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Abstract 

Printed electronics on flexible substrates have gained the interest of industry because of 
their several advantages and applications, such as flexible and lightweight organic LEDs. 
An inexpensive and simple way to produce them is to print electronic circuits directly on 
polymer substrates, of which the surface is functionalized with a hydrophilic/hydrophobic 
pattern to obtain well-defined features. 

As one of the steps towards such a patterned functionalization, this work investigates the 
deposition of a hydrophobic thin organosilicon film on poly(ethylene 2,6-naphtalate) 
(PEN) substrates. The deposition is carried out by means of a parallel plate dielectric 
barrier discharge (DBD) working at atmospheric pressure, operating with helium as 
carrier gas and hexamethyldisiloxane (HMDSO) as deposition precursor. The plasma and 
the deposited film are investigated by means of gas and surface-sensitive diagnostics, 
respectively, in order to correlate the plasma chemistry to the material properties and to 
propose a deposition mechanism for the layers under investigation. 

The hydrophobicity of the film, characterized by means of contact angle measurements, 
is found to be dependent on the position in the reactor. This is caused by variations in the 
local plasma chemistry, which causes the film chemistry and morphology to change in 
the direction of the gas flow. The morphology of the film is investigated by means of 
atomic force microscopy, while the film chemistry is determined by means of attenuated 
total reflection Fourier-transform infrared spectroscopy (ATR FT-IR) and X-ray 
photoemission spectroscopy (XPS). In the direction of the flow, the contribution of 
methyl groups to the film chemical composition decreases, causing a decrease of the 
contact angle. Parallel to this change in chemistry, the film surface roughness increases in 
the direction of the gas flow, which partially compensates the decrease of the contact 
angle. Overall, the combination of these effects causes a plateau, followed by a decrease, 
of the contact angle in the gas flow direction. 

A possible dissociation mechanism for the HMDSO molecule in the plasma is described: 
yhe dissociation of HMDSO in the plasma is initiated by the scission of a Si-O bond, 
creating two silicon-containing radicals, or a Si�C bond, creating a methyl radical and 
pentamethyldisiloxane. The longer HMDSO resides in the plasma, the more methyl 
groups (low sticking coefficient radicals) are created, decreasing the contribution of 
methyl groups to the layer and resulting in lower contact angles. Evidence of the removal 
and further dissociation of methyl groups is found in the optical emission spectra of the 
plasma, which are recorded at different positions along the reactor. 
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Chapter 1  
 
Introduction 

The use of polymers in industrial applications is constantly increasing. Polymers have 
several advantages over more traditional materials like glass or metals, being lightweight, 
transparent, flexible and, therefore, easy to use in continuous roll-to-roll processing. The 
use of polymers, for example, allows the production of flexible electronics, which 
differently from their stiff counterpart can adapt their shape to any supporting material for 
applications such as wearable displays and widely-applicable solar panels.  

     

Figure 1-1: Flexible display used in sportswear (left) and an example of a flexible 
photovoltaic panel (right). 

Thin organosilicon-based films, i.e. SiO2-like films with incorporated carbon and 
hydrogen, are widely used in industry. By adjusting the organic character of the films, the 
layer is suitable to several applications. The dielectric properties of organosilicon films 
(low-k materials) are used to provide electrical insulation between adjacent interconnects 
in microelectronics[1]. Dense SiO2-like films are used as barrier layer to prevent 
degradation of devices built up on polymers, due to their high permeability to oxygen and 
water vapour. Other applications of organosilicon films are in the field of optics (anti-
reflective[2] and anti-scratch[3] coatings), metal corrosion protection[4], and packaging[5]. 

The combination of a polymer substrate and an organosilicon coating is particularly 
interesting in the field of printed electronics, for instance in the production of organic 
light emitting diodes (OLEDS), where SiO2-like thin films can be used as barrier layer as 
well as dielectric interlayer. Several methods are available to create a thin organosilicon 
layer on polymer substrates, i.e., compatible with thermally sensitive materials, of which 
physical vapour deposition (PVD), e.g. sputtering and evaporation, and plasma-enhanced 
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chemical vapour deposition (PECVD) are the most used[6]. The versatile use of PECVD 
deposition techniques allows tuning the properties of the deposited material by 
controlling the plasma parameters, making it a widely used technique.  

1.1 Research background 
PECVD applications have been used in industry for a number of applications on 
polymers, including cleaning, sterilization, improving adhesion and tailoring surface 
wettability. Many applications include the deposition of thin layers for use as barrier 
layers or protective and anti-reflective coatings. The use of non-thermal plasmas allows 
the processing temperature to remain low so many materials can be processed. 

A new application area of PECVD is in combination with printed electronics, which is a 
technique for creating electronic circuits on a range of media using normal printing 
techniques, such as inkjet printing[7] and slot die coating[8]. Advantages are the low cost 
of fabrication and the simplicity of the method, as well as the possibility to print large 
areas and the use of flexible substrates, such as polymers. For this reason it is an 
interesting technique for the production of OLEDs.  

 

Figure 1-2: Flexible OLED display with 160 x 120 pixels and 16.7 million colors, produced 
by Sony. 

One of the problems with printing on polymer substrates is the low wettability of the 
material, which prevents the printed ink from spreading properly over the surface. The 
wettability of the polymer can be enhanced, e.g. by treating it in a plasma, but a too high 
wettability of the substrate reduces the ability to print highly defined fine structures on 
the substrate. In order to solve this problem, a patterned functionalization of the substrate 
is desired, where highly wettable regions are created in the desired print pattern. This 
method still requires the ink to be applied only at the desired regions. If the 
functionalization of the substrate also incorporates hydrophobic, non-wettable regions, 
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where the ink doesn’t adhere to the substrate, ink could be applied to the whole surface, 
after which it spreads only on the desired (wettable) regions, thus creating the pattern on 
the substrate. This eliminates the requirement of a complicated ink delivery system and 
greatly simplifies the printing process. Currently, such patterned functionalization is 
carried out with electron beam or optical lithography[9], followed localized deposition 
steps. To eliminate the need for lithography steps and to simplify the production process 
of printed electronics, the patterned plasma functionalization is desirable. 

As one of the steps towards such a patterned functionalization, in this work the deposition 
of a hydrophobic thin film on a polymer surface is investigated. Poly(ethylene 
2,6-naphtalate), PEN, is chosen as a substrate because of its interesting properties for the 
production of OLEDs, such as its relatively low cost and its low coefficient of thermal 
expansion[10]. PECVD is chosen as the deposition method because of the tunability of the 
properties of the deposited layer. For a patterned functionalization method to be 
economically viable, the method has to be fast and easy to implement in existing 
production facilities. This eliminates the possibility of low-pressure PECVD techniques, 
as this requires expensive vacuum equipment which requires batch processing. In this 
work, atmospheric pressure PECVD is chosen as deposition method. A dielectric barrier 
discharge (DBD) combines the advantage of non-thermal plasma properties and 
atmospheric pressure operation; it offers the possibility of large-area treatment and can 
also be implemented in a roll-to-roll production process[11]. Hexamethyldisiloxane 
(HMDSO) is chosen as precursor because it can be used to deposit hydrophilic SiO2-like 
layers[12] as well as hydrophobic organosilicon SiOxCyHz layers[13]. For the method to be 
applicable to large surfaces, the spatial homogeneity of the treatment is an issue. 
Currently, research into the spatial homogeneity of the deposited layers focuses mainly 
on thickness profiles of SiO2-like films[11,14]. Little is known of the spatial homogeneity 
of the material properties and thickness profile of hydrophobic organosilicon layers.  

1.2 Goal and approach 
To obtain insight in the deposition of thin hydrophobic layers, a DBD plasma set-up was 
built to deposit organosilicon layers on PEN substrates, using HMDSO as a silicon-
containing precursor. The plasma properties are studied with space-resolved optical 
emission spectroscopy in the UV-VIS range. In order to investigate the spatial 
homogeneity, the properties of the deposited films are investigated as a function of the 
position in the plasma reactor, using a combination of surface-sensitive diagnostics. The 
dependence of both plasma and material properties on the position in the reactor are then 
used to propose a deposition mechanism. 
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In this work, the following research questions are addressed: 

• How do the chemical and morphological properties of the deposited layer change 
as function of the position in the reactor? 

• What is the correlation between the above properties and the hydrophobicity of 
the film? 

• Which deposition mechanism supports the experimental evidence of the space-
dependent layer properties along the plasma reactor? 

1.3 Outline 
This work is organized as follows. Chapter 2 discusses the atmospheric pressure 
dielectric barrier discharge characteristics and the deposition of thin films from HMDSO-
containing plasmas. The experimental details are discussed in Chapter 3. First, the plasma 
reactor is discussed in section 3.1. In section 3.2, the materials used in the experiments 
are described. Sections 3.3 and 3.4 give detailed descriptions of the plasma and film 
diagnostics, respectively. The experimental procedures are addressed in section 3.5. In 
Chapter 4, the results of the experiments are presented. Section 4.1 starts with the contact 
angle of the deposited film. Sections 4.2 and 4.3 report on the morphology and chemical 
composition of the material, respectively. Then in section 4.4 the results for the 
morphology and composition are correlated to the hydrophobicity of the film. In 
section 4.5 a deposition mechanism is proposed. Chapter 5 addresses some general 
conclusions and recommendations for future research. 
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Chapter 2  
 
Atmospheric pressure plasma deposition of organo-
silicon-based films 

This chapter treats the atmospheric pressure dielectric barrier discharge (AP-DBD) and 
the thin film deposition of organosilicon layers from HMDSO containing plasmas. The 
first section starts with a brief introduction on plasmas, after which the AP-DBD is 
compared to other plasma discharges. The second section presents the range of layer 
properties, as obtained in HMDSO-containing plasmas. 

2.1 Atmospheric pressure Dielectric Barrier Discharge 

2.1.1 Atmospheric pressure plasmas 
The plasma, a partially ionized gas, is the fourth state of matter. It consists of electrons, 
ions and neutral particles that can be in the ground or excited states. Plasma is electrically 
quasi-neutral, which means that there are equal amounts of positive and negative charge 
within the plasma, while electric fields do exist inside the plasma. A plasma is generated 
by adding energy to a gas to produce and excite ions. In the case of electrical energy, 
charged electrons and ions are accelerated by an electric field and transfer energy to other 
particles through inelastic and elastic collisions. 

 

Figure 2-1: Transition from gas phase to plasma phase by adding energy. 

