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Zusammenfassung

Ziel dieser Arbeit war die Etablierung der initiierten chemischen Gasphasen-
abscheidung (engl. initiated chemical vapor deposition, iCVD) am Lehrstuhl
für Materialverbunde (Prof. Dr. Franz Faupel) und die Entwicklung von iCVD
Elektretschichten für biomagnetische Sensoren. Der von Gleason et al. entwickelte
iCVD Prozess ermöglicht durch die CVD-typischen Wachstumscharaktaristika,
sowie der lösungsmittelfreien radikalischen Polymerisation aus der Gasphase
eine hochpräzise Schichtwachstumskontrolle und Einstellmöglichkeit für die resul-
tierende Filmfunktionalität der Polymerdünnschichten.

Basierend auf den Arbeiten von Gleason et al. wird im Rahmen dieser Ar-
beit als erste Zielsetzung der iCVD Prozess am Lehrstuhl für Materialverbunde
neu etabliert und weiterentwickelt. Um ein genaueres Verständnis der zugrun-
deliegenden Reaktionsprozesse sowie verbesserte Prozesskontrolle zu erlangen
wird zusätzlich eine im Verlauf dieser Arbeit neu entwickelte in-situ Massenspek-
trometrieerweiterung für den iCVD Prozess vorgestellt.

Ausgehend von einfachen Isolatoren, die gegenwärtig mit iCVD abgeschieden
werden können, wird in der nächsten Zielsetzung der Frage nachgegangen, ob
sich sogenannte Elektretschichten mit iCVD herstellen lassen. Elektrete sind
funktionale Dielektrika, die eine Ladung über einen sehr langen Zeitraum spei-
chern können und somit über lange Zeit ein (quasi)permanentes elektrisches
Feld bereitstellen, ganz ähnlich wie ein Permanentmagnet ein magnetisches Feld
über lange Zeiträume bereitstellt. Ihr vielseitiger Einsatzbereich reicht von Elek-
tretmikrofonen über Energiegeneratoren bis hin zu elektrostatischen Luftfiltern.
Im Rahmen dieser Arbeit sind die Elektrete für neue elektrostatische Magnet-
feldsensoren, die in enger Zusammenarbeit mit dem Lehrstuhl für Funktionale
Nanomaterialien (Prof. Dr. Rainer Adelung) als Projekt A2 im Rahmen des
Sonderforschungsbereiches (SFB) 1261 entwickelt werden, vorgesehen. Hierfür
wird auf die langjährige Erfahrung im Bereich des thermischen Aufdampfens von
Teflon AF Dünnschichtelektreten am Lehrstuhl für Materialverbunde zurückge-
griffen und unter anderem untersucht ob die iCVD Fluorpolymere eine weitere
Verbesserung der Ladungsträgerstabilität sowie bessere Schichtkontrolle durch
das CVD-typische Wachstum ermöglichen.

Die darauffolgende Zielsetzung beschäftigt sich mit der Frage, wie die iCVD
Schichten für die Anwendung in den Sensoren weiterentwickelt und maßgeschnei-
dert werden können. Dies findet nur über ein besseres Verständnis der zugrun-
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deliegenden Ladungsspeichermechanismen statt. Daher wird zunächst untersucht
wie sich, ermöglicht durch die individuelle Einstellbarkeit der Filmfunktionalität
im iCVD Prozess, unterschiedliche Endgruppen auf die Ladungsspeichereigen-
schaften auswirken. Außerdem werden neue organische iCVD Elektretmultilagen
demonstriert, um gezielt Herausforderungen zu adressieren, die im Zusammenhang
mit der Elektretkomponente in Sensoren auftreten können. Zudem wird ein Ansatz
gezeigt mit dem sich durch eine Phasenseparation während der Abscheidung mikro-
poröse Polymerfilme bilden, die so die effektive Oberflächenladung vergrößern
können. Um den Bereich abzuschließen wird schließlich untersucht, ob es im
Gegensatz zu den typischen isolierenden iCVD Schichten auch möglich ist kon-
jugierte Schichten durch die Verwendung von neuen acetylen-artigen Monomeren
abzuscheiden.

Adhäsionsprobleme, die während der Abscheidung besonders bei Fluoropolymer-
schichten auftreten, werden schließlich durch neuartige, von der Natur inspirierte,
Gradientcopolymerschichten gelöst. Bei diesen Schichten ändert sich die chemische
Zusammensetzung von Polymer Typ A zu Polymer Typ B entlang der Schicht-
dicke. Mit Hilfe der neu entwickelten in-situ Massenspektrometrieerweiterung
wird schließlich die Abscheidung dieser neuen nanoskaligen Gradientcopolymer-
schichten mit Schichtdicken unter 30 nm ermöglicht. Eine Kombination von
zwei Materialien in einem Material stellen in den physikalischen und chemischen
Eigenschaften eine völlig neue Art von Material dar. Es ermöglicht nicht nur
eine verbesserte Adhäsion, sondern kann unter anderem neue Pfade für die or-
ganische Elektronik, zukünftige sub-wavelength Geräte und das Nachbilden von
natürlichen Gradientstrukturen zum Beispiel für molekulare Maschinen auf der
unteren Nanoskala ebnen.
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Abstract

The aim of this work was the establishment of initiated chemical vapor deposition
(iCVD) at the Chair for Multicomponent Materials (Prof. Dr. Franz Faupel) and
the development of iCVD thin film electrets for biomagnetic sensors. The iCVD
process developed by Gleason et al. enables a high-precision film growth control
and control of the resulting film functionality of the polymer thin films due to the
CVD-typical growth characteristics and the solvent-free radical polymerization
from the vapor phase.

