

Defect density vs. interlayer thickness

When modelling permeation through a tortuous path, Schaepkens et al. [24]
find that the main parameter determining the flux of permeating species is the
ratio of the interlayer thickness and the lateral distance between two defects
in consecutive layers. When the latter is larger compared to the interlayer
thickness, permeation becomes conduction limited. In an ideal case, having
no interlayer, the barrier is hermetically closed. This is depicted in figure 3.6.

Although it is difficult to gain information about the defect density in
our organic layers, we can make a few assumptions and see how the yield
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Figure 6.8: Chance that a 5x5 mm sample has 1 or more pinholes (yield - 1)
as a function of inorganic layer number, according to equation 6.4. For the
calculation an average pinhole density in organic layers of 100 mm−2 and the
requirement that pinholes in two consecutive layers must be separated at least
100 times the interlayer thickness (20 μm). In the inset the logarithmic plot:
When 4 layers are used, the chance is as low as 10−7.

of our samples should behave, when it is dominated by "the defect distance
vs. interlayer thickness version" of the tortuous path effect. For the tortuous
path to work the distance between pinholes should be much larger than the
interlayer thickness: d >�> interlayer thickness. We can divide our surface in
squares of d2 (the density of these squares, Dsquares, is now d−2) and make the
requirement that no 2 pinholes in consecutive layers can be in the same square.
If we assume a defect density, Ddefect, on a sample of size A, the chances of a
square being occupied by a defect in one single layer is: Ddefect;A

Dsquares;A
= Ddefect

Dsquares
.

If we now look at the chances of one square being occupied by defects in n
consecutive layers and multiply this by the number of squares on our sample
we get a chance of our sample containing a pinhole of:

( Ddefect

Dsquares
)n
·Dsquares·A = (Ddefect)n

(Dsquares)n−1 ·A (6.4)

This function is linearly dependent on the surface area of the sample, which
must of course be the case, since large samples have a larger chance of con-
taining at least one pinhole. When only a small fraction of the squares is
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occupied by a pinhole, we see that the chances that a sample contains at least
one pinhole (1 - yield) falls of exponentially with n. An example for a 5x5 mm2

sample, using a feasible defect density of 100 mm−2 [24] and a minimal lateral
defect spacing d of 20 μm, which is 100 times our used interlayer thickness of
200 nm, is shown in figure 6.8. Since the Ddefect of 100 mm−2 was arbitrarily
chosen, we can only qualitatively compare the predicted behavior of the mul-
tilayer with our yield data in figure 5.7. Though the yield of our samples does
not nearly increase as fast with the number of sublayer as is suggested here
(using 4 sublayers, less than one in 106 should contain a pinhole), we showed
that we were able to create a tortuous path, by using an extremely thin inter-
layer (chances that the samples that show no degradation contain no defects
at all are negligible). These results, however, indicate that our yield is domin-
antly determined by large particles, collected during ambient exposure of the
samples. This is consistent with the results of the investigation of pinholes
by optical microscopy and FIB-SEM, as shown in section 5.5.1. Large dust
particles penetrating the entire barrier are further discussed in section 6.3.2.

Pinhole size vs. interlayer thickness

Greener et al. [81], find in simulations that the ratio of defect size and inter-
layer thickness is the most important parameter in determining the success of
the tortuous path. It is shown that as soon as the interlayer is thinner than
the average defect size, permeation becomes conduction limited and very de-
pendent on the interlayer thickness. Since we have no information on the size
of our defects it is is difficult to make a comparison between this model and
our results. The main consequence of this model is however the same as that
of the "defect density vs. interlayer thickness" model: the interlayer should be
as thin as possible.

6.3.2 Large dust particle
If pinholes in our samples are caused by large particles penetrating through
the entire barrier, there must be some minimal ratio between barrier thickness,
x, and particle size, sparticle, for which such a particle is covered. If we make
the very rough assumption that our barrier successfully covers any particle
as soon as it has the same size of it (i.e. x

sparticle
= 1) and the particle size

distribution is a Gaussian distribution around some average particle size, we
can express the yield of our samples as a function of barrier thickness x, by a
cumulative Gaussian distribution function:
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thickness of 2 μm.

yield(x) = 1
σv
√

2π

ˆ x

−∞
exp[−1

2(x
′ − μ
σv

)2]dx′, (6.5)

where μ is the average particle size and σv2 the standard deviation of the size
distribution. Fitting such a function to our data, we find a particle distribution
around an average particle size of 900 nm with a standard deviation of 100 nm,
which is shown in figure 6.9. Although we have to keep in mind that some
very rough approximations are made, the good agreement between the fit and
our data, indicates that the yield of our samples is dominantly determined by
large dust particles.