Plasmas can be classified on the base of different properties, such as the temperature of 
the electrons or the electron density. Based on these two properties, a distinction can be 
made between plasmas that are in local thermal equilibrium (LTE) and those that are not. 
These classes are commonly called thermal and non-thermal plasmas. The main 
characteristics of thermal and non-thermal plasmas are shown in table 2-1. 
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Table 2-1: Main characteristics of thermal and non-thermal plasmas[15]. 

 thermal plasmas non-thermal plasmas 

temperatures Telectrons = Theavy particles Telectrons >> Theavy particles 

electron density 1021 – 1026 m-3 < 1019 m-3 

 

In a thermal plasma, ions and neutrals are heated by elastic collisions with hot electrons, 
consuming their energy in the collision process. It requires that local gradients of plasma 
properties are low so the diffusion time is high enough to allow a plasma particle to reach 
a state of equilibrium. The plasma temperature of a thermal plasma is equal to the 
electron and heavy-particle temperature, which is typically several thousand degrees. 
Many applications (i.e. polymers) require low processing temperature, so the use of a hot 
thermal plasma is not compatible. Contrary to thermal plasmas, in non-thermal plasmas 
the temperature of the heavy particles is much lower than the electron temperature, 
because there are few elastic collisions between electrons and heavy particles. The 
plasma temperature of a non-thermal plasma is considered equal to Theavy particles, by 
considering the very large mass difference between electrons and heavy particles. Typical 
plasma temperatures for non-thermal plasmas range from room temperature to 1000 K, 
which makes non-thermal plasma based techniques interesting to many branches of 
industry. 

Plasma processing techniques can operate at pressures ranging from ultra-high vacuum to 
atmospheric pressure. Low-pressure methods have the advantage of low process 
temperatures, which makes them suitable for use in deposition processes on temperature-
sensitive materials like polymers. Furthermore, low pressure processes allow a high level 
of control over the process parameters. However, low-pressure techniques require 
expensive vacuum equipment, which imply batch production processes that make them 
unfavourable for large-scale mass production processes[16]. These disadvantages are not 
present in the case of atmospheric pressure plasmas, which can operate at ambient 
pressure. Furthermore, at atmospheric pressure the active species density is much higher 
than in low pressure plasmas, increasing the efficiency of a treatment or reducing the 
necessary processing time. 
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Figure 2-2: Examples of low pressure and atmospheric pressure plasma applications. On the 
left, the Expanding Thermal Plasma reactor can be used to deposit thin layers at a pressure of 
typically 0.2 mbar. The PlasmaPen plasma torch on the right is used for the activation and 
cleaning of surfaces that are not easily reached by larger-scale plasma equipment. PlasmaPen 
picture courtesy of PVATePla America. 

The advantages of non-thermal plasmas and atmospheric pressure plasmas have led to a 
high interest of industry in the development of the combination of the two: atmospheric 
pressure non-thermal plasmas[17]. Examples of applications of these plasmas in industry 
include pencil-like plasma torches[15], which can be used to prepare a surface before 
further treatment with coatings or printing on it. The use of non-thermal plasma arc 
torches allows the treatment of heat-sensitive materials like polymers. Another type of a 
non-thermal atmospheric pressure discharge is the Corona discharge, which is used e.g. in 
the treatment of fabrics before dyeing or coating[18]. As it will be seen in the next chapter, 
also the dielectric barrier discharge has many applications. 

2.1.2 Dielectric barrier discharge 
The dielectric barrier discharge (DBD) consists of two plane-parallel electrodes, at least 
one of which is covered by an insulating dielectric layer. As a consequence of this 
dielectric layer, no DC current can pass through the plasma and the electrodes are driven 
by an alternating voltage. Some common DBD configurations are shown in figure 2-3. 
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Figure 2-3: Some common dielectric barrier discharge configurations. 

Typical barrier materials are (silica) glass, ceramic materials, quartz, and alumina[19-21]. 
The distance between the electrodes ranges from less than 0.1 mm to a few centimetres, 
depending on the application. To initiate a discharge in the gas in the gap, voltages up to 
several kV are required. The gas can either flow through the gap or be recirculated or 
trapped. DBDs are used in numerous industrial applications, including ozone generation, 
cleaning of gaseous pollutants, silent discharge CO2 lasers, excimer lamps, plasma 
display panels and surface treatment (modification, cleaning, etching)[15,22,23]. The main 
advantages of DBDs for the wide field of applications are the non-thermal plasma 
conditions at low gas temperatures and typically atmospheric pressure. They offer great 
flexibility in geometry, working gas mixtures, and operational parameters.  

DBDs have two distinct operational modes[24], the so-called filamentary and glow 
discharge modes. Under most circumstances, the DBD operates in the filamentary mode. 
As the increasing electrical field strength in the discharge gap reaches the ignition level, 
the breakdown of the plasma occurs at many points at the electrode surface, followed by 
the development of plasma filaments, also called microdischarges or streamers. These 
streamers are distributed quasi-uniformly over the electrode surface and last typically a 
few nanoseconds. The plasma is confined to these narrow plasma channels, the gas in 
between the streamers is not ionized and acts as a background reservoir to absorb the 
energy dissipated in the microdischarges. 
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Figure 2-4: Filamentary (top) and glow (bottom) discharge mode of a parallel plate dielectric 
barrier discharge in helium. 

In the glow, or diffuse, discharge mode, no filaments are visible and the plasma appears 
as a uniform glowing region near each electrode. Despite extensive research into the 
mechanism of the atmospheric glow discharge, the physics remain poorly understood. It 
is generally accepted that the generation of a stable glow discharge is possible due to gas 
pre-ionization, which is related to the presence of ions[25], trapped charges at the dielectric 
surface of some materials (electrets)[26,27] or collisions of metastables with the surface or 
other metastables[28]. It is argued, however, that not pre-ionization but the glow to arc 
transition is the key issue to achieve stable glow discharges[29,30]. Glow discharges are 
most easily obtained in helium, but with special electrode configurations or operating 
conditions also in other gases and air.  

2.2 Thin film deposition from HMDSO-containing plasmas 
Hexamethyldisiloxane (HMDSO) is used for the plasma deposition of thin films for 
various reasons. It is relatively cheap and commercially available and has a relatively low 
flammability and toxicity, especially when compared with the pyrophoric silane, another 
precursor for the deposition of silicon-containing materials. Furthermore, the use of 
HMDSO allows for a versatile chemical composition of the deposited films, since it can 
be used to make materials ranging from pure inorganic SiO2 to highly organic SiOxCyHz, 
depending on the operating conditions. HMDSO plasma deposited films can be used for a 
large number of applications, such as protective coatings for optical components, barrier 
layers for packaging materials, coatings for bio-materials and low-k dielectric layers for 
microelectronics. This wide field of different applications is due to the wide range of 
material properties that can be obtained from HMDSO-deposited materials. For 
protective coatings, SiO2-like films or diamond-like carbon/silicon oxide (DLC:SiOx) 
with a high hardness is deposited on e.g. polycarbonate[31]. For good barrier properties, 
low oxygen and water vapour transmission rates are important, so a dense silicon oxide 
film is desired, without carbon or hydrogen incorporation[5]. Organosilicon layers are also 
used as interlevel dielectrics in microelectronics and then require a low dielectric constant 
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and high thermal stability[32]. For each application, the desired functionality of the 
material is obtained by choosing the right deposition method and operating parameters. 
Plasma deposition from HMDSO with various carrier gases using low-pressure 
non-thermal plasmas has been studied extensively (see e.g. [33-37]), however, recently 
attention is being directed towards HMDSO-based thin film deposition using non-thermal 
plasma at atmospheric pressure[38-40].  

Tailoring of the organic nature of the deposited layers depends on the application and the 
deposition method. Usually it is done by adding oxygen into the plasma. The addition of 
oxygen changes the plasma chemistry and plasma-surface interactions. Oxygen is known 
to remove hydrocarbons from the deposited surface, which results in inorganic, SiO2-like 
layers[41]. Reducing the amount of oxygen results in more organic materials, i.e. 
SiOxCyHz. Starostine et al. report a change in carbon content from 65% to 5% by 
increasing the amount of oxygen in the gas mixture from 0% to 5%, indicating the 
importance of the presence oxygen in the gas mixture[42]. Hydrophobic thin films have 
been deposited by means of HMDSO-containing plasmas at low[13] and atmospheric 
pressure[43]. The water-repellent properties are attributed to high carbon contents and the 
presence of methyl groups at the surface.  

The deposition mechanism of HMDSO-based plasma deposition is the subject of many 
investigations[35,44-49], which focus on the plasma composition and exhaust products 
analysis. The dissociation of HMDSO is initiated through the scission of a Si-C or Si-O 
bond, after which the produced radicals can be oxidized in the presence of oxygen or 
further dissociated. The deposition mechanism of HMDSO is described in detail in 
section 4.5. 
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Chapter 3  
 
Experimental 

In this chapter, a detailed description of the experiments is given. In section 3.1, the 
reactor used to ignite the atmospheric plasma is described. Section 3.2 covers the 
materials used in the experiments. In sections 3.3 and 3.4 the diagnostics used to 
characterize the plasma and the deposited films are presented. In section 3.5, the 
experimental procedures are listed. 

3.1 Plasma reactor 
In order to ignite the atmospheric pressure plasma, a parallel plate dielectric barrier 
discharge (DBD) reactor is used. A schematic representation of the set-up is shown in 
figure 3-1. 

 

Figure 3-1: Schematic representation of the dielectric barrier discharge plasma reactor. 

The base of the reactor is formed by a grounded stainless steel electrode, covered by a 
0.3 mm thick glass plate. A 3.0 mm thick glass plate is placed on top of the grounded 
electrode at a distance of 4.0 mm. A rectangular piece of aluminum foil is attached to the 
top glass plate and forms the powered electrode. The size of the upper electrode is 
226 x 149 mm2 and its left edge is positioned 15 mm from the gas diffuser. The 
electrodes are connected to an RFPP 2F-30 power source, which powers the plasma with 
a sinusoidal voltage at a frequency of 130 kHz. The electrical circuit includes matching 
elements to match the reactor impedance to the power source output impedance. The top 
glass plate is cooled with a fan to prevent cracking of the glass due to temperature 
differences. The electrodes are separated by a rubber spacer at one side and a quartz 
spacer covered with rubber at the other side, to allow visual inspection of the plasma by 
means of optical emission spectroscopy. The inner width of the reactor is 175 mm. The 
gas is introduced into the reactor through a gas diffuser placed on the left side, which 
spreads the gas evenly over the width of the reactor, and can leave the reactor freely at 
the right side, which is open to the ambient air. A fraction of the carrier gas can be 
directed into a bubbler containing the deposition precursor, which is then added to the 
main gas flow.  
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As discussed in section 2.1, DBD plasma reactors can operate in filamentary or diffuse 
mode. In order to determine the operation mode of the DBD, the current flowing through 
the reactor and the voltage between the electrodes was monitored by a Tektronix 
TDS 3032 digital oscilloscope with a sampling rate of 2.5GS/s, equipped with a 
PMK 4002-3 voltage probe and a Tektronix CT-2 current probe. This is shown 
schematically in figure 3-2. 