Based on the work of Gleason et al., the iCVD process is newly established
and further developed as the first objective of this work at the Chair for Multi-
component Materials. In order to obtain a more detailed understanding of the
underlying reaction processes and to improve the process control, an in-situ mass
spectrometry extension for the iCVD process, which is newly developed in the
course of this work, is also presented.

Starting from simple insulators, which can currently be deposited by iCVD, the
next objective is to investigate whether it is possible to produce so-called thin
film electrets by iCVD. Electrets are functional dielectrics that can store a charge
over a very long period of time and thus provide a (quasi)permanent electric field
over a long period of time, much like a permanent magnet provides a magnetic
field for a long period of time. Their versatile field of application ranges from
electret microphones to energy generators and electrostatic air filters. Within the
scope of this work, the electrets are intended for new electrostatic magnetic field
sensors, which are developed in close cooperation with the Chair for Functional
Nanomaterials (Prof. Dr. Rainer Adelung) as project A2 within the Collaborative
Research Center (CRC) 1261. For this purpose, the long-standing experience in
the field of thermal evaporation of Teflon AF thin film electrets at the Chair for
Multicomponent is used and, among other things, it is investigated whether the
iCVD fluoropolymers enable a further improvement of the charge carrier stability
as well as better film control by the CVD-typical growth conditions.

The subsequent objective is dedicated to the question of how iCVD electrets can
be further developed and tailored for the application in sensors. This can only be
achieved by a better understanding of the underlying charge storage mechanisms.
Therefore, the influence of different end groups on the charge storage properties,
enabled by the individual tunability of the film functionality in the iCVD process,
is investigated first. In addition, new organic iCVD electret multilayers are
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demonstrated to specifically address challenges that may arise in connection with
the electret component in sensors. Furthermore, an approach is demonstrated
that allows the formation of microporous polymer films by phase separation
during deposition, which can increase the effective surface charge. Finally, to
complete the field, it is investigated whether it is possible to deposit conjugated
thin films by iCVD via new acetylene-like monomers in contrast to the typical
insulating iCVD films.

Adhesion problems that occur during deposition, especially with fluoropolymer
films, are finally solved by novel gradient copolymer films inspired by nature. The
chemical composition of these films changes from polymer type A to polymer type
B along the film thickness. With the help of the newly developed in-situ mass
spectrometry extension, the deposition of the new nanoscale gradient copolymer
films with film thicknesses below 30 nm is finally made possible. A combination
of two materials in one material represents a completely new type of material in
terms of physical and chemical properties. It not only enables improved adhesion,
but can also pave new paths for organic electronics, future sub-wavelength devices
and the replication of natural gradient structures, for example for molecular
machines on the lower nanoscale.
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1. Introduction

Polymer thin films have become an integral part of our everyday life. They con-
sist of macromolecular organic chains and impress with their flexible properties,
unique adjustable functionality via the choice of the monomer groups and low
production costs [1]. For this reason, they open new pathways compared to crys-
talline metals or ceramics and are used nowadays in an increasingly large number
of applications. These range, among others, from optical and sensor applications
[2–6] to food packaging [7, 8] to photoresists in the semiconductor industry [9, 10].
In the semiconductor industry, too, the demand for high-quality polymer thin
films is growing in the course of organic electronics, where devices such as organic
field-effect transistors (OFET), organic light emitting diodes (OLED) or organic
solar cells (OSC) are manufactured in large quantities from flexible, inexpensive
polymers [11–13]. It is estimated that the market for OLEDs alone will grow
above 300 billion US$ in 2025 [14]. Compared to their inorganic counterparts,
which are mainly deposited by chemical vapor deposition (CVD) or physical vapor
deposition (PVD) processes via the vapor phase, the production of polymer thin
films in industry and research is currently in most cases based on wet chemical
processes [15–17]. However, these wet-chemically produced films are now reaching
their limits in the current development of advanced devices and organic electron-
ics. The films often contain solvent residues and cannot be uniformly applied to
complex substrate geometries. Also, it is not possible to apply ultra-thin films on
the lower nanoscale (< 10nm) because surface-tension effects and dewetting lead
to failure [18]. One approach to circumvent these problems are polymer thin film
deposition processes from the vapor phase. For inorganic thin films vapor phase
deposition processes have become an indispensable part of today’s industrial
production lines as well as research institutes. Especially CVD processes draw
the attention of the industry as well as research facilities due to their high-quality
films that can be homogeneously deposited on large-area substrates as well as
complex geometries. The combination of CVD with organic chemistry is thus
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an increasingly popular way to deposit conformal polymer thin films from the
vapor phase [1, 19]. The aim is to provide high-quality, tunable films without the
use of organic solvents. One process that meets these requirements is initiated
chemical vapor deposition (iCVD). Ever since its development started in the
mid-1990s in the Gleason group at the Massachusetts Institute of Technology
(MIT) [20–22], it has impressively proven over the years that it can combine the
advantages of CVD, namely conformal film growth and high film quality, with
solvent-less polymer synthesis [1, 19, 23–28]. Today, it can be found in a wide
range of applications and is gradually expanding into the industrial world. Among
the extensive application fields that it covers are biomedical barrier films [29, 30],
membrane applications [31, 32] and dielectric films [33, 34]. The latter are used
as insulators in organic electronics applications due to the excellent nanoscale
film control [33–37].