6.4 Conclusions
A model, based on the OJL interband transition model, was developed to
describe the optical behavior of our multilayers. Although both materials are
highly transparent, interference effect occur due to the difference in refractive
index of the PGMA and the SiNx. With the demonstrated agreement between
the model calculations and the experimental data, the model can be used to
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determine the optically optimal individual layer thicknesses, which can vary
for specific lighting and solar cell applications.

Comparing our results with theories on permeation barriers, we may con-
clude that the barrier performance of our multilayers can be explained by
tortuous path behavior that is attributed to decreasing the steady state flux
of permeating water rather than increasing the lag time. It is however difficult
to identify trends, due to the dominance of large particles that penetrate the
entire barrier.
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Summary

One of the most desired properties for many optoelectronic devices, such as
solar cells and organic light emitting diodes (OLEDs), is mechanical flexibility.
Not only will this open new technological opportunities, such as thin flexible
lighting, lightweight conformable solar cells and rollable displays, it also allows
for roll-to-roll production of such devices on cheap flexible substrates, which
will greatly reduce their costs of production.

An issue for devices made on cheap flexible substrates, such as plastics,
which, contrary to glass, have a very high permeability to water vapor and
oxygen, is that permeation of oxygen and water vapor into their active layers
can lead to quick deterioration of their performance. Thus, permeation bar-
rier films, deposited on flexible substrates, are needed for many applications.
Transparent materials which have a high intrinsic impermeability are oxides,
nitrides and oxynitrides of metals and silicon. However, when these materials
are deposited as thin films, the barrier function does not increase after a cer-
tain thickness due to unavoidable pinholes or cracks, which tend to propagate
through the entire layer. To prevent propagation of defects through a barrier,
the inorganic layers can be stacked with alternating organic defect decoupling
layers. Besides decoupling defects in the consecutive inorganic layers, such
layers smoothen the underlying inorganic layer, resulting in less substrate in-
duced defects in the next inorganic layer, and can fill pinholes in the underlying
layer.

A combination of silicon nitride (SiNx) and polymer, in our case poly(gly-
cidyl methacrylate) (PGMA), is very suitable to create such a multilayer.
Thin films of both materials can be deposited using a continuous process:
SiNx using hot wire chemical vapor deposition (HWCVD) and PGMA using
initiated chemical vapor deposition (iCVD). In HWCVD, source gases, here
silane (SiH4) and ammonia (NH3), are catalytically decomposed at heated
wires. The created radicals react at the substrate, forming a film. In iCVD an
initiator is dissociated into two radicals at a hot filament and starts the poly-
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merization process with monomers on the substrate. Since both techniques are
very similar, i.e. dissociation at hot filaments, they are easy to be implemented
in a continuous roll-to-roll process. Our barrier layers can even be deposited
on sensitive organic layers, since in these techniques no energetic ions, which
could possibly damage them, are present.

Using iCVD we were able to deposit high molecular weight PGMA (105 g/mol)
at a high deposition rate of 133 nm/min. It was found that no trade-off is
needed between the molecular weight and the deposition rate, showing that
this method might be very suitable for large scale industrial applications. The
high molecular weight suggests that the PGMA is thermally stable. The de-
posited PGMA layers exhibit surface roughnesses below 1 nm. Since, for the
use of these layers in hybrid thin film gas barrier layers they must be stable
under SiNx deposition conditions, we exposed them to an atomic hydrogen
environment, mimicking SiNx deposition conditions. Surprisingly, the most
important parameter for stability under these conditions was not a direct one,
such as molecular weight of the polymer, or the roughness of the surface:
the temperature of the filament during the deposition of PGMA appears to
be the parameter of most importance. Layers deposited using lower filament
temperatures are more stable. Possible explanations are that higher filament
temperatures result in (i) different radicals formed at the filaments when disso-
ciating the initiator or (ii) gas phase reactions of the monomer, both resulting
in differently growing polymers, or that (iii) slightly higher substrate temper-
atures (due to more radiative heating) during deposition decrease the stability.
A filament temperature of 220°C seems to be optimal to deposit our PGMA
layers.