 

Figure 3-2: Schematic representation of the dielectric barrier discharge reactor and its 
electronic circuit and diagnostics. 

The voltage between the electrodes and the current through the reactor provide 
information about the operating mode of the DBD reactor. In the filamentary mode, many 
small and rapid current pulses are visible per half cycle of the applied voltage, as the 
short-lived filaments appear and vanish. The diffuse mode is characterized by a single 
relatively broad current peak per half cycle of the applied voltage[50]. In figure 3-3, the 
applied voltage and current trough the reactor are shown. 
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Figure 3-3: Typical voltage and current profile of the DBD reactor. The total current is 
composed of the displacement current and the plasma current, all of which are shown on the 
right axis. The source power in this case is 300 W, at a frequency of 130 kHz. 

The total current through the plasma reactor, which is recorded by the oscilloscope, is 
composed of the sinusoidal displacement or capacitive current, and the broad peak of the 
actual current through the plasma, as shown in figure 3-3 on the right axis. Although only 
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with a high-speed camera it is possible to definitely discern between filamentary and 
diffuse discharge, the single broad plasma current peak is a strong indication that the 
discharge is diffuse in this case. Moreover, the plasma current is periodic, i.e. the position 
of the current peaks does not vary between cycles, which is another indication towards a 
diffuse discharge according to Massines et al.[51]. A visual inspection of the plasma shows 
a glow region near both electrodes. A regular photograph of a part of the plasma is shown 
in figure 3-4. 

 

Figure 3-4: Photograph of a part of the plasma, which shows a glow region near both 
electrodes. The exposure time of the photo is 12.5 ms. 

The presence of these bright regions near the electrodes, separated by a dark region, is 
another strong indication that the reactor is operative in diffuse glow mode. 

3.2 Materials 
In this study, polymer substrates are taken from a roll of poly(ethylene 2,6-naphtalate), 
PEN, with a thickness of 100 µm. The optical grade Teonex PEN is manufactured by 
DuPont Tejin under the trade name Q65. The polymer is bi-axially oriented with 
refractive indices at 633 nm of 1.75, 1.77 and 1.53 along the optical x, y, and z axis, 
respectively. PEN is chosen for its interesting properties for the production of OLEDs. It 
has a relatively high glass transition temperature of 121 °C, which relaxes the restrictions 
on the maximum temperature of production steps. It is transparent in the visible part of 
the spectrum (85% for λ>400 nm[10]). The chemical structure of PEN is shown in figure 
3-5. 

 

Figure 3-5: Chemical structure of poly(ethylene 2,6-naphtalate), PEN. 

The precursor used for the experiments is hexamethyldisiloxane, HMDSO. HMDSO is a 
clear liquid at room temperature and has a boiling point of 101 °C and a relatively high 
vapour pressure of 44 mbar at 20 °C. HMDSO is activated in the plasma to deposit 
organosilicon films. HMDSO is chosen because it is stable, non-toxic, and has a low 
flammability, in contrast to e.g. silane (SiH4). Furthermore, the use of HMDSO allows 
the deposition of a range of materials, from stoichiometric hydrophilic SiO2 silica films to 
hydrophobic carbon-rich organosilicon films, SiOxCyHz. HMDSO is purchased from 
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Sigma Aldrich Chemie BV and has a purity of >98%. The chemical structure of HMDSO 
is shown in figure 3-6. 

 

Figure 3-6: Chemical structure of hexamethyldisiloxane (HMDSO). 

The carrier gas used in the experiments is helium, since it is the preferable gas to use 
when operating in glow discharge mode[52]. The used helium has a purity of at least 
99.995%. 

3.3 Plasma diagnostics: optical emission spectroscopy 
Species that are present in the plasma can exist in excited states by interactions with each 
other. An excited particle can decay to a lower excited state or the ground state by 
emitting a photon with a wavelength depending on the energy difference between the two 
states. This light can be detected and analyzed to obtain information about the species 
that are present in the plasma. 

The light that is emitted by the plasma is detected with an Ocean Optics USB2000 
Optical Emission Spectrometer, with a spectral range of 177 - 879 nm and a resolution of 
approximately 0.35 nm. To this end, the reactor is equipped with a quartz window at one 
side, as shown in figure 3-7. 

 

Figure 3-7: Schematic representation of the optical emission spectroscopy set-up. The fiber is 
translated along the side of the reactor (perpendicular to the image plane) to obtain 
space-resolved data. 

The fiber is positioned on a rail, which is parallel to the gas flow, at approximately 2 mm 
from the window. In this way, the emission spectrum of the plasma can be recorded as a 
function of the position along the gas flow. Unless noted otherwise, spectra are recorded 
at 1 cm intervals. 

Before each experiment, a background spectrum is recorded when there is no plasma. 
This spectrum is subtracted from the experimental data to eliminate influences from 
electronic noise and stray light from the environment. For each measurement, the emitted 
light is collected during 15 ms and repeated 200 times, after which the signal is averaged 
to eliminate influences of fluctuations of the plasma. A typical spectrum of a helium 
plasma with added HMDSO is shown in figure 3-8. 
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Figure 3-8: Typical optical emission spectrum of a helium + HMDSO plasma in the presence 
of a PEN substrate. 

In table 3-1, the species’ transitions observed in the plasma are shown together with their 
emission wavelengths. No atomic Si emission was observed. 

Table 3-1: Radiative species identified in a helium + HMDSO plasma[53] 

Species System Wavelength [nm] 

N2 2nd positive 315.9; 337.1; 357.7 

N2
+ 1st negative 391.4 

CH 4300 Å system 431.4 

C2 High pressure bands 468.0 

H Balmer system 486.1; 656.2 

He  
501.6; 587.6; 667.8; 

706.5; 728.1 

C2 Swan system 512.9; 516.5 

N2 1st positive 639.5 

 

3.4 Film diagnostics 
In this section, the diagnostic techniques and set-ups used to characterise the deposited 
films are presented. 
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3.4.1 Contact angle 
In order to determine the level of hydrophobicity of the deposited film, static sessile drop 
contact angle measurements are performed with water. The contact angle is defined as the 
angle between the drop surface and the sample surface at their interface, as shown in 
figure 3-9. 

 

Figure 3-9: Schematic representation of a static sessile contact angle. The contact angle is 
defined as the angle between the drop and sample surface, as indicated by α. 

A surface is considered hydrophobic if the water contact angle is higher than 90°. The 
contact angle measurements are carried out on a Krüss DSA 100 drop shape analyser 
with purified water. The needle of the machine is operated automatically by the DSA 
software, so any influence of the application of the drop is eliminated. The drop size 
during all experiments was 3 µl.  

3.4.2 Atomic force microscopy 
Atomic force microscopy (AFM) is used to characterise the surface roughness of the 
deposited layers. A Solver Pro Scanning Probe Microscope is used in semi-contact mode 
to scan the surface. The microscope is equipped with NSG11 tips with a tip curvature 
radius of 10 nm. The tip is attached to a cantilever, which oscillates at its eigenfrequency. 
The amplitude of the oscillation is monitored with a photodiode and a laser. As the tip is 
moved towards the sample to a distance within the range of atomic forces, the forces 
between the tip and the sample cause a change in the oscillation amplitude. While 
scanning the surface of the sample, this amplitude is kept constant by adjusting the 
vertical position of the tip. By monitoring the vertical position of the tip during the scan, 
a height map of the sample surface is obtained, which provides information about the 
surface roughness. During the experiments, a sample area of 2 x 2 µm2 was scanned with 
a frequency of 1 line per second, resulting in height maps of 512 x 512 pixels. 

3.4.3 Attenuated total reflection Fourier transform infrared spectroscopy 
Infrared spectroscopy is a diagnostic technique that is based on the absorption of infrared 
light by vibrating and rotating molecules. Molecules vibrate or rotate at specific 
frequencies corresponding to discrete energy levels, making them identifiable. The 
frequency of the absorption by a molecular bond is determined by the elements which 
form the bond and the specific rotational-vibrational mode. Whereas diatomic molecules 
have only one bond, which has one stretching mode, molecules with tetrahedral geometry 
have six vibrational modes, as shown in table 3-2. 
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Table 3-2: Rotational-vibrational modes of a tetrahedral oriented molecule. Each mode has 
its own characteristic frequency. 

      

symmetric 
stretching 

asymmetric 
stretching 

scissoring rocking wagging twisting 

 

In infrared spectroscopy, in order to measure a sample, infrared light interacts with the 
sample, after which the frequency dependent intensity is recorded. At the characteristic 
frequencies of the bonds that are present in the sample, a fraction of the infrared light is 
absorbed according to Beer-Lambert’s law, 

cbaII ⋅⋅−⋅= 100 , (3.1) 

where I is the intensity after interaction with the sample, I0 is the intensity without 
sample, a is the molar absorption coefficient, b the path length through the absorbing 
sample and c the concentration of the absorbing bond. For easier handling, the 
absorbance A is introduced, which is directly proportional to the concentration of the 
bond: 

0

log
I

A a b c
I

= − = ⋅ ⋅ . (3.2) 

In a Fourier transform infrared spectroscopy experiment, the intensity of a spectrum of 
frequencies is obtained by Fourier transforming the interferogram of a Michelson 
interferometer, in which the infrared light beam interacts with the sample. In this way, 
intensity information is obtained for all frequencies at once. For a detailed description of 
Fourier transform infrared spectroscopy, see[54]. 

In attenuated total reflection (ATR) spectroscopy, the interaction of the infrared light with 
the sample occurs at the interface of an ATR crystal and the sample. The ATR crystal is 
made of a material with a higher refractive index than the sample. Infrared light which 
travels through the crystal and hits the sample at an angle greater than the critical angle θc 
will reflect internally. In this total internal reflectance, an evanescent wave extends into 
the optically less dense material, i.e. the sample, where it interacts with the sample 
material. This process is shown schematically in figure 3-10. 
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Figure 3-10: Schematic representation of the total internal reflection of the infrared light 
beam at the interface between crystal and sample. 