The first objective of this work is the establishment and expansion of the iCVD
process at the Chair for Multicomponent Materials (Prof. Dr. Franz Faupel). For
this purpose, an iCVD system is first set up, which enables batch processes. In
order to achieve higher deposition rates, the system is then expanded to enable
continuous flow operation. In order to better understand the underlying reaction
processes and to obtain a more precise control of the reactor atmosphere, an
additional in-situ quadrupole mass spectrometry (QMS) extension is added for the
first time to the iCVD process in the progress of this work. Chapter 4 investigates
how this extension can be used to study the underlying reaction kinetics of the
iCVD process and how the process control can be extended by in-situ QMS.

The next objective is the deposition of fluoropolymer electret films from the
vapor phase via the home-made iCVD setup. Electrets are important functional
dielectrics which contain a quasi-permanent surface charge and thus have in
analogy to a permanent magnet a quasi-permanent electric field. These materials
are used, for example, in the world-famous and million-fold produced electret
microphone [38–40], energy generators [41–47], dosimeters [48, 49], respiratory
masks (e.g. FFP, N95 and KN95) [50, 51], memristors [52] and transistors [53–56].
The electrets are intended to be used in novel electrostatic magnetic field sensors
developed in close cooperation with the Chair for Functional Nanomaterials (Prof.
Dr. Rainer Adelung) as Project A2 within the Collaborative Research Centre
(CRC) 1261. However, since fluoropolymers are best suited for long-term charge
storage, the electrets are typically produced individually from foil or bulk material.
The reason for this is that most fluoropolymers cannot be deposited in sufficient
quality as thin films from the vapor phase. The work in this objective is based
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on the long electret experience of the Chair for Multicomponent Materials, where
thin film electrets were produced by thermal evaporation of commercial Teflon
AF polymer over many years. The production of iCVD electrets is pursued,
because it is not clear whether the iCVD fluoropolymers are even superior to
Teflon AF. Furthermore, compared to thermal evaporation, which belongs to the
physical vapor deposition (PVD) processes, the CVD-typical large-area deposition
of iCVD can enable large-area production of electret films, homogeneous coating
of complex geometries such as porous and flexible substrates as well as precise
control of the film thickness. Chapter 5 therefore examines for the first time
the applicability of polytetrafluoroethylene (PTFE) films deposited by iCVD as
electret films.

A further objective that evolves from the results in Chapter 5 is to tailor elec-
trets especially for sensor applications. Despite the very good charge storage
properties of PTFE electrets, some potential problems appear which can limit
the performance of electret-based sensors. This objective is divided into four
chapters. It is important to develop first of all a deeper understanding of the
electrets. Chapter 6 examines thus the influence of different end groups on the
charge storage properties of polymer films. Due to the underlying free radical
polymerization in the iCVD process it is investigated whether it is possible to
individually tailor the electret properties by using different deposition conditions
and monomer/initiator combinations. In order to estimate the most promising
end group for deep-level trap states, quantum chemical calculations are performed.
To identify relevant electret-related parameters for the novel electrostatic mag-
netic field sensor, the sensor is presented in more detail in Chapter 7. It is then
investigated whether new organic multilayer electrets produced by iCVD can
potentially improve the sensor performance and solve electret-related challenges of
the sensor. Furthermore, approaches are demanded to increase not only the charge
decay challenges but also the amount of total surface charge, which represents a
further parameter in electret sensors or generators. For this purpose, in Chapter
8 the possibility to increase the effective surface area of the polymer thin films
is investigated. It is examined whether nanosize pores can be created by phase
separation during iCVD. Again, a better understanding of the underlying phase
separation is required. In addition, a measuring method must be applied that
can detect the potential pores on the nanometer range. In all chapters shown
so far, insulators have been considered. To complete the picture, Chapter 9
examines whether it is also possible to deposit potentially semiconducting or
conducting polymers via the iCVD process. This means, can conjugated polymers
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be deposited via iCVD?

Another challenge that emerges during the application of the deposited films is
the insufficient adhesion of the especially fluoropolymer films to the substrates.
This is a general problem that is also known from PTFE-coated frying pans,
for example. For this reason Chapter 10 demonstrates the precise deposition
of novel nanoscale, bio-inspired gradient copolymer films via iCVD for the first
time. The material changes its chemical composition from polymer type A to
polymer type B. With the help of the enhanced process control provided by the
in-situ QMS extension, it is examined up to which lower film thickness these
films can be produced. This approach is then used to investigate whether the
adhesion of the deposited polymer films can be improved in this way and which
new possibilities the materials offer, as they exhibit completely new physical and
chemical properties that cannot be achieved with materials currently in use.



2. Fundamentals

This chapter is intended to review basic terms and relationships of this thesis
for the reader. For more extensive studies on specific topics, further literature
recommendations are given in the respective sections.

2.1 Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a term for coating processes that can be
used to deposit material thin films from the gas/vapor phase on substrates by a
chemical reaction [57–59]. Originally coined by Blocher in the 1960s, all CVD
processes involve a chemical reaction, which distinguishes them from physical
vapor deposition (PVD) processes like evaporation and sputtering where the film is
not deposited by a chemical reaction [60, 61]. CVD is an important process which
is nowadays an established component in the large-scale industrial production
of numerous products. Semiconductor industry [62–65], glass refinement [66],
packaging [67, 68] and barrier layers [69–71] are just a few examples of the
application areas. The CVD process is just as common in materials science and
other research fields to deposit high-precision material thin films in the nanometer
range that can later be used for functional applications. Some advantages of
CVD are the highly conformal film growth, the excellent quality of the deposited
films, the possibility to coat porous samples as well as the relatively easy and
cost effective upscaling and integration into existing process lines [57, 58]. The
individual CVD variants differ in the reactor design and the precursors used.
A distinction is generally made between atmospheric pressure chemical vapor
deposition (APCVD) at pressures around 1 atm and low pressure chemical vapor
deposition (LPCVD) for deposition under vacuum conditions whereby the latter
variant is more common nowadays. Besides the classical thermal CVD there
are various variants where other ways are pursued to start the process. One