Our SiNx layers were deposited in a dedicated low temperature HWCVD
reactor, in which the wire-substrate distance can be as large as 20 cm. In
this way, SiNx depositions can be done at a substrate temperature of 100°C,
making them compatible with our PGMA layers and delicate substrates and
devices. Fourier transformed infrared (FTIR) spectra suggest that the layers
were deposited with a N/Si ratio of 1.2, close to stoichiometry. This results in
a slightly reduced refractive index of 1.97, compared to stoichiometric layers,
and layers of high transparency (k400 of 0.002). Using a NH3/SiH4 flow ratio of
6/150 results in a reasonable growth rate for laboratory barrier experiments.
A compositional analysis of this material, which is used in our multilayer
barrier films, was performed. The material has a density of 2.07 g/cm3 and a
N/Si ratio of 0.85, containing ~30 at.% hydrogen. It is shown that using this
non-optimal material not necessarily decreases the barrier performance of our
multilayers.

We deposited a simple three layer stack, consisting of two 100 nm SiNx lay-
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ers, with a 200 nm PGMA layer in between, in a process entirely below 100°C.
In an experiment to determine the water vapor transmission rate (WVTR) it
was shown that, although each single layer of low-temperature SiNx has many
pinholes, this multilayered stack is pinhole free and has a WVTR as low as
5*10−6 g/m2/day at 60°C and a relative humidity of 90%. This value is low
enough for any possible electronic device.

In another experiment it was shown that the robustness of our multilayers
with respect to defect-creating dust particles increases when we increase the
number of SiNx sublayers, while keeping the accumulative thickness of SiNx

layers the same. In practical production however, the issue of environmental
dust can be avoided by transporting samples in vacuum. Cross sectional scan-
ning electron microscopy (SEM) images of a degraded sample reveal that the
structural robustness of our multilayer is high, as is the adhesion between
the organic and inorganic layers. From X-ray photospectroscopy (XPS) and
high resolution transmission electron microscopy (TEM) investigation of the
multilayers, the formation of a SiOxNx layer underneath each SiNx layer was
revealed. This material is probably formed due to oxygen release from the
epoxide group of the PGMA upon SiNx deposition and can be beneficial for
the barrier performance.

Our super barrier result shows the strength of the concept of combining
iCVD organic and HWCVD inorganic layers to obtain an impermeable layer,
when compared to the material characteristics of the individual layers. Under
the condition of their compatibility, this concept yields excellent gas barriers
even when less than optimal individual layers are used. Due to the low heat
radiation and consequently low deposition temperature and the absence of
high energy ions in the process, these layers can be deposited directly onto
any kind of organic or polymeric electronic devices.

We compared our results with theories on permeation barriers and can
conclude that the barrier performance of our multilayers can be explained by
tortuous path behavior that is attributed to decreasing the steady state flux
of permeating water rather than increasing the lag time.

Although both materials are highly transparent, interference effects oc-
cur due to the difference in refractive indices of the PGMA and the SiNx. An
optical simulation, based on the O’Leary-Johnson-Lim (OJL) interband trans-
ition model, was developed to describe the optical behavior of our multilayers.
This model can be used to determine the optically optimal individual layer
thicknesses. The barrier layers investigated and developed in this thesis are
excellent for the encapsulation of many new kinds of lightweight and flexible
displays, solar cells and lighting applications.





Samenvatting

Een zeer gewilde eigenschap van optoelektronica, zoals zonnecellen en organi-
sche LEDs (OLEDs) is flexibiliteit. Niet alleen verschaft dit de mogelijkheid
tot allerlei nieuwe toepassingen, zoals dunne flexibele verlichting, lichtgewicht,
vervormbare (en dus makkelijk te integreren) zonnecellen en oprolbare dis-
plays, het maakt ook roll-to-roll produktie op goedkope buigbare substraten
mogelijk, wat de produktiekosten drastisch vermindert.