The critical angle θc depends on the refractive indices of the ATR crystal and the sample 
and is defined as 

crystal

sample
c n

n
arcsin=θ . (3.3) 

The intensity of the evanescent wave decays exponentially with the distance from the 
interface between sample and crystal. This makes the effective sampling depth relatively 
small, which makes the technique suitable for the analysis of thin layers on substrates that 
are not transparent for infrared light. The penetration depth dp is defined as the distance 
required for the electric field amplitude of the evanescent wave to fall to e-1 of its value at 
the interface, and is given by 

2

2sin2
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crystal
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n

n
d

θπ

λ
. 

(3.4) 

The ATR FT-IR measurements presented in this report are carried out on a Shimadzu 
FTIR-8400 interferometer, which has a spectral range of 600 - 4000 cm-1. The ATR 
accessory is a Specac Golden Gate MkII, which has a diamond crystal with a refractive 
index of 2.4 and operates at an angle of 45°. The refractive index of the investigated films 
is 1.4 – 1.6. The ATR accessory is flushed with nitrogen before and during experiments. 
Samples are pressed against the crystal with a sapphire anvil, with an undefined but 
reproducible force. 

3.4.4 Spectroscopic ellipsometry 
Ellipsometry is a measurement technique used to characterize thin films, surfaces and 
material microstructure. It measures the relative change of the polarization of a light 
beam reflected off a surface of interest. In this subsection a brief description of the 
principle is given, together with a description of the set-up used for the measurements. 
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The polarization state of a light beam is given by components along two orthogonal axis 
perpendicular to the propagation direction. In ellipsometry experiments, it is customary to 
use the p- and s-components as the two orthogonal basis vectors used to express 
polarization states, as indicated in figure 3-11. 

 

Figure 3-11: The polarization of light changes from linearly to elliptically after reflection on 
the sample. 

The p-component is defined as lying in the plane of incidence, defined by the incident 
and reflected light beams and the normal to the surface of the sample. The s-component is 
perpendicular to the plane of incidence and parallel to the surface of the sample. When 
light is reflected from the sample surface, the intensity and phase of both components 
change independently, resulting in elliptically polarized light. The ratio of the intensities 
of both components Ψ and the difference in phase shift ∆ are defined as 

s
i

s
r

p
i

p
r

II

II
=Ψtan  and ( ) ( )s

i
p

i
s
r

p
r ϕϕϕϕ −−−=∆ , (3.5) 

where I is the intensity and φ is the phase of the light. The superscript p and s refer to p- 
and s-polarized light, respectively. The indices i and r refer to incident and reflected light, 
respectively. 

In a spectroscopic ellipsometry (SE) measurement, the values for the amplitude ratio Ψ 
and the phase angle ∆ are detected for a range of wavelengths. The measured values are 
then compared to calculated values of a model, which describes the optical properties of 
the material. The model is composed of different layers that all represent a different part 
of the sample. The parameters of the model and the thickness of the layers are then 
iteratively changed until the calculated values match the measured data.  



 

 

20 

The deposited  layer is modeled with the Cauchy formula (see equation 3.6), valid in the 
wavelength range where the material exhibit no absorption. In the case of the presence of 
absorption in the UV region, exhibiting therefore a so-called tail of absorption in the 
visible range, it is possible to extract information on the extinction coefficient k by means 
of equation 3.7. The Cauchy model is a parameterization of the refractive index n and the 
extinction coefficient k, which are both dependent of the wavelength λ, and is described 
by 

2 4
( )

B C
n Aλ

λ λ
= + +  and 

1 1
12400

( )k e
β

λ γλ α
  −  

  = ⋅ . 

(3.6) 

(3.7) 

A, B, and C are the parameters describing the refractive index and α, β, and γ are the 
extinction amplitude, exponent factor, and band energy, respectively, which describe the 
extinction coefficient.  

PEN is a biaxially stretched polymer, and exhibits different optical constants along the 
three axis. In order to properly determine the optical properties of deposited layers on 
PEN, the optical anisotropy of the polymer substrate has to be characterized. This is done 
through the following three steps: 

1. Determination of the in-plane (x-y) anisotropy of the substrate by means of 
transmission measurements at 0° angle of incidence. 

2. Determination of the out-of-plane (x-z) anisotropy of the substrate by means of 
transmission measurements at different angles of incidence. 

3. Determination of the optical dispersion of the PEN along the x-, y- and 
z-directions by means of reflection measurements at different angles of incidence. 
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In the optical dispersion of the PEN substrate along the three axes is reported. 

 

Figure 3-12: Optical dispersion of PEN along the x-, y- and z-axes. 

All SE measurements are performed with a M2000 spectroscopic ellipsometer from 
Woollam, Inc., at an angle of 70° with respect to the sample surface normal unless stated 
otherwise. The light source is a high pressure xenon discharge point source lamp. The 
reflected light is captured for 512 wavelengths in the 200 – 1000 nm range by a 
CCD array and averaged over 100 scans. WVASE32 analysis and instrument control 
software is used to control the ellipsometer and to analyze the data. Optical constant 
values are reported for a wavelength of 633 nm, unless stated otherwise. 

3.4.5 X-ray photon spectroscopy 
X-ray photoelectron spectroscopy (XPS) is an analysis technique which is commonly 
used to determine the chemical composition of a material. It involves the irradiation of a 
sample with soft X-rays and the energy analysis of photoemitted electrons which are 
generated close to the sample surface. The technique and instrumentation is described in 
detail by Briggs[55]. In this subsection, a short description of the method and set-up is 
presented. 

The soft X-rays used in XPS penetrate into the material, leading to ejection of electrons 
by photoionisation. The kinetic energy Ek of the emitted electrons depends on the energy 
of the X-ray photons hν, the binding energy of the electron Eb and the work function of 
the spectrometer spφ  as 

k b spE h Eν φ= − − . (3.8) 
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Since the energy of the X-ray photons and the work function are known, measurement of 
the kinetic energy directly yields the binding energy of the electrons, which are element 
specific. The presence of a specific chemical bond influences the binding energy of the 
atom under investigation, as the electronegativity of the neighbouring atom influences the 
total charge on the studied atom. By means of a deconvolution procedure of the XPS 
signal of an element, the chemical environment distribution of the element can be 
determined. 

The photoemission of electrons can be elastic, which means the electrons leave the 
surface of the sample without suffering energy loss during transport through the material, 
or inelastic, which means the electrons have lost some energy due to random scattering. If 
the intensity from surface atoms is I0, the intensity Iz from atoms at a depth z from the 
surface is 

sin /
0

inelz
zI I e θ λ−= , (3.9) 

where λinel is the inelastic mean free path of the measured electrons and θ is their 
‘take-off’ angle with respect to the surface. The inelastic mean free path of the electrons 
depends on their kinetic energy (and thus, for a given X-ray photon energy, their binding 
energy) and the material they are travelling trough. The depth at which the probability of 
an electron escaping without significant energy loss due to inelastic scattering drops to e-1 
is defined as the escape depth. 95% of the detected signal comes from the surface up to a 
depth of three times the escape depth, often referred to as the sampling depth. The 
sampling depths of oxygen, carbon, and silicon, are presented in table 3-3. 

Table 3-3: XPS sampling depths as function of core level binding energy, excited by a Al Kα 
source at a take-off angle of 90° [55,56].  

Core level Eb [eV] Sampling depth [nm] 

Si2p 102 9.7 

C1s 287 8.7 

O1s 531 7.3 

 

The photoelectron current is linearly dependent on the atom density of the element that is 
to be determined. The proportionality constant, however, is very difficult to determine, 
since it depends on the amount and the shape of the surface roughness. Therefore all XPS 
data are quoted in terms of atom fractions, i.e. the percentage of all atoms detected. Note 
that hydrogen atoms are not detectable by XPS. Because different elements have different 
photoemission cross sections, peak intensities are normalized with a relative sensitivity 
factor, which can either be calculated or determined empirically[57]. 

Emission of electrons from the surface of a non-conducting sample lead to the build-up of 
a positive surface potential, since electrons from the bulk cannot compensate for this loss. 
The effect of this charging is a decrease of the kinetic energy of the emitted electrons, 
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which leads to an apparent increase in binding energy. In the case of non-monochromatic 
X-ray sources a compensating flux of low-energy electrons is provided by the source, 
resulting in a small, typically <10 eV, equilibrium potential. In the case of a 
monochromatic source, no low-energy electrons accompany the X-rays and a separate 
source of low-energy electrons has to be introduced, often referred to as an electron 
‘flood gun’. However, even when using a flood gun to compensate for the charging, 
differential charging can occur, which means that the charging of the surface is not 
uniform. This leads to ‘echo peaks’ that can appear at higher or lower binding energies 
when undercompensated or overcompensated, respectively. These echo peaks can appear 
as separate peaks or as a broadening of the original peak, if the shift is relatively small. 

Because generally the flood gun does not exactly compensate for the charging, the 
measured binding energies are not absolute. Therefore a particular peak in the spectrum, 
which can unambiguously be assigned to an accurate binding energy, is used as a 
reference. The correction needed for this peak is then applied to the whole binding energy 
scale. A common reference peak is the C1s peak of saturated hydrocarbon (usually 
present because of contamination of the surface of the sample itself) at a binding energy 
of 285.00 eV, or the C1s peak of unfunctionalised aromatic carbons at 284.70 eV[58]. 

All XPS measurements presented in this work are preformed with a AXIS Ultra 
spectrometer from Kratos Analytical Ltd. with an Al Kα X-ray source (hν = 1486.6 eV) 
and a delay-line detector. The background pressure during the experiments was 
2·10-9 mbar. In order to remove contaminants adsorbed from ambient air, the samples are 
sputtered with 5 keV Ar+ ions for 60 seconds. After this sputtering, no further change in 
composition was observed, so it is assumed that all contaminants are removed and no 
preferential sputtering occurs. A low-energy electron flood gun is used for charging 
compensation; final correction for charging is achieved by placing the saturated 
hydrocarbon peak at 285.00 eV. Full range scans to check for contaminations is 
performed with a pass energy of 160 eV, whereas high-resolution scans of the silicon, 
carbon and oxygen region are carried out with a pass energy of 20 eV. 

3.5 Procedures 
The deposition of organosilicon films is carried out at atmospheric pressure, at an 
ambient temperature of 20°C. The total helium flow through the plasma reactor is 75 
standard litres per minute, while 21 mmol/min HMDSO are added through the bubbler. 
Prior to each deposition, the gas flow is turned on for 180 s to allow the gas flow to 
stabilize. The power is turned on at 300 W to deposit a film. After 30 s, the power is 
turned off, and then the gas flow is stopped. During the deposition, the optical emission 
spectrum of the plasma is recorded at a sample position of 5 cm to verify the plasma 
conditions. 