5
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advantage is, for example, that lower temperatures are required for activation.
This is the case in the well-known plasma-enhanced chemical vapor deposition
(PECVD) variant, where a plasma is used to decompose the source gas [72, 73].
In the hot filament chemical vapor deposition (HFCVD) variant, also known
as hot wire chemical vapor deposition (HWCVD) or catalytic chemical vapor
deposition (CATCVD), substrate temperature and filament temperature can be
controlled separately [74]. Laser chemical vapor deposition (LCVD) uses a laser
to heat only a certain area on the substrate, which enables spot coating [75, 76].
To better understand these processes, it is important to first gain insight into the
basic CVD process.

2.1.1 CVD Processes

The basic underlying process is often illustrated by the scheme shown in Figure
2.1. Typically, a viscous flow takes place in the reactor, in which the precursor

Substrate (e.g. silicon wafer) 

Thin film

Gas flow

Reactions in 
the gas phase

Transport to 
surface/adsorption

Readsorption

Desorption of 
byproducts

Surface 
diffusion Nucleation and growth

Figure 2.1: Schematic illustration of a conventional CVD process.

molecules move through the reactor at a certain velocity. Near the sample stage
the velocity is reduced to zero, which leads to the formation of a so-called boundary
layer. Its average thickness can be described by

δL =
10

3
Lp

(
η

v0ρLp

) 1
2

(2.1)
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for a flow parallel to a plate of length (Lp) [57]. 1 The content of the square root
is the inverse Reynolds number, which contains the gas viscosity (η) and the gas
density (ρ). In the stagnant boundary layer diffusion takes place. The mass flux
(J1) can be described by

J1 =
Dg(Cg − Cs)

δL
. (2.2)

The symbols Dg, Cg and Cs represent the diffusion coefficient, concentration in
the gas and concentration at the surface, respectively. The expression

hg =
Dg

δL
. (2.3)

is termed the mass transfer coefficient. Since δL is only weakly dependent on
temperature, the temperature dependence of hg is determined by Dg [57]. For
gases this can be described by the Chapman-Enskog theory with the relation
[79, 80]

Dg ∝ T
3
2 . (2.4)

Once adsorption has occurred, surface diffusion and surface reaction, which lead
to nucleation and film growth, take place. The flux can be described by the
equation

J2 = ksCs. (2.5)

The symbol ks is the rate constant for the surface reaction. First order kinetic
is usually assumed for this reaction [57]. The rate constant follows Arrhenius
behavior, hence

ks ∝ exp
(−Ea

RT

)
. (2.6)

The symbols Ea and R represent the activation energy and the universal gas
constant, respectively. During the surface diffusion the molecules can also be
readsorbed. The byproducts of the reaction desorb and, once they have left the
boundary layer, are transported out of the reactor by the gas flow and enter the
exhaust filters of the pumping system. Some reactions can take place in the gas
phase. For example, the precursor may be decomposed in the gas phase. However,
the surface reaction, which forms the film, should take place as a heterogeneous
reaction on the substrate. Predominantly homogeneous reactions in the gas phase,
caused for example by wrong deposition parameters, can lead to powder formation

1This depends on the reactor design. A simple case is shown here. For more complex designs,
it changes accordingly. Further details can be found in textbooks on fluid mechanics, e.g. by
Durst [77] or Jayanti [78].
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instead of film growth. Considering the state of equilibrium (J1 = J2), leads to
the expression

Cs = Cg

(
ks
hg

+ 1

)−1

. (2.7)

It is evident from equation 2.7 that the system for the case ks << hg is controlled
and limited by the surface reaction. A reasonable number of reactants is always
available. In the case of ks >> hg the surface concentration approaches zero. The
regime is thus controlled and limited by the mass transport. Figure 2.2 shows
schematically the typically observed deposition rate in these two regimes with
increasing temperature. The growth is limited by the respective slower process.

T-1 / arb. units

D
ep
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te

 / 
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b.
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ts Mass transport limited

(ks >> hg)

Surface-reaction limited
(ks << hg)

Figure 2.2: Illustration of typical surface-reaction limited and mass transport
limited regimes of the deposition rate depending on the temperature in a CVD
process.

According to equation 2.6, the temperature dependence of ks is given by an
exponential relationship, while hg, as indicated in equation 2.3 and equation 2.4,

follows a T
3
2 -dependence. The growth of the film is finally determined by the

growth mode. Generally, a distinction is made between island growth (Volmer-
Weber growth)[81], layer-by-layer growth (Frank-van der Merwe growth)[82] and
mixed growth (Stranski-Krastanov growth)[83], which are shown schematically
in Figure 2.3. The surface diffusion and small sticking coefficient enables the
mentioned powerful advantage of CVD to deposit highly conformal films as well
as trenches and open porous structures. In PVD, where the particles reach
the substrate by controlled transport via evaporation or sputtering without a
chemical reaction, a line of sight growth is typically observed. Consequently,
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fine structures such as trenches or open pores are not coated due to shadowing
effects. Depending on the CVD precursors and processes, different material thin
films can be produced. Some selected examples, which are also of high industrial
importance, are presented in the following subsection.