Iets om rekening mee te houden bij de productie van elektronica op goed-
kope flexibele substraten, in tegenstelling tot die op glas, is de hoge doorlaat-
baarheid van deze substraten voor waterdamp en zuurstof. Wanneer water of
zuurstof de actieve lagen van deze elektronica bereikt, oxideren functionele po-
lymeren, moleculen en metalen contacten, wat zorgt voor snelle vermindering
van prestaties. Voor veel flexibele toepassingen zijn dus permeatiebarrières
nodig.

Transparante materialen die een hoge intrinsieke ondoordringbaarheid heb-
ben zijn oxides, nitrides en oxynitrides van metalen and silicium. Als deze
materialen worden gedeponeerd als dunne films dan neemt hun ondoordring-
baarheid echter niet meer toe na een bepaalde dikte. Dit komt doordat deze
films, onvermijdelijk, defecten bevatten, zoals minuscule gaatjes (pinholes) of
breuken op microschaal, die de neiging hebben door de hele laag te groeien.
Om het doorgroeien van deze defecten door de gehele barriere te voorkomen,
kunnen de anorganische lagen afwisselend worden gestapeld met organische
tussenlagen, die de defecten in opeenvolgende inorganische lagen ontkoppelen.
Daarnaast zorgen deze lagen voor een gladde ondergrond, wat het aantal de-
fecten in de volgende gedeponeerde anorganische laag vermindert, en vullen ze
gaatjes in de onderliggende anorganische laag.

Een combinatie van siliciumnitride (SiNx) en polymeer, in ons geval poly
(glycidyl methacrylate) (PGMA), is zeer geschikt voor het maken van zo’n
multilaag. Dunne films van beide materialen kunnen worden gedeponeerd in
een continu proces: SiNx met hete-draad chemische damp depositie (HWCVD)



128 Samenvatting

en PGMA met geïnitieerde chemische damp depositie (iCVD). Bij HWCVD
worden gassen, hier silaan (SiH4) en ammoniak (NH3), katalytisch ontbonden
aan hete draden. De ontstane radicalen reageren aan het substraatoppervlak
en vormen zo een film. Bij iCVD wordt een initiatorgas aan een hete draad
ontbonden in twee radicalen. Deze radicalen starten het polymerisatieproces
van monomeren op het substraat. Omdat beide technieken erg op elkaar lij-
ken, zijn ze makkelijk in te passen in een continu roll-to-roll proces. In beide
methodes zijn geen hoog-energetische ionen aanwezig, die het substraat kun-
nen beschadigen, zodat onze barrières zelfs gedeponeerd kunnen worden op
zeer gevoelige organische lagen.

Met iCVD hebben we PGMA met een hoog molecuul gewicht (105 g/mol)
gedeponeerd bij een hoge depositiesnelheid van 133 nm/min. Er bleek geen
trade-off te zijn tussen deze twee, waardoor deze methode zeer geschikt is
voor grootschalige industriële toepassingen. Door het hoge molecuulgewicht
zijn de PGMA lagen thermisch zeer stabiel. De PGMA lagen hebben een
oppervlakte ruwheid van minder dan 1 nm. Voor het gebruik in hybride gas-
barrières moeten de lagen stabiel zijn onder SiNx depositiecondities. Om deze
na te bootsen werden de lagen blootgesteld aan een omgeving van atomair
waterstof. Verrassenderwijs blijkt de belangrijkste parameter voor stabiliteit
onder deze omstandigheden niet het molecuulgewicht of de oppervlakte ruw-
heid te zijn, maar de draadtemperatuur die gebruikt wordt tijdens de PGMA
depositie: lagen gedeponeerd bij een lagere draadtemperatuur zijn stabieler.
Mogelijke verklaringen hiervoor zijn dat bij hogere draadtemperaturen (i) mo-
nomeren al in de gasfase reageren, er (ii) andere radicalen gevormd worden
bij de initiatordissociatie of (iii) dat een hogere substraattemperatuur, door
meer stralingswarmte, invloed heeft op de stabiliteit van het polymeer. Een
draadtemperatuur van 220°C lijkt optimaal te zijn.