The PEN samples are cleaned with a nitrogen gas flow and fixed on the bottom glass 
plate with chemically resistant adhesive tape along the long edges of the foil. After the 
deposition, 2 x 2 cm2 pieces are cut from the centre of the foil for analysis purposes. 
Before deposition, PEN foils which are intended for SE analysis are scratched at the back 
to prevent interference effects due to the polymer thickness. Sample pieces for XPS 
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analysis are packed in aluminium foil immediately after deposition to minimize 
contamination from the ambient air. 
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Chapter 4  
 
Results 

In this chapter, the results of the deposition of organosilicon films on PEN are presented 
and discussed. In section 4.1, the hydrophobic properties of the film are shown as 
function of the position of the sample in the reactor. In order to explain the changes of the 
contact angle as a function of the position, the morphology and the chemical composition 
of the deposited films are reported in sections 4.2 and 4.3, respectively. Section 4.3.1 
reports on the carbon concentration in the films while in section 4.3.2, the presence of 
methyl groups in the material is reported. The results obtained in the first three sections 
are then combined in section 4.4 in order to find a correlation between the hydrophobic 
properties and the film morphology and composition. In section 4.5, finally, a deposition 
mechanism is proposed in order to correlate the local properties of the deposited layer to 
the characteristics of the plasma. 

4.1 Contact angle 
In this section, the results of the contact angle measurements are presented. A PEN foil 
was treated with a He/HMDSO plasma under standard conditions reported in section 3.5. 
The water contact angle of the deposited film, which will be further referred to as the 
contact angle, was measured at several positions along the direction of the gas flow. The 
results of the contact angle measurements are presented in figure 4-1. 
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Figure 4-1: Water contact angle of the deposited layer as function of the position of the 
sample. The sample positions corresponding to the beginning and the end of the powered 
electrode are indicated on the x-axis. The discharge extends a few millimeters beyond either 
side of the electrode. 

As shown in figure 4-1, the sample position corresponding to the beginning of the 
electrode is characterized by higher contact angle values. At these sample positions, it is 
presumable that plasma non uniformity occurs since the sample position is just at the 
edge of the electrode. The region 3 cm to 10 cm, instead, exhibits a plateau, suggesting a 
plasma homogeneity. After position 10, a sudden decrease of the contact angle is 
observed, till the end of the electrode area. The electrode edge effects are once again 
visible, starting from position 22, near the end of the reactor, possibly indicating 
turbulence effects at the exit point of the gases. 

The contact angle of the deposition depends on both the surface roughness and the 
chemical composition of the film[13]. A change in surface roughness changes the effective 
surface of the film, which is in contact with the water droplet. This influences the 
hydrophobic properties of the film, as discussed in section 4.2. A change of the chemical 
composition of the film also has an influence on the contact angle, since the nature of the 
molecular groups present in the film can change the hydrophobic behavior of the surface, 
as reported in section 4.3. In the next sessions, both changes are taken into consideration 
and discussed in order to explain the trend in figure 4-1. 

4.2 Morphology 
In this section, results from the atomic force microscopy (AFM) and spectroscopic 
ellipsometry (SE) analysis of the deposited layers are presented to provide insight into the 
film morphology.  
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The influence of surface roughness on the contact angle of a surface is described by 
Wenzel’s theory[21], which relates the water contact angle of a rough surface to the 
contact angle of a smooth surface by 

cos cosrough smoothFθ θ= , (4.1) 

where θrough and θsmooth are the contact angles of the rough and smooth surface, 
respectively. F is a roughness factor, which is defined as the ratio between the actual area 
of the rough surface to the geometric projected area, which is in this case a flat surface[59]. 
Equation (4.1) indicates that if a material has a contact angle of less than 90°, this latter 
will decrease as an effect of an increase in surface roughness. If, on the other hand, the 
material has a contact angle larger than 90°, it will increase as an effect of the increase in 
surface roughness. 

The surface roughness of the layer was determined by atomic force microscopy at several 
sample positions. In figure 4-2, AFM images are shown at different sample positions. The 
size of the mapped samples is 2 x 2 µm2.  

       
max 

0 
a) position: 5 cm 

max height: 4.3 nm 
b) position: 12 cm 
max height: 16 nm 

c) position: 22 cm 
max height: 13 nm 

Figure 4-2: Atomic force microscopy images of the deposition at three sample positions, 5, 
12, and 22 cm from the gas inlet. The area of the images is 2 x 2 µm2. The root mean square 
of the roughness is 0.7, 1.8, and 1.7 nm for image a, b, and c, respectively. 

There is a distinctive difference in the surface roughness of the sample at position 5 and 
the samples at positions 12 and 22. More measurements were carried out at different 
sample positions, of each measurement the root mean square surface roughness was 
determined. The results of these measurements are reported in figure 4-3. 



 

 

28 

0 5 10 15 20 25
0.5

1.0

1.5

2.0

2.5

su
rf

ac
e 

ro
ug

hn
es

s 
[n

m
]

sample position [cm]  

Figure 4-3: Root mean square of the surface roughness of the deposition as a function of the 
position of the sample. The surface roughness is determined from 2 x 2 µm2 AFM images. 

The surface roughness shows an increase from approximately 0.6 nm around position 5 to 
approximately 1.9 nm at position 12, after which it remains constant up to position 24. 
According to Wenzel’s theory, this would imply for a hydrophobic coating an increasing 
contact angle between sample positions 5-12, followed by a constant contact angle at 
positions 12-24. The measured contact angle, however, shows an opposite trend (cfr. 
figure 4-1). The surface roughness, therefore, cannot explain the contact angle behavior. 

Spectroscopic ellipsometry analysis is performed to analyze the thickness and optical 
properties of the film as a function of the sample position. A Cauchy model is used to 
model the deposited layer, as described in section 3.4.4. Figure 4-4 shows the thickness 
of the deposited layers, together with their refractive index values. 
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Figure 4-4: Thickness and refractive index of the deposition as a function of the position of 
the sample, as determined by means of spectroscopic ellipsometry. 

The thickness of the deposited layer decreases in the direction of the flow, which is an 
indication of depletion of the HMDSO precursor. As HMDSO is dissociated and its 
radicals are deposited, the concentration of the precursor in the plasma along the flow 
direction decreases. This change in plasma composition influences both the deposition 
rate and the properties of the deposited film. 

The deposition time for this film was 30 s, resulting in a deposition rate of 5.3 nm/s at the 
beginning of the reactor, which decreases to approximately 1.2 nm/s near the exit of the 
reactor. The change in deposition rate confirms the hypothesis that the plasma chemistry 
changes along the direction of the flow, caused by the depletion of the precursor. Figure 
4-4 also shows that the refractive index of the deposited layer increases in the direction of 
the flow, which indicates that the chemistry[60] and/or porosity[41] of the layer changes. 
However, the change of layer thickness and refractive index are dependent of the used SE 
model. In the model, it is assumed that a single layer of uniform composition is deposited 
on the substrate and that no modification of the substrate occurs. If, however, the polymer 
substrate is modified or a mixed layer of modified polymer and organosilicon deposition 
is formed, the model could provide false results. At this point, the results presented in 
figure 4-4 are valid under the assumption that no modification of the polymer substrate 
occurs and a organosilicon layer is deposited, which will have to be verified later. The 
investigation into the composition of the deposition is discussed in the next section. 

4.3 Film chemical composition 
In this section, results from attenuated total reflection Fourier-transform infrared 
spectroscopy (ATR FT-IR) and X-ray photoemission spectroscopy (XPS) analyses are 
presented to provide insight into the chemical composition of the layer. 
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4.3.1 Carbon content 
The chemical composition of the layer is determined with XPS measurements at several 
sample positions. An example of a survey scan at sample position 6 is shown in figure 
4-5. 
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Figure 4-5: XPS survey spectrum of the deposition at sample position 6 cm. Carbon, oxygen, 
and silicon peaks are visible. 

The spectrum in figure 4-5 shows oxygen, carbon and silicon peaks. No traces of other 
elements are visible. More detailed scans of the peak regions were performed, as the area 
of the peaks yields information of the atomic percentage values of the material. These 
values are reported in figure 4-6 as a function of the sample position. 
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Figure 4-6: XPS elemental composition of the layer as function of the position of the sample. 
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The composition of the deposition is constant up to sample position 10, after which the 
carbon content increases, whereas the oxygen and silicon content decrease. The sample at 
position 2 is located near the edge of the electrode at the beginning of the reactor and 
therefore the composition deviates slightly from the values at positions 4 to 10, as already 
pointed out in the case of the refractive index trend in figure 4-1.  

The elemental composition shows a trend similar to the position dependence of the 
contact angle. Up to position 10, there is a plateau region, followed by an increase till the 
right edge of the electrode. The amount of carbon is known to influence the contact angle 
of a layer[12]. The amount of carbon alone, however, is not indicative of the type of 
chemical groups present in the layer, i.e. carbon can be present in the form of carboxyl 
groups with oxygen and hydrogen, which are hydrophilic, or in the form of hydrophobic 
methyl groups. To obtain more information about the chemical structure of the 
deposition, ATR FT-IR was used to analyse the films. 

When the penetration depth of the evanescent wave is larger than the film thickness, the 
PEN substrate would also be probed by the evanescent wave. This would complicate the 
interpretation of the data. To prevent this, a thicker deposition was carried out by using a 
longer deposition time. The thickness of this film was determined using SE, the results of 
which are shown in figure 4-7. Once again, this measured thickness depends on the SE 
model and is only valid under the assumption that no modification of the PEN substrate 
occurs. This assumption, however, is backed by analysis of the optical emission spectra 
of the deposition, as will be discussed in detail in section 4.5.1. 
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Figure 4-7: Thickness of deposited layer used for ATR FT-IR spectroscopy as function of the 
position of the sample. The thickness of the film at standard deposition parameters is also 
shown for comparison, scaled by the deposition time.  The inset shows the penetration depth 
of the evanescent wave when these films are investigated, as reported in section 3.4.3. 