Island growth 
(Volmer-Weber growth)

Layer-by-layer growth 
(Frank-van der Merwe growth)

Mixed growth 
(Stranski-Krastanov growth)

Figure 2.3: Different growth modes of a thin film (blue) deposited on a substrate
(grey). Shown are island growth (Volmer-Weber growth), layer-by-layer growth
(Frank-van der Merwe growth) and mixed growth (Stranski-Krastanov growth).

2.1.2 Reaction Processes

The Gibbs free energy of a species is given by [84]

∆Gf (T ) = ∆H0
f +

∫ T

Tr
CpdT − TS0 −

∫ T

Tr

Cp
T
dT. (2.8)

The symbols ∆H0
f , Tr, S

0 and Cp represent the standard formation enthalpy, the
room temperature, the standard entropy and the heat capacity, respectively. The
Gibbs free energy of the chemical reaction can thus be expressed by [84]

∆Gr = Σ∆Gf,p − Σ∆Gf,r. (2.9)

∆Gf,p and ∆Gf,r represent the Gibbs free energy of the products and reactants,
respectively. For the case ∆Gr < 0 the reaction is favored, whereas for the
case ∆Gr > 0 the reaction does not occur. As shown in the following examples
the CVD films can be formed by different types of reaction. These can include
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pyrolysis, compound formation, oxidation and reduction [57, 85]. Metalorganic
chemical vapor deposition (MOCVD) uses metalorganic precursors, which enables
the deposition of III-V compound semiconductors. For the deposition of gallium
nitride (GaN) based films, for example, trimethyl-gallium (TMGa) and ammonia
(NH3) can be used [57]:2

(CH3)3Ga(g) + NH3 (g) GaN(s) + 3 CH4 (g)

These III-V semiconductors are highly interesting for high performance III-V
solar cells, LEDs and transistors. In PECVD, the introduced gases are activated
by a plasma which leads to a deposition on the substrate. Well known examples
are silicon nitrides (Si3N4) from silane (SiH4) and NH3 [57]:

SiH4 (g) + NH3 (g) Si3N4 (s) + 12 H2 (g) ,

silicon dioxide (SiO2) from SiH4 and oxygen (O2):

SiH4 (g) + O2 (g) SiO2 (s) + 2 H2 (g)

and amorphous silicon (a-Si) from SiH4:

SiH4 (g) Si(s) + 2 H2 (g) .

SiO2 is used as dielectric thin films and a-Si as a thin film alternative to crystalline
silicon solar cells. The combination of CVD with organic chemistry, which is also
the topic of this work, has shown in recent years that even high quality polymer
films can be deposited from the vapor phase. For this purpose, the basics of
polymers will first be briefly reviewed in the next section to familiarize the reader
with some important terms used throughout this thesis.

2.2 Polymers

Polymers have become an integral part of everyday life. Innumerable products
ranging from lunch boxes to car parts are made of polymers. The advantages

2These chemical formulas, which are frequently given in the literature, summarize the general
process. Typically, far more complex processes can take place, which lead to the film formation.
For further details the reader is referred to the literature of Smith [85] and Ohring [57].
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over metals or ceramics are often the lower costs, the lower weight and the sim-
ple production of molded parts, e.g. by extrusion processes. According to the
International Union of Pure and Applied Chemistry (IUPAC), a polymer can be
described as ”A substance composed of macromolecules” [86]. The individual
macromolecules of which the polymer is composed consist of many repeating
units. Polymers usually have a carbon backbone, which is the reason why they are
counted as organic materials. Figure 2.4a shows as an example a macromolecular
chain of poly(ethylene) (PE) with the corresponding repeating unit in 2D represen-
tation, which is repeated n times. Different conformations of the repeating units
can occur in the chains [87]. A roughly distinction is made between cis, gauche
and trans. As illustrated in Figure 2.4b, the angle of coverage is decisive, i.e. the
angle of rotation that determines the conformation. By steric hindrance certain
conformations are energetically favored. The section of the PE macromolecule
sequence in Figure 2.4a for instance shows the all-trans conformation. Short
chains are often referred to as oligomers. The macromolecules can be cross-linked

n

H H

H H
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{
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Figure 2.4: Introductive illustrations of polymers. (a) 3D illustration of PE macro-
molecular chain and the respective repeating unit. (b) Different conformations of
the repeating units. (c) Illustration of different degrees of cross-linking between
the macromolecular chains as well as branching and the respective terms used for
the polymer.
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with each other or be present as non cross-linked chains. Depending on the degree
of cross-linking, a distinction is made between thermoplastics, thermosettings
and elastomers, as shown in Figure 2.4c. Thermoplastics have no cross-linking
and are present as long chains. Thermosettings and elastomers are cross-linked.
Thermosettings have a high degree of cross-linking, which results in a dense
organic network. Elastomers, on the other hand, have a much lower degree of
cross-linking and are rather wide-meshed. Furthermore, the individual chains may
have branches, therefore they are also referred to as branched polymers. Prefer-
ably in non-branched polymers without bulky side-groups, the chains often tend
to arrange themselves into higher ordered regions. These polymers are referred to
as semi-crystalline polymers and the degree of crystallization indicates how strong
the crystalline portion in the polymer is in comparison to the amorphous part.
If the degree of crystallization is zero, the polymer is referred to as amorphous.
The amorphous, disordered arrangement in the polymer creates unoccupied space
between the chains, which is called free volume. The volume of the polymer (Vp)
is thus comprised of the volume of the molecular chains (Vm) and the free volume
(Vf )

Vp = Vm + Vf . (2.10)

In the amorphous regions there is a glass transition temperature (Tg) at which the
polymer changes from a hard, brittle mechanical behavior to a rubber-like state.
The origin is the onset of long range chain mobility when the glass transition
temperature is reached. A definition can be given via the viscosity ηv:

Tg := T (ηv = 1012 Pa s) (2.11)

Once the polymer has reached this temperature the mechanical properties change
and it can be molded into any shape. In semi-crystalline polymers apart from Tg
there is also a melting range (Tm) in which the crystalline regions are detached.
The ratio of Tg to Tm is typically

Tg
Tm

= κ, with 0.5 < κ < 0.8. (2.12)

2.2.1 Polymer Functionality

The functional groups of the repeating units are decisive for the properties of
the polymer. Some examples of important polymers are shown in Figure 2.5.
Hydrocarbon based polymers with C-H bonds along the carbon backbone are
very common. The simplest and best known example is PE [88]. In case the
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Figure 2.5: Examples of polymers with different functionalities.

polymer is a fluorocarbon, i.e. a polymer based on electronegative C-F bonds,
it is termed fluoropolymer. Certainly the most important representative is
poly(tetrafluoroethylene) (PTFE), which also has a carbon backbone like PE, but
instead of C-H it exclusively has C-F bonds [88, 89]. This gives PTFE and other
fluoropolymers a typically hydrophobic character and strong resistance to solvents,
bases and acids. In case C-Si bonds occur in the polymer, the polymer is classified
as an organosilicon [88]. The functional group Si-O-Si is specifically referred to
as siloxane [88, 90]. A well-known example is poly(dimethylsiloxane) (PDMS),
which is used, for example, in medical applications. Structural properties are
also determined by the functional groups in the polymer. For example, polymers
with bulky side-groups in the repeating units, such as poly(methyl methacrylate)
(PMMA), tend to be completely amorphous. While the compact macromolecules
of PTFE mentioned above have a high degree of crystallinity. This influences Tg
and Tm and thus the mechanical character, as outlined above in Section 2.2. The
above-mentioned degree of cross-linking also significantly changes the properties
of the polymers. It determines whether the polymer exhibits thermoplastic,
thermosetting or elastomeric behavior. The properties of the polymer can also
be adjusted by adding other materials such as fibers, carbon nanotubes or
nanoparticles. Among other things, modified mechanical behavior [91, 92] or
electrical conductivity [93, 94] can be obtained in this way. The hybridization of
the carbon atoms in the polymer backbone influences the electronic properties.
For semiconducting or conducting polymers, for example, conjugated systems
are of interest, in which single and double bonds alternate along the polymer
backbone. Further details on conjugated polymers are given in Section 2.4.

2.2.2 Copolymers

If the macromolecule consists of two or more different repeating units, it is
referred to as copolymer, terpolymer and so forth. Copolymers are most often
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encountered. Depending on the arrangement of the repeating units, different
types of copolymers can be distinguished, as illustrated in Figure 2.6. In random
copolymers, the repeating units are randomly distributed. Alternating copolymers
periodically switch between the two different repeating units. In block copolymers,
block segments consisting of repeating units of one type alternate along the chain.
Gradient copolymers start with repeating units of one type at one end of the chain
and gradually change to the other type. Graft copolymers include homopolymer
chains to which chains of repeating units of the other type are attached. A
mixture of two different homopolymer chains that are not covalently bonded
together is called a polymer blend and is not termed a copolymer. Copolymers
can be used to build up different functional groups and thus change the properties
in a targeted way. Well-known examples are styrene-butadiene, which is used
millionfold in car tires, or the terpolymer acrylonitrile butadiene styrene, which
is used among others in the automobile and electrical industry or for well-known
plastic bricks (LEGO).

A
BA A A A B B A B B B

A
BA A A B A B B

Gradient copolymer

B B A
Alternating copolymer

A BA B A B BB A
Random copolymer

A B A

A A B BB

Block copolymer
A BA B A A B

A A A A A A

Graft copolymer

A A A A A
B

A

B
B

B
B
B

B

B
B

A A A A A A
Homopolymer

A A A A A A

Figure 2.6: Schematic illustration of different copolymer types. A and B represent
different repeating units.

2.2.3 Polymerization

Polymers are produced by polymerization. This can be divided into chain growth-
reactions and step-growth reactions [95].

Chain-growth Reaction

In the chain-growth reaction, as demonstrated here in the example of free radical
polymerization, the start takes place by the decomposition of initiator molecules
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into radicals [96].

I 2 R•

The rate for this can be described by [96]

Rd = 2fkd[I]. (2.13)

The symbols f , kd and [I] represent the initiator efficiency, the decomposition
rate constant and the initiator concentration, respectively. The primary radicals
reach the monomer molecules, which provide the first repeating units.

R• + M R M1•

The active chains then connect to further monomer molecules and turn them into
repeating units of the active chain. This is the chain growth or propagation step.

R Mn• + M R Mn+1•

The termination of the chain growth can occur by the encounter of two ac-
tive chains

R Mn• + R Mm• R Mn+m–R

or for example by the encounter of an active chain and an initiator radical

R Mn• + R• R Mn–R

or even by the encounter of two initiator radicals.

R• + R• I

The rate of initiated polymerization is usually described by [96]

Rp = kp[M]

(
fkd[I]

kt

) 1
2

. (2.14)

The symbols kp, [M] and kt represent the polymerization rate constant, the
monomer concentration and the termination rate constant, respectively.
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Step-growth Reaction

In the chain-growth reaction the monomers were only able to react with the active
chain. The step-growth reaction differs from this reaction because the monomers
can react with each other [97]. Monomers which have two identical functional
groups (X) react with monomers which have two functional groups of a different
type (Y).

X X + Y Y X XY Y

It is also possible to use monomers that exhibit both a functional group X
as well as a functional group Y.