Onze SiNx lagen worden gedeponeerd in een speciaal ontworpen lage tem-
peratuur HWCVD reactor, waarin de afstand tussen de draden en het sub-
straat kan worden vergroot tot 20 cm. Omdat opwarming van het substraat
door stralingswarmte op die manier sterk kan worden verminderd, kunnen de-
posities gedaan worden met een substraattemperatuur van 100°C, wat de de-
posities compatibel maakt met onze PGMA lagen en met delicate, niet warm-
tebestendige, substraten. Fourier getransformeerde infrarood (FTIR) spectra
suggereren dat lagen met N/Si verhouding van 1,2, dicht tegen die van stoi-
chiometrisch materiaal aan, zijn gedeponeerd. Dit leidt tot een licht geredu-
ceerde brekingsindex van 1,97, vergeleken met stoichiometrische lagen, en een
hoge transparantie (k400 van 0,002). Voor een praktisch bruikbare groeisnel-
heid voor laboratoriumexperimenten, gebruiken we een NH3/SiH4 gasstroom-
verhouding van 6/150. Van het op deze wijze gedeponeerde materiaal is de
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compositie nader bestudeerd. Dit SiNx heeft een dichtheid van 2,07 g/cm3,
een N/Si verhouding van 0,85 en bevat ~30 at.-% waterstof. We laten zien
dat het gebruik van dit niet-optimale materiaal de barrièreprestaties van onze
multilagen niet schaadt.

In een geheel beneden de 100°C uitgevoerd proces, deponeerden we een
simpele drielaags structuur, bestaande uit twee SiNx lagen van 100 nm dik,
met een 200 nm dikke PGMA laag ertussen. In een experiment ter bepaling van
de waterdamptransmissiesnelheid (WVTR) hebben we laten zien dat, hoewel
een enkele laag op lage temperatuur gedeponeerd SiNx veel pinholes bevat,
deze barrière pinholevrij is en een WVTR heeft van 5*10−6 g/m2/dag, bij
60°C en een relatieve luchtvochtigheid van 90%. Dit is laag genoeg voor elk
mogelijk optoelektronisch dunne film element.

In een ander experiment is aangetoond dat multilagen beter bestand zijn te-
gen stofdeeltjes uit de omgeving, die defecten veroorzaken, als het aantal SiNx-
lagen toeneemt, waarbij de cumulatieve SiNx dikte gelijk blijft. Men moet
echter bedenken dat in de praktijk stofdeeltjes uit de omgeving vermeden kun-
nen worden door het tussentijdse transport in vacuum te laten plaatsvinden.
Doorsnedes van een gedegradeerd sample, gemaakt met een rasterelektronen-
microscoop (SEM), laten zien dat de multilaag zijn structuur behoudt en dat
de adhesie tussen de organische en anorganische lagen goed is. Uit Röntgen
fotospectroscopie (XPS) en hoge-resolutie transmissie-elektronenmicroscopie
(TEM) experimenten blijkt de vorming van een siliciumoxynitride (SiOxNx)
laag onder iedere SiNx laag. Dit materiaal wordt waarschijnlijk gevormd met
zuurstof dat vrijkomt uit de epoxide groep van PGMA, tijdens de SiNx depo-
sitie. Deze laag kan helpen de barrière-eigenschappen te verbeteren.

Onze super-barrière resultaten tonen de kracht van het concept van het
combineren van organische lagen gedeponeerd met iCVD en anorganische met
HWCVD, wanneer men ze vergelijkt met de materiaaleigenschappen van de
individuele lagen. Wanneer de materialen en depositie methoden compatibel
zijn, leidt dit concept tot excellente gasbarrières, zelfs wanneer geen optimale
individuele lagen worden gecombineerd. Vanwege weinig stralingswarmte en
daardoor lage substraattemperaturen en de afwezigheid van hoog energetische
ionen, kunnen deze multilagen direct op alle typen organische elektronica wor-
den gedeponeerd.