The deposition time for the thick film was 800 seconds, resulting in a film with a 
thickness above 4 µm at the left edge of the electrode to about 500 nm at the right edge of 
the electrode. To verify if the deposition rate is constant in time, even in prolonged 
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experiments, the thickness of the film at standard deposition parameters (30 s) is also 
shown, scaled with a factor 800/30 to match the deposition time ratio. As can be seen in 
figure 4-7, the thickness values match very well, which indicates that the deposition rate 
is constant as function of time. The inset in the figure shows the penetration depth, as a 
function of the wavenumber. In combination with the thickness profile, this gives 
information about the sample position at which the evanescent wave starts to probe also 
the PEN substrate, for a given wavenumber. The penetration depth is defined so that the 
intensity of the evanescent wave at the penetration depth is e-1 of the intensity at the 
interface. This means that at sample positions where the film thickness is equal to the 
penetration depth, still a significant portion of the signal (37%) originates from the PEN 
substrate. If, however, the film thickness is more than three times the penetration depth, 
less than 5% of the signal is coming from the substrate. For easy reference, the sample 
position corresponding to a film thickness equal to three times the penetration depth is 
shown in figure 4-8 as a function of the wavenumber. This figure then shows, for a given 
wavenumber, the highest sample position at which the ATR data can be used to extract 
information exclusively on the layer chemistry. 
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Figure 4-8: Sample position at which the film thickness is equal to three times the penetration 
depth, as function of the wavenumber. 

Going to lower wavenumbers, it can be seen that an increasing portion of the samples is 
too thin to trust the results from the ATR data, since a large fraction of the evanescent 
wave is penetrating the substrate. For this reason, the results at a given wavenumber are 
reported up to the sample position corresponding to a sampling depth of three times the 
penetration depth, as shown in figure 4-8. 

Figure 4-9 shows the ATR absorption spectra of the layer at different sample positions, 
together with the PEN substrate spectrum. 
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Figure 4-9: ATR absorption spectra of the layer at different sample positions. The spectra are 
shifted along the vertical axis for clarity. The PEN absorption spectrum at the bottom is 
added for reference. The absorption features are also reported. The spectra are not corrected 
for the penetration depth. 

The spectra in figure 4-9 are not corrected for penetration depth, which means that peaks 
at lower wavenumbers appear to be more intense, due to the higher penetration depth. 
However, in this work only peak ratios are compared, so no correction is necessary. 
Furthermore, at wavenumbers higher than 3250 cm-1 no absorption was observed, so this 
region is not displayed. 

Several interesting regions are indicated in figure 4-9; around 1000-1100 cm-1, the 
Si-O-Si asymmetric stretching absorption is visible. At 1250 cm-1 the SiOx(CH3)3-x 
bending absorption is visible. In both regions, the influence of PEN becomes visible at 
higher sample positions, as the evanescent wave probes the substrate. Around 1700 cm-1 
the C=O absorption, which is characteristic for PEN, becomes visible at sample 
positions >12, as expected from the penetration depth at that wavenumber. Around 
2900 cm-1 the CHx stretching region is visible, which is unaffected by PEN probing up to 
sample position 18. The broadening of this peak, therefore, can be completely attributed 
to changes in the deposited layer, and indicates that there is more variation in the 
chemical surrounding at high sample positions. 

In figure 4-10 the total absorption of the CHx stretching vibration region around 
2900 cm-1 is compared with the atomic carbon content, as obtained from the XPS 
measurements. 
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Figure 4-10: Carbon content from XPS measurement as shown in figure 4-6 and the CHx 
stretching absorption area as calculated from ATR  measurements, as function of the position 
of the sample. 

The total area of the CHx stretching region confirms the trend of the atomic carbon 
content determined by XPS, showing a plateau at low sample positions followed by an 
increase around position 10 to 12. However, as mentioned before, the amount of carbon 
in the deposition alone does not provide conclusive information about the trend in contact 
angle. Therefore, an extensive analysis of the CHx stretching region, which contains 
information about the allocation of carbon in the material, is carried out. 

4.3.2 Methyl groups 
In literature, high contact angles in organosilicon films are associated with the presence 
of methyl (-CH3) groups[13,61]. These chain-terminating groups with three C-H bonds give 
the surface a low surface energy, which increases the water contact angle. The absorption 
peak around 1250 cm-1 is associated with the bending vibration of -CH3 in SiOx(CH3)3-x 
[62]. By comparing the absorption of the -CH3 bending region to the absorption of the CHx 
stretching region, the contribution of methyl groups to the total amount of carbon can be 
determined[37]. In figure 4-11, a comparison between these absorptions is made. The 
sampling depth at the -CH3 bending region is approximately 2700 nm, which means that 
at sample positions higher than 10, the PEN substrate is probed by the evanescent wave. 
Therefore, only data up to position 10 are shown. 
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Figure 4-11: Ratio of the total infrared absorption peak associated with -CH3 bending around 
1250 cm-1 to that associated with CHx stretching vibration around 2900 cm-1, as a function of 
the position of the sample. 

The decreasing trend in figure 4-11 shows that the relative amount of methyl groups 
decreases in the direction of the flow. This would imply a decrease of the contact angle of 
the film, as visible in figure 4-1. However, at these sample positions, the contact angle is 
more or less constant. Moreover, figure 4-11 does not provide information about sample 
positions >10, where the change of trend of the contact angle and atomic content is 
observed. Therefore no conclusion can be made on the basis of these results alone about 
the influence of the relative amount of methyl groups on the contact angle. 

In order to gain information about the amount of methyl groups at higher sample 
positions, a deeper analysis of the CHx stretching area of the ATR spectrum is carried out. 
The absorption peak in the 2800 - 3100 cm-1 region can be deconvoluted in several peaks, 
associated with CH3, CH2, and CH symmetrical and asymmetrical stretching 
vibrations[63,64]. The deconvolution of the CHx stretching region of the layer at sample 
position 10 is shown in figure 4-12. As seen in figure 4-8, results for sample positions up 
to 19 cm are free from influence from the PEN spectrum. 
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Figure 4-12: Gaussian deconvolution of the ATR CHx stretching region absorption, at sample 
position 10 cm. Peak identifications are shown, where νs and νas denote symmetric and 
asymmetric stretching, respectively. The inset shows the CHx stretching absorbance at 
different sample positions. At the bottom of the inset, the trace of the PEN absorption 
spectrum is shown for reference. 

Peak attributions are indicated in the graph, where νs and νas denote symmetric and 
asymmetric stretching, respectively. The inset shows the absorption spectrum at different 
sample positions, together with the PEN reference spectrum. The inset in figure 4-12 
shows a major change in the shape of the spectrum, e.g. a decrease of the sp3 CH3 
asymmetric stretching vibration in the direction of the flow is visible. No peaks were 
observed at wavenumbers higher than 3000 cm-1, which indicates the absence of olefinic 
and/or aromatic bonds in the layer.  

The contribution of methyl groups to the total carbon content in the film is obtained by 
summing the relative absorptions of the peaks associated with them. These are the 
sp3 O-CH3 ν, sp3 CH3 νs, and sp3 CH3 νas modes. The area of these three peaks relative to 
the total CHx absorption area is shown in figure 4-13, as a function of the sample 
position. 
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Figure 4-13: Total contribution of the sp3 O-CH3 ν, sp3 CH3 νs, and sp3 CH3 νas absorption to 
the total absorption in the CHx stretching region, compared to the ratio of -CH3 bending 
absorption around 1250 cm-1 to that of the CHx stretching vibration around 2900 cm-1, as 
shown in figure 4-11.  

The trend of the methyl groups contribution, as obtained from the deconvolution of the 
CHx stretching region is very similar to the -CH3/CHx absorption ratio presented in figure 
4-11. It should be noted that, similar to the comparison made in figure 4-10, the graphs 
are only scaled with a constant factor and not shifted, so the origins coincide. The 
information from the deconvolution of the CHx stretching region shows that the 
decreasing trend of the methyl content continues up to higher sample positions, which is 
considered responsible for a decrease in contact angle, as observed in figure 4-1. 

4.4 Combining morphology and composition 
In order to explain the trend of the contact angle, with the constant plateau at sample 
positions up to 10-12 cm followed by a decrease up to the end of the reactor, the 
morphology and the composition of the layers are combined. In figure 4-14 the contact 
angle, surface roughness, and relative amount of methyl groups are shown. 
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Figure 4-14: Sample position dependence of (from top to bottom): water contact angle, 
surface roughness, and relative amount of methyl groups in the deposition. 

From the relative amount of methyl groups, a constant decreasing trend of the contact 
angle would be expected, as the layer’s hydrophobic character decreases. At sample 
positions 10 to 22, this trend is indeed observed. However, at sample positions below 10, 
the contact angle is constant and so another effect is compensating for the decrease due to 
the change in methyl contribution. This compensating effect is provided by the increase 
in surface roughness at low sample positions. As mentioned in section 4.1, Wenzel’s 
theory links the contact angle of a surface to its surface roughness.  The cosine of the 
contact angles of the rough and smooth surface are connected through the roughness 
factor F, as seen in equation (4.1).  
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If the surface roughness is considered to be constant and equal to the value for sample 
positions >10, the decreasing trend of the contact angle can be extrapolated to low sample 
positions, as shown in figure 4-15. 
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Figure 4-15: Contact angle of the deposited layer, with linear fits in the plateau and 
decreasing regions. The data points at both ends of the data set are not taken into account in 
the fits. 

From the extrapolation it is deduced that the contact angle around sample position 5 
would be approximately 113° if the roughness was equal to that at higher positions. The 
measured contact angle, however, is 109°. This corresponds to a roughness factor of 

cos cos113
1.21

cos cos109
rough

smooth

F
θ
θ

°= = =
°

, (4.2) 

so a surface area increase of 21% at sample position 5 would increase the contact angle 
from 109° tot 113°. In other words, if the effective surface area increases 21% from 
position 5 to position 12, the increase in surface roughness would compensate for the 
contact angle drop due to the decrease of the relative methyl content.  

In order to verify the plausibility of this claim, the effective surface area of the samples is 
calculated numerically by integrating the surface area of a triangular mesh, created from 
the AFM height maps. Although this method generally provides an underestimation of 
the real surface, by representing curved with flat surfaces, the error is less than 0.1% for 
the given conditions. The ratio of the average surface area of the rough surfaces, for 
positions >10, and the surface area at position 5 was found to be 1.02 ± 0.01, which 
means that the plateau region of the contact angle cannot be attributed to the increase of 
the surface roughness according to Wenzel’s theory. 

In order to obtain more insight in the shape of the surface roughness at different sample 
positions, cross sections of the samples’ surface roughness are shown in figure 4-16. 
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Figure 4-16: Typical cross sections of the surface roughness of the samples at positions 5, 12, 
and 22 cm, obtained from AFM measurements. The data for positions 12 and 22 cm are 
shifted vertically for clarity. 