Y X + Y X Y XY X

In this way, dimers are formed first, then trimers up to n-mers. H2O is a typical
by-product of these reactions. Important representatives here are polyester:

R′ O H + C
O

OH
R′′

R′ O C

O

R′′ + H2O

and polyamides:

R′ N
H

H
+ C

O

OH
R′′ R′ N

H

C

O

R′′ + H2O

2.2.4 Polymer Thin Films

In order to fabricate a product from the polymer, thermoplastics are often formed
into their final shape by the extrusion process [98]. In the case of thermosettings,
cross-linking often takes place in the given mold already, since they cannot be
further processed by, e.g. extrusion processes after the cross-linking. For many
applications, however, polymer thin films are required that are supposed to
have thicknesses in the lower micrometer or nanometer range. These include for
instance photoresists for lithography in the semiconductor industry [9], protective
coatings [99] and films for organic electronics [100]. Typically, a thermoplastic is
dissolved in an organic solvent. This solution is then applied to the substrate to be
coated using coating techniques such as spin coating, dip coating or drop casting
[15]. After evaporation of the organic solvent, a thin film of the polymer remains
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on the surface. Other processes such as the Langmuir-Blodgett techniques [101]
or self-assambled monolayers (SAM) [102] allow organic molecular layers to be
applied from a liquid phase to substrates. However, in the case of spin coating,
dip coating and drop casting, there must always be a suitable solvent to dissolve
the polymer. Many polymers such as PTFE are therefore not accessible with
these techniques. Also, residual solvents in the film can change the properties or
even cause film failure. Furthermore, it is difficult to deposit layers on the lower
nanometer range uniformly on the substrates. Also with Langmuir-Blodgett or
SAM techniques, which allow organic layers in the nanometer range, it is only
possible to coat special small organic molecules that lack the macromolecular
character of polymers. Even if wet chemical polymerization can take place directly
on the substrate, there is a lack of precise layer thickness control in the nanometer
range due to surface tension effects and dewetting [28], as well as a lack of
conformal coating of structures on the substrate. In addition, impurities may
also be present here, which can considerably reduce the film quality, especially
for applications in organic electronics. In order to overcome these limitations,
there is a growing interest in the ability to deposit high quality polymer thin films
directly from the vapor phase. PVD of polymer thin films has been reported in
numerous articles. The polymer films can be produced by rf sputtering [103, 104],
thermal evaporation [105] or laser ablation [106, 107] for example. However, they
are not based on well-controlled chemical reactions and high energies are often
involved. They therefore do not preserve the macromolecular character of the
polymers. The result is often a polymer thin film that deviate significantly from
the original properties. CVD is based on chemical reactions that form the thin
film. For this reason they are particularly attractive for the deposition of polymer
thin films. A couple of processes have been established for this purpose, which
will be introduced to the reader on the following pages.

2.3 Chemical Vapor Deposition of Polymers

As already outlined in Section 2.1 the combination of CVD with organic chemistry
has shown in recent years that high quality polymer thin films can be deposited
without the use of any solvents [1]. Meanwhile, a large number of different variants
of organic CVD have emerged. Some of these processes are briefly introduced
below and the advantages and disadvantages of each process are outlined.
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2.3.1 Parylene Deposition

The deposition of poly(para-xylylene) (Parylene N) and its derivatives is used to
deposit high quality, pinhole-free polymer thin films with different functionalities
on large-area substrates [108, 109]. The basic process is shown in Figure 2.7a for
the derivative Parylene C, which is commonly used. In the deposition process, a
dimer is first vaporized and then brought to a temperature range around 650◦C,
resulting in two di-radicals [110]. These di-radicals react with each other and
form the parylene polymer on cooled substrates in the reactor. Meanwhile, a large
number of parylene derivatives exist for various applications. These range from
barrier layers for biomedical devices to electronic applications [111]. The process
is also used on an industrial scale. A limitation is that these derivatives often have
to be specially prepared and the toolbox of monomers available in wet chemistry
cannot be used. Complex synthesis steps are required to obtain starting materials
with the desired functionality. Established, large-scale industrial polymers such
as PTFE, PE or PS cannot be deposited by the process.

2.3.2 Plasma Polymerization (PP)

Plasma polymerization originates from the PECVD area. It is an established
process using a plasma to deposit the polymer films with the help of a precursor
gas [112]. This leads to a variety of processes that occur in the plasma. Yasuda
has proposed a simplified mechanism for these processes [113], which is shown in
Figure 2.7b. Due to the many processes and side reactions, the films deposited
by plasma polymerization exhibit a high degree of cross-linking. The films show
a very good adhesion to the substrate and high resistance to external stress and
elevated temperatures. Due to the good adhesion and resistance of the films, they
are often used as protective coatings [114]. Thermoplastics with long linear chains
cannot usually be deposited using plasma polymerization. During the deposition
of PTFE by hexafluoropropylene oxide (HFPO), for example, an organic network
is formed rather than linear CF2 chains, which is why it is often referred to as
PTFE-like films. In addition, thicker layers above 1µm can cause stress in the
film, which can lead to the failure of the film. An alternative at the expense of
the deposition rate is pulsed plasma polymerization, where the stress in the film
can be reduced [115, 116].
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Figure 2.7: Schematic representation of different polymer CVD processes. (a)
Parylene deposition is shown using the example of Parylene C. (b) Many processes
take place during plasma polymerization. The figure shows a simplified process
scheme according to Yasuda [113]. (c) The molecular layer deposition (MLD)
cycle involves (I.) the introduction of a precursor which is then coupled to the
functional groups on the substrate by a coupling reaction. (II.) A purging step is
followed by (III.) the introduction of a further precursor, which again undergoes
a coupling reaction with the functional groups on the surface. This is followed by
(IV.) another purging step to remove the by-products. (d) In oxidative chemical
vapor deposition (oCVD), an oxidizing agent is used to achieve step growth
polymerization of an introduced monomer.
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2.3.3 Molecular Layer Deposition (MLD)