Als we onze resultaten vergelijken met theorieën op het gebied van per-
meatiebarrières, concluderen we dat de prestaties van onze multilagen kunnen
worden toegeschreven aan het zogenaamde tortuous path effect en dat voor-
namelijk het verminderen van de stabiele flux een rol speelt, in plaats van
het verlengen van de tijd die het eerste water nodig heeft om door de barrière
heen te dringen. Trends zijn echter moeilijk te herkennen doordat ze verstoord
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worden door stofdeeltjes die door de gehele barrière heensteken.
Hoewel beide materialen zeer transparant zijn, kunnen interferentie-effecten

optreden door het verschil in brekingsindex. Met een optisch model, gebaseerd
op het O’Leary-Johnson-Lim (OJL) interband transitie model, beschrijven we
het optische gedrag van de multilagen. Dit model kan worden gebruikt om
de, optisch optimale, individuele laagdiktes te bepalen. De in dit proefschrift
onderzochte en ontwikkelde barrièrelagen zijn uitstekend geschikt voor vele
nieuwe soorten flexibele en lichgewicht beeldschermen, zonnecellen en verlich-
tingstoepassingen.



List of Publications

This thesis is based on the following journal publications:
D.A. Spee, M.R. Schipper, C.H.M. van der Werf, J.K. Rath and R.E.I. Schropp,
All hot wire chemical vapor deposition of low substrate temperature transpar-
ent thin film moisture barrier, Thin Solid Films, 532, 84-88, 2012.

D.A. Spee, J.K. Rath, and R.E.I. Schropp, Optical transmission in a silicon
nitride/polymer multilayer permeation barrier made by hot-wire CVD: model
and experiment, In Solid-State and Organic Lighting, paper JT3A.4, Optical
Society of America, 2012.

D.A. Spee, M.R. Schipper, C.H.M. van der Werf, J.K. Rath and R.E.I. Schropp,
All hot wire CVD organic/inorganic hybrid barrier layers for thin film encap-
sulation, Materials Research Society Proceedings, 1447, v08-03, 2012.

D.A. Spee, C.H.M. van der Werf, J.K. Rath and R.E.I. Schropp, Excellent
organic/inorganic transparent thin film moisture barrier entirely made by hot
wire CVD at 100°C, Physica Status Solidi (RRL) - Rapid Review Letters, 6
no.4, 151-153, 2012.

D.A. Spee, C.H.M. van der Werf, J.K. Rath and R.E.I. Schropp, Low tempera-
ture silicon nitride by hot wire chemical vapour deposition for the use in imper-
meable thin film encapsulation on flexible substrates, Journal of Nanoscience
and Nanotechnology, 11 no. 9, 8202-8205, 2011.

D.A. Spee, R. Bakker, C.H.M. van der Werf, M.J. van Steenbergen, J.K. Rath
and R.E.I. Schropp, "Polymer layers by initiated chemical vapor deposition for
thin film gas barrier encapsulation, Thin Solid Films, 519 no. 14, 4479-4482,
2011.



132 List of Publications

Review paper:
D.A. Spee, J.K. Rath, and R.E.I. Schropp, Using hot wire CVD and initiated
CVD for super gas barrier thin film encapsulation, submitted to Thin Solid
Films.

Bookchapter:
D.A. Spee, J.K. Rath and R.E.I. Schropp, Polymer layers by initiated CVD
for thin film gas barrier encapsulation. In V. Mittal (Ed). Encapsulation Nan-
otechnologies, 255-290, 2013, Hoboken, New Jersey, John Wiley & Sons.

Patent:
R.E.I. Schropp, D.A. Spee, J.K. Rath, C.H.M. van der Werf, Hot wire chemi-
cal vapour deposition process for producing an inorganic-polymer multi-layer
stack, WIPO Patent No. 2012165944, 7 Dec. 2012.

Publications outside the scope of this thesis:
R. Bakker, P. Weijers, D.A. Spee, M.J. van Steenbergen, C.H.M. van der
Werf, J.K. Rath and R.E.I. Schropp, Synthesis of poly ( meta-diethynyl ben-
zene) with initiated chemical vapour deposition, Thin solid films, 519 no. 14,
4418-4420, 2011.