It appears that, besides a change in RMS roughness, the lateral dimensions of the 
roughness features also changes with the sample position. At sample position 5, the width 
of the features is wider than at the other positions. In order to describe the typical lateral 
dimensions of a rough surface, the auto-correlation function of height-height correlation 
function R is defined as[65] 

( ) ( ) ( )1 2 1 22

1
, ,

RMS

R r r h r h r
w

=r r r r
, (4.3) 

where 1r
r

 and 2r
r

 indicate two positions on the surface, wRMS is the RMS value of the 

surface roughness, and h( 1r
r

) and h( 2r
r

) are the heights of positions 1r
r

 and 2r
r

, respectively. 

The auto-correlation function reflects the correlation of heights at two positions on a 
surface. If the surface is considered homogeneous and isotropic, R depends only on the 
distance d between the two positions and R = R(d). The auto-correlation function is equal 
to 1 at d = 0 and decays to 0 in the absence of any periodicity of the surface features. The 
rate of this decay depends on the distance over which two points become uncorrelated 
and is characterized by the lateral correlation length ξ, which is defined as 

( ) 1
R

e
ξ = . (4.4) 

The correlation lengths of the surfaces shown in figure 4-16 are shown in table 4-1. 
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Table 4-1: Correlation length of the surfaces shown in figure 4-16. 

Sample position 
[cm] 

Correlation length 
[µm] 

5 96 ± 5 

12 32 ± 2 

22 33 ± 2 

 

As expected from a visual inspection of figure 4-16, the correlation length of the sample 
at position 5 is higher than the correlation lengths of the other two samples, which are 
comparable. In addition to the surface area increase, which enhances the hydrophobic 
properties of the film, the decrease of the correlation length also has another type of 
roughening effect. According to Palasantzas et al.[66], the contact angle of a rough surface 
depends linearly on the ratio of the RMS roughness and the correlation length as 

0

2
roughθ θ

π ξ
∆= + , (4.5) 

where ∆ is the RMS roughness and θ0 is the theoretical contact angle (in radians) of the 
material without surface roughness. The difference in contact angle between the 
relatively smooth film at sample position 5 and the rougher films at sample positions 12 
and 22 is therefore directly related to the difference of their respective ratios ∆/ξ. For a 
typical smooth RMS roughness of 0.7 nm with a correlation length of 96 nm, and a rough 
RMS roughness of 1.9 nm with a correlation length of 33 nm, the increase of the contact 
angle, based on equation (3.1), is 2.3°. Although this is still less than the expected 
compensation of 4° between the smooth and rough samples, it appears that the increase of 
roughness does have an influence on the contact angle, which could contribute to the 
compensation of the contact angle due to the decrease of methyl groups. 

Another way to explain the plateau region is by looking at the maximum contact angle 
that can be achieved on a methyl-terminated surface. Hautman et al.[67] determined the 
water contact angle by simulating a flat, purely methyl-terminated surface and a water 
droplet and looking at the time-averaged microscopic configuration of the system. They 
found a water contact angle of 110° ± 10°, which is in agreement with the maximum 
contact angle found in this report. This would indicate that, although the relative methyl 
content decreases at sample positions <10, the surface is still methyl terminated, so the 
contact angle remains at its maximum. After position 10, the methyl content drops so far 
that the surface is not completely methyl-terminated anymore, and the contact angle 
drops. However, more research is needed to discern between the influence of the surface 
roughness and the methyl content, as will be discussed in section 5.2. 
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4.5 Deposition mechanism 
In the previous sections several trends of the film properties were presented and 
discussed. In this section, an attempt is made to formulate a deposition mechanism in 
order to explain these trends. 

The dissociation of HMDSO in a plasma is the subject of many investigations. An overall 
general dissociation and deposition mechanism for HMDSO can be composed according 
to figure 4-17. 

 

Figure 4-17: General deposition mechanism of HMDSO in a plasma. The references [a], [b], 
[c], [d], and [e] refer to [48], [49] ,[44] ,[35] , and [45], respectively. The dashed lines indicate 
interactions with the surface. 

The first step in the dissociation of HMDSO is thought to be a scission of a Si-C or Si-O 
bond by an electron. Since the bond energy of Si-O (8.3 eV) in HMDSO is higher than 
that of Si-C (4.6 eV)[68], the latter is more likely to be broken, as was observed by 
Sonnenfeld et al.[49]. After the breaking of a Si-O bond, the resulting fragments are either 
deposited on the surface or passivated to tetramethylsilane (TMS), as indicated in the 
right in figure 4-17. If a Si-C bond is broken first, pentamethyldisiloxane (PMDSO) and 
tetramethyldisiloxane (TMDSO) radicals and molecules can be formed in a stepwise 
process. If oxygen is present in the plasma, oxygen radicals can attach to the fragments, 
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increasing the O/Si ratio of the depositing radicals. Oligomerization (the formation of 
larger molecules) of the fragments is known to take place in pure HMDSO plasmas[44], 
but no evidence is found that it also happens in mixtures with noble gases[49]. The methyl 
radicals formed in the dissociation of HMDSO can be further dissociated to -CHx, after 
which these carbon containing radicals can react with hydrogen and/or oxygen, as 
indicated in the middle of figure 4-17. At the surface of the deposited layer, atomic 
oxygen is known to etch hydrocarbon fragments from the surface by the formation of 
COxHy. 

The longer the HMDSO molecule resides in the plasma, the more methyl groups are 
dissociated from the molecule. Therefore, in the direction of the flow, the ratio of methyl 
groups to silicon atoms in the silicon containing radicals will decrease. This is reflected in 
the contribution of methyl groups to the deposited layer, as it was seen in 
subsection 4.3.2. Although the concentration of methyl radicals in the plasma also 
increases in the direction of the flow, these radicals do not contribute to the deposition of 
the film because of their low sticking probability[69,70]. Instead, through reactions with 
oxygen and hydrogen, the methyl radicals will form carbon containing fragments which 
can contribute to the deposition and with that, increase the carbon content, as was 
observed in subsection 4.3.1. 

Evidence of the removal and further dissociation of methyl groups is found in the optical 
emission of the plasma. The intensity of the plasma emission was measured at different 
positions along the reactor, as shown in figure 4-18. 
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Figure 4-18: Normalized emission of CH, H and O as function of the sample position. The 
emissions are normalized to the emission of the 587.5 nm helium emission. Note that the 
signals of O and H are scaled to improve readability. 

The intensities of the emitted light, shown in the picture are normalized to the intensity of 
the 587.5 nm helium emission. The CH emission shows an increase right from the lowest 
sample positions, which confirms the formation and dissociation of methyl radicals. This 
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is also visible as an increase of the atomic hydrogen emission, which is formed in the 
dissociation of CHx. There is some emission from oxygen, although it is not added to the 
gas mixture. As it was also visible in experiments without HMDSO or PEN, it is believed 
to originate from a leak in the gas supply system before the gas inlet, as will be discussed 
further in subsection 4.5.1. The amount of oxygen in the reactor is, however, believed to 
be relatively small, as significant amounts of oxygen lead to films with much lower 
carbon content[42]. The decrease of oxygen indicates that it is consumed in reactions with 
gas phase radicals and/or heterogeneous reactions at the surface. The increase of oxygen 
at high sample positions is believed to come from the inflow of oxygen due to turbulence 
effects at the reactor exit.  

The constant atomic Si/C/O content ratios at sample positions below 12 cm, as seen in 
figure 4-6 can be explained by the fact that there is still undissociated HMDSO present in 
the plasma at these positions. This means there is still production of silicon containing 
radicals at these positions, which contribute to the deposition. After position 12, the 
relative concentration of silicon containing radicals starts to decrease due to the absence 
of production of these radicals, while the production of carbon containing radicals from 
CHx continues. This is reflected by the decreasing silicon content of the deposited layer in 
the direction of the flow. This change in film composition is also observed in the XPS 
data of the silicon 2p system. The position of the Si 2p peak depends on the oxidation 
state of the silicon atoms in the sample. The effect of the number of oxygen atoms bound 
to the silicon atom is shown in table 4-2. 

Table 4-2: Silicon oxidation states and the corresponding Si 2p binding energies where R 
represents carbon and hydrogen containing structures[71]. 

Oxidation state Binding energy (eV) 

 

101.5 

 

102.1 

 

102.8 

 

103.4 

 

The binding energy of the Si 2p core electron increases with the number of oxygen atoms 
the silicon atom is bound to. The position of the Si 2p peak, therefore, provides 
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information about the average environment of the silicon in the deposited layer. In figure 
4-19 the center of gravity binding energy of the Si 2p peak is shown as function of the 
sample position. The center of gravity binding energy of a peak is defined as 

, . . .

( )

( )

b b b

b c o g

b b

I E E dE
E

I E dE
= ∫
∫

, (4.6) 

where Eb,c.o.g. is the centre of gravity binding energy, and I(Eb) is the XPS intensity at 
binding energy Eb. It is, as it were, an indication of the most pronounced binding energy 
within a peak. 
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Figure 4-19: Center of gravity of the Si 2p XPS peak, as function of the position of the 
sample. The inset shows the chemical composition of the sample, as seen in figure 4-6. 

The center of gravity binding energy shows a constant region at sample positions 
below 12 cm, of approximately 102.3 eV. This means, according to table 4-2, that on 
average a little over 2 oxygen atoms are bound to each silicon atom. Note that this does 
not say anything about the absolute elemental ratios of the films, as oxygen can also be 
bound to carbon and not to silicon. This plateau is followed by a decrease up to 
position 19, to a value of 101.9 eV, which means that on average there are less than 2 
oxygen atoms bound to each silicon atom. These data, thus, indicate that the chemical 
environment of the silicon atoms in the film is constant at low sample positions, which 
agrees with the elemental composition (see inset). The shift to lower binding energy at 
higher sample positions indicates that there is a decrease of oxygen content and an 
increase of carbon content in the direction of the flow at high positions, which also 
confirms earlier results. 

The ratio of silicon to oxygen atoms in the deposited layer is close to 1 at all sample 
positions, as shown by the XPS measurements in section 4.3. In the HMDSO molecule, 
however, the ratio Si/O has a value of 2. In order to explain the elemental composition of 
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the film, additional oxygen must have been incorporated into the film. This can happen in 
one or more of the following ways. 

• Oxygen reacts with CHx radicals to form COxHy radicals, which then contribute to 
the deposition. 

• Oxygen attaches to PMDSO or TMDSO radicals, which then contain two oxygen 
and two silicon atoms. 

• The HMDSO molecule is dissociated mainly at a Si-O bond, as shown in figure 
4-17 on the right. This removes a silicon atom from the depositing radical, which 
then has an oxygen to silicon ratio of 1. 