J.W.A. Schüttauf, Y. Komatsu, L.J. Geerligs, Y. Mai, A. Bink, D.A. Spee and
R.E.I. Schropp, Emitter optimization on a-Si:H/c-Si heterojunction solar cells
for isotextured wafers, Proceedings of the 23rd European Photovoltaic Solar
Energy Conference, 2008.



Nawoord

Hoewel ik aanvankelijk lang heb getwijfeld of ik hieraan moest beginnen (ik ben
er toch ingetrapt), kwam ik er vrij snel achter dat ik me niets beters had kunnen
wensen. Natuurlijk zijn er wel periodes geweest, vooral in het afgelopen jaar,
die te kort leken te zijn voor het werk wat erin gedaan moest worden (weten
dat dit volledig je eigen schuld is maakt de stress er niet minder op), maar van
het overgrote deel van de afgelopen vier jaar heb ik, op een ontspannen manier,
erg genoten. Daarvoor wil ik graag veel mensen bedanken, te beginnen met
de mensen die direct met de totstandkoming van dit boekje te maken hebben
gehad.

Ruud, bedankt voor je grote betrokkenheid bij dit onderzoek, je vele leerzame
adviezen en het mogelijk maken van een schieroneindige hoeveelheid ervarin-
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Arjen, bedankt voor van alles en nog wat (dit klinkt flauw, maar het is gewoon
teveel om op te noemen). Marcel, we hebben een klein beetje kunnen samen-
werken, ondanks dat ons onderzoek niet direct iets met elkaar te maken had.
Bedankt voor je enthousiasme! Riny bedankt voor de gezelligheid en dat je
altijd beschikbaar was om even een praatje te maken. Jouw inzicht in hoe deze
groep functioneert heeft mij vaak geholpen.

Minne, het belangrijkste dat ik van jou geleerd heb is hoe je een wiel
moet spaken. Bedankt dat je me zo vaak liet winnen met tafeltennis, maar
natuurlijk ook voor het doen van, pak hem om en na beet, de helft van al
mijn (computer)werk in de afgelopen jaren. Jan Willem, Ruud B., Jessica,
Silvester, Yanchao, Yinghuan, Xin, Lourens, Pim, Kees, Henriette, Akshatha,
Caterina, you all helped me in the previous years (from teaching me everything
about iCVD (Ruud B.) and supervising me during my master’s research (Jan
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Willem) to proof reading this booklet. It was very nice working with you! For
those of you who are not yet finished: good luck!

Ook heb ik veel gehad aan de bijdragen van “mijn” studenten, Jennifer
en Merijn: dank jullie voor jullie inzet en mooie resultaten die ergens in dit
boekje terug te vinden zijn.

Minne, Akshata, Jessica, Sylvester, Ruud B., Karine, Kuang, Pim, Ruud
and Jatin, thank you for some very good times during conferences, winter-
schools and trips afterwards. Many were unforgettable.

To summarize: You all brought me a lot of fun! And that’s a fact, so it
must be true! (According to the famous Akshatha theorem.)

Ook mensen van buiten onze groep hebben in belangrijke mate bijgedragen
aan dit proefschrift. Peter van de Weyer: bedankt voor het organiseren van
alle Ca-testen. Hoewel we elkaar niet eens zo vaak hebben gesproken, hebben
discussies met jou en Ton van Mol mij erg geholpen in dit onderzoek.

Mies van Steenbergen: jouw kennis van het doen van GPC metingen, maar
vooral je geduld (met ons) waren onmisbaar bij de totstandkoming van stukken
van dit proefschrift.

Hoewel de volgende mensen niet direct iets met dit boekje te maken hebben
(sommigen hebben het schrijven daarvan ronduit tegengewerkt, maar ook dat
kan belangrijk zijn), wil ik ze wel bedanken, al is het maar omdat je niet zo
vaak de kans krijgt om dit soort dingen op te schrijven. Ik wil hier overi-
gens een uitzondering maken voor Kees B. en Erik B., die onafhankelijk van
elkaar ongeveer op hetzelfde moment met het “krimpfolie-idee” kwamen (Een
fenomeen dat men wel vaker ziet bij grote uitvindingen). Ik heb helaas nog
geen tijd gehad om er echt werk van te maken.

In volkomen willekeurige volgorde (er zijn geen punten te verdienen voor
mijn persoonlijke top vijf, om maar even met Opaatje te spreken): Simon,
Bossie, Bunnie, Jukx, Wout, Pant, Kwak, Stof, Boof, Bicky, Gig, Doos, Tjiam,
hoe zou mijn leven er uitzien zonder jullie? Of we Feng-shui zijn?! Bedankt
dat jullie mij er altijd weer aan herinneren dat waanzin helemaal niet grenst
aan genialiteit, maar gewoon hetzelfde is. En nog wat andere dingen....

Dorien en Annelies, bedankt voor de gezelligheid als ik op een willekeurige
ochtend ineens in de huiskamer lig (als het jullie stoort is het tot nu toe in
ieder geval langs míj heen gegaan) en natuurlijk alle andere keren.

Rommert, Sanne, Fem, Steef, Mac: wanneer gaan we weer op wintersport/
naar een festival/Berlijn? Ik heb er zin in!

Niels (de uitvinder van “het nieuwe leven”), Mark, Erik, Reinier, Joost
bedankt voor allerlei vermaak in Utrecht (het liefst op avonden voordat je
vroeg op moet staan).
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Kampong 13 (of 12 of 17 of 14 ofzo.... en daar horen Gökhan en Marcel
gewoon bij, ook al willen ze liever bij de oude mannen voetballen): top dat ik
me op woensdag en zondag mag uitleven bij jullie.

Julia und Benedict, die Zeit, die ich in Berlin war, war wirklich cool und,
obwohl er nur kurz war, hat er mein Leben verändert (zum Besseren). Ihr seid
sicherlich eine der Gründe! Bis bald!

Lucas en Laura: dank voor de gastvrijheid en het plezier, steeds als we
langskomen (hopelijk snel weer!).

Peter en Elvira: als ze het “op de voetbal” heel normaal vinden dat je
weggaat tijdens het bierdrinken om bij je schoonouders te gaan eten (iedere
week) dan zegt dat denk ik wel genoeg. Dankjewel daarvoor.

Oma, dank je voor je vele wijze woorden, alle gezelligheid en voor de boter-
hammen met slagroom (dat is lang geleden, maar ik vind ze nog steeds lekker).

Klaar: als je zus binnen een week naar de andere kant van de wereld komt
als “je je even ”niet zo lekker voelt”, dan kan er volgens mij niet echt veel meer
mis gaan in je leven!

Op mijn ouders kan ik altijd rekenen. Jullie hebben vast vaak gedacht
dat er niets van mij terecht zou komen.(Dat was natuurlijk terecht, op won-
derbaarlijke wijze is het toch nog goedgekomen). Maar als het echt helemaal
niets geworden was, had het in ieder geval niet aan jullie gelegen. Jullie hadden
helemaal niets beter kunnen doen!

Leonie, na al de afgelopen jaren kan ik je denk ik wel de liefde van mijn leven
noemen. Jij bent de enige die echt last heeft gehad van deze hele onderneming.
Bedankt dat je altijd zo leuk bent!





Curriculum Vitae

The author was born in IJsselstein, the Netherlands, on April 2, 1981. He
obtained his secondary school diploma from St. Stanislas College Delft in 1999.
In 2001 he started studying "Physics and Astronomy" at Utrecht University. In
2008 he graduated from his master "Nanomaterials: Chemistry and Physics",
with a master research in the group "Physics of Devices" on "back contacted
HIT solar cells by PECVD". During most of these years he worked as a
cook at Stadskasteel Oudaen in Utrecht. In 2009 he started his PhD on "
Impermeable Thin Film Encapsulation for Lighting, Displays and Solar Cells"
under supervision of Prof. dr. R.E.I.Schropp and Dr. J.K. Rath. Most results
of this project are published in scientific papers and presented at international
conferences. He was an invited speaker at the "7th International Conference
on Hot Wire CVD" in Osaka in 2012. During his PhD he supervised several
master students and assisted courses on "experimental physics" and "waves
and optics". Until 2012 he was a member and vice chairman of the PhD
committee of the Debye Institute for Nanomaterials Science and involved in
the organization of the Debye Spring School 2010 on "Nanophotonics: Light
Control, Emission and Harvesting”.