The last option seems not plausible, since the bond strength of the Si-O bond is much 
higher than the Si-C bond, so at least one of the first two options must be plausible for the 
deposition mechanism to hold. As mentioned before, oxygen is not added to the plasma, 
but is present in the reactor due to leakage in the gas system. The oxygen concentration is 
too low to cause significant carbon removal from the surface, as is observed from the 
high carbon content of the films. However, the contribution of oxygen to the depositing 
fragments could be of importance at lower concentrations.  

In order to verify the plausibility of a significant oxygen contribution to the deposition, an 
estimation of the needed oxygen concentration is made. In this estimation, it is assumed 
that all the oxygen that is present in the plasma is incorporated in the deposited layer, and 
that the dissociation of HMDSO occurs purely through Si-C bond scission. The total 
mass of the deposited film is estimated from the film thickness as reported in section 4.2, 
the area of the deposition on both electrodes and a typical organosilicon polymer mass 
density of 1.5 g·cm-3, to be 9 mg. This value includes deposition on the top electrode, 
which for this calculation is assumed to be equal to the deposition on the bottom 
electrode. The elemental ratio of the film is considered to be constant and equal to the 
composition in the plateau range, i.e. SiOC3H9, where it is assumed that all carbon atoms 
form methyl groups. In fact, the amount of hydrogen will be lower, but the contribution 
of the hydrogen mass is relatively small, so for this estimation the value of 9 is plausible. 
If this composition is assumed, 1.0·10-4 mol SiOC3H9 is deposited in total, which would 
require 0.5·10-4 mol HMDSO and 0.25·10-4 mol O2, if all silicon and oxygen from these 
components is incorporated in the film.  

Since the amount of helium that is added to the plasma during deposition is 
approximately 1.53 mol, a contamination of 16 ppm O2 would be necessary to supply the 
oxygen for film deposition through options 1 and 2 mentioned before. This amount of 
oxygen could well originate from a gas leak and falls within the purity of the used 
helium, so it is concluded that the contribution of oxygen, present in the helium, to the 
oxygen content of the deposited layers is significant. 
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Based on the results presented in this section, a more specific dissociation and deposition 
mechanism is proposed. A schematic representation of this mechanism is show in figure 
4-20. 

 

Figure 4-20: Specific dissociation and deposition mechanism of HMDSO. 

The first step in the dissociation process is expected to be dominated by Si-C bond 
scission. There is no evidence found to assume that other effects than the difference in 
bond strength influence the ratio between the two branches. After the first step, further 
dissociation of the HMDSO occurs by methyl group abstraction and oxidation of the 
fragments. The oxygen for this process is provided by a leak in the system. No evidence 
was found for the carbon removal from the surface (see section 4.5.1), so this process is 
considered insignificant under these experimental conditions. Also, the oligomerization 
branch is omitted, as this is found in previous research to be of no importance in 
helium/HMDSO plasmas and no evidence is found to assume otherwise. 

The fraction of HMDSO that is deposited from poly-dimethylsiloxane fragments can be 
calculated based on the assumptions made before, i.e. the total consumption of 
0.5·10-4 mol HMDSO, and the inflow of HMDSO. If the depositing fraction of HMDSO 
is defined as the fraction of silicon atoms entering the plasma that contribute to the 
deposition of the film, it is equal to 0.48%. 
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4.5.1 Substrate etching 
In the previous section, considering the interaction of the substrate with the plasma it is 
assumed that there is only interaction possible between the gas phase radicals and the 
deposited layer. Plasma-substrate interaction is not considered. When depositing on 
polymers, like PEN, sometimes etching of the substrate is observed, which depends 
mainly on the oxygen radical concentration[72]. In these cases, there is a competition 
between the etching and the deposition processes, which results in the formation of an 
intermediate layer between the substrate and the film. 

In order to find out if substrate etching is significant under the given experimental 
conditions, the emission spectra of a pure helium plasma with and without a PEN 
substrate are compared. The emission intensities of CH, O and H active species are 
shown in figure 4-21. 
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Figure 4-21: Normalized emission of CH, H and O as function of the sample position. The 
emissions are normalized to the emission of the 587.5 nm helium emission. In the left and 
right graph, the emission of the plasma without and with PEN substrate is shown, 
respectively. 

Oxygen is present in the plasma, both with and without PEN. Therefore it is concluded 
that the oxygen originates from a leak in the gas system. The constant emission of oxygen 
indicates that there is no additional leakage of oxygen along the reactor. The introduction 
of PEN to the reactor does not change the spectrum significantly. There is some increase 
of the CH emission, but note that the signal is scaled by a factor of 10, so this CH signal 
is insignificant in comparison with the signal observed in the presence of HMDSO, see 
figure 4-18. Also, no CO or CO2 related emission was observed, which would be 
expected as a result from polymer etching. It is therefore concluded that no significant 
etching of the polymer occurs under the given experimental conditions. 
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Chapter 5  
 
Conclusions & recommendations 

In this chapter, the conclusions of this report are provided and some recommendations for 
improvements to the set-up and future research are given. 

5.1 Conclusions 
A parallel plate dielectric barrier discharge plasma reactor is used to deposit hydrophobic 
thin organosilicon films on PEN substrates at atmospheric pressure, operating with 
helium as carrier gas and hexamethyldisiloxane (HMDSO) as deposition precursor. 
Electrical measurements and optical studies of the plasma strongly suggest that the 
reactor operates in diffuse glow mode.  

The water contact angle of the deposited material varies between 110±1° at the gas 
entrance to 95±1° near the reactor exit. The surface morphology of the films is 
investigated with atomic force microscopy and shows an increasing surface roughness 
(rms) in the direction of the flow, from 0.5±0.1 nm at the gas inlet to 2.0±0.1 nm near the 
gas exit. The lateral correlation length of the surface roughness decreases from 96±5 nm 
to 33±2 nm in this region. 

The film thickness is determined with spectroscopic ellipsometry using a Cauchy model 
and it is found to decrease from 160±5 nm near the gas inlet to 40±5 nm near the gas exit, 
corresponding to a deposition rate ranging from 5.3±0.2 to 1.2±0.2 nm/s. The refractive 
index of the material shows an increase from 1.44±0.01 near the gas inlet to 1.53±0.01 
near the gas exit.  

The chemical composition of the deposited material is studied with ATR FR-IR and XPS, 
which both show an increase of carbon content in the direction of the flow, from 55±3 % 
near the gas inlet to 75±3 % near the gas exit.  The contribution of hydrophobic methyl 
groups to the composition is determined by a deconvolution of the CHx stretching 
absorption band, and shows a decrease in the direction of the flow. This trend is 
confirmed by an analysis of the ratio of the –CH3 bending and CHx stretching regions.  

With the trends of the surface morphology and the layer composition, the spatial 
dependence of the contact angle is explained. It is found that the lateral correlation 
length, and not the rms surface roughness, is the main morphological feature influencing 
the hydrophobicity of the film. The increase of the contact angle due to the increase of 
surface roughness partly compensates for the decrease of the contact angle due to the 
decrease of the contribution of methyl groups to the carbon content of the film, resulting 
in a contact angle that shows a plateau in the first part of the reactor and then decreases in 
the direction of the flow. 
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A deposition mechanism for the process is proposed. The dissociation of HMDSO mainly 
takes place by the sequential abstraction of methyl groups and oxidation of the fragments. 
The oxygen for this process is provided by a leak in the system or from impurities in the 
gas. Under the experimental conditions, no etching of the PEN substrate via oxygen 
containing radicals (i.e. O, OH) occurs. 

The main conclusions are shown schematically in figure 5-1: 

 

Figure 5-1: Summary of the conclusions of this report. Above the layer surface, the spatial 
evolution of the plasma chemistry is depicted schematically. Inside the layer, the main 
material properties trends are indicated. The red line shows the spatial dependence of the 
contact angle. Note that features are not to scale. 

5.2 Recommendations 

5.2.1 Improvements to the set-up 
In order to improve the reproducibility of the experiments, first of all the leaks in the 
system need to be eliminated. This includes redesigning the interface between upper and 
lower electrode, i.e. the sides of the reactor. In order to be able to do spatial resolved 
optical emission spectroscopy, one of these sides has to include a quartz window. A leak-
free interface can be made with silicone rubbers between the sides and the electrodes, 
combined with a clamping system to keep the reactor air-tight. This will eliminate 
oxygen from the surroundings leaking into the reactor. In order to eliminate oxygen 
entering the reactor from the gas exit, the exit could be lengthened or be connected to a 
suction pump, which removes the exhaust products. 

The delivery of helium and HMDSO to the reactor can be improved by replacing the 
precursor bubbler system with a mass flow controller which injects the HMDSO into the 
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gas stream. This would allow a better degree of reproducibility in the HMDSO flow. 
Very well defined amounts of oxygen can be added to the flow as well as using a mass 
flow controller, which allows further research into the influence of oxygen to the 
deposition process.  

In order to improve the reproducibility of the optical emission spectroscopy experiments, 
the OES fiber can be mounted on a mechanically controlled rail system, which eliminates 
the variations in alignment by moving the fiber by hand. Furthermore, faster, automated 
measurements are possible in this way.  

5.2.2 Directions for further research 
Further insight in the power delivery into the plasma can be obtained by determining the 
discharge gap voltage. As this can not be determined directly, an extra small capacitance 
can be connected in series with the DBD, and the voltage drop can be measured[38], as 
shown in Figure 5-2. The voltages over the other capacitors (i.e. the top and bottom 
dielectrics) can then be determined if their capacitance is known, yielding ultimately the 
voltage over the discharge gap. The discharge current can be determined by subtracting 
the displacement current from the total current and with gap voltage and current known, 
the power delivered into the plasma can be obtained. In order to find out if the discharge 
is truly diffuse, high-speed photography is needed to observe a single half current 
cycle[30,73]. 

 

Figure 5-2: Electrical circuit of the measurement set-up for the determination of the discharge 
voltage drop. If the capacitance of both dielectric barriers and the voltage drop over the extra 
capacitor Cmeas are known, the discharge voltage drop can be determined. 

In this work, experiments have been carried out under one experimental condition. By 
varying operation parameters such as input power, HMDSO concentration and treatment 
time, the influence of these parameters on the material properties can be determined. 

Further insight into the deposition mechanism can be obtained by identifying the species 
formed in the discharge gap. A chemical analysis of the reaction products is possible with 
the gas chromatography – mass spectroscopy (GC-MS) method[48,74]. By using a cold trap 
the reaction products of the plasma can be trapped and analyzed by the GC-MS, revealing 
information about the processes that take place in the reactor. In this way, the proposed 
deposition mechanism can be verified and refined. 
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