Like the atomic layer deposition (ALD) process, the molecular layer deposition
(MLD) process is based on a self-limiting surface reaction. In this way, the films
can be applied layer by layer, enabling precise control at the molecular level [117].
This accuracy and pinhole free fabrication on the molecular level is not possible
with other processes like spin coating and therefore it has found its place in
many different applications such as packaging, solid-state batteries and catalysis
[118]. The layers produced by MLD are often short oligomeric chains which
are bound to the substrate. For the deposition of thicker films other techniques
are therefore preferable. The underlying MLD process cycle, as illustrated in
Figure 2.7c, involves (I.) the introduction of a bifunctional precursor that reacts
with the functional groups on the surface [119, 120]. (II.) A subsequent purging
step removes byproducts or excess molecules. (III.) A second bifunctional pre-
cursor is then introduced, which reacts with the functional groups on the new
surface [119, 120]. (IV.) After this step another purging step is performed. This
is referred to as an MLD cycle. The reactions often take place by amide coupling,
urea coupling or other linking chemistry [120]. An example is the growth of
polyamides [119]:

1.) |-NH2 + ClCO(CH2)4COCl(g) |-NHCO(CH2)4COCl + HCl(g)

2.) |-NHCO(CH2)4COCl + H2N(CH2)6NH2(g)

|-NHCO(CH2)4CO-NH(CH2)6NH2 + HCl(g)

Other layers that can be synthesized in this way are for example polyurethane
[121] and polythiourea [122].

2.3.4 Oxidative Chemical Vapor Deposition (oCVD)

Oxidative chemical vapor deposition (oCVD) enables the deposition of conjugated
polymer systems from the vapor phase. The process is based on a step growth
polymerization [123]. A monomer vapor and the vapor of an oxidizing agent (e.g.
Fe(III)Cl3), which is present in a crucible, are introduced into the reactor and a
spontaneous reaction takes place on the substrate surface as shown schematically
in Figure 2.7d. The oxidizing agent reacts with a monomer molecule, which then
loses an electron and becomes a cation radical. The cation can now react with
another monomer molecule to form a dimer, followed by a deprotonation [123, 124].
This is continued by further reactions with the oxidizing agent in a step growth
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mechanism and a conjugated system is formed. In this way films like poly(3,4-
ethylenedioxythiophene) (PEDOT) [123, 125] or polyaniline (PANI) [126, 127]
can be deposited on the substrates and tuned by the deposition parameters.
When depositing PEDOT with Fe(III)Cl3, for example, the oxidizing agent also
acts as a dopant by incorporating chlorine into the film [124]. These polymers
are used as conductive layers in organic electronics devices. Further information
on conductive polymers can be studied in Section 2.4.2 of this chapter.

2.3.5 Initiated Chemical Vapor Deposition (iCVD)

Besides the processes introduced above, initiated chemical vapor deposition
(iCVD) is another solvent-free process for the deposition of highly conformal
polymer thin films from the vapor phase. As it is a central part of this work, it
is discussed in more detail here. In comparison with the processes presented in
Section 2.3.1-2.3.4, it shows its strength in the film thickness range from about 10
nm to several µm as illustrated in Figure 2.8. It is thus a versatile tool for many
different applications, as presented in the following.

1                                               10                                             100                                           1000                                         10000 
Film thickness / nm

                                                                                Parylene

                                                   PP

MLD

                                    oCVD

                                                              iCVD            

Figure 2.8: Classification of the different coating processes in relation to their
typical coating thickness ranges. The values originate from [1, 27, 33, 128].
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I. Introduction to iCVD

The origin of iCVD can be found in the Gleason group at the Massachusetts
Institute of Technology (MIT) [19, 23–27]. The process has rapidly drawn the
attention, because the CVD-typical growth enables chain-growth polymeriza-
tion of high quality polymer films and conformal deposition on plain as well as
porous substrates and other complex structures with nanoscale film thickness
control [129]. Furthermore, mild deposition conditions enable the preservation of
functional monomer groups and the coating of temperature sensitive substrates
such as copy paper or flexible organic substrates. Meanwhile many different
polymer films can be deposited by iCVD. Often acrylates or methacrylates
are encountered as monomers. Important methacrylates are in this connection
hydroxyethyl methacrylate (HEMA) for the deposition of hydrogels [30, 130]
and glycidyl methacrylate (GMA) for the deposition of epoxy-like components
[131, 132]. In the case of acrylates, for instance, n-butyl acrylate (nBA) to n-hexyl
acrylate (nHA) [133, 134] as well as diethylaminoethyl acrylate (DEAEA)[135]
can be found. Siloxane type polymers can be obtained by using the monomers
1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3), 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (V4D4), hexamethylcyclotrisiloxane (D3) or oc-
tamethylcyclotetrasiloxane (D4) [35, 136, 137] and silazane ones by applying
1,3,5-trivinyl-1,3,5-trimethylcyclotrisilazane (V3N3) or 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasilazane (V4N4) [138]. Fluoropolymers can be deposited
by hexafluoropropylene oxide (HFPO) [21, 139, 140] or by fluoroalkyls like
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) [141, 142]. 3 For this reason,
iCVD can be found in many different applications ranging from organic electron-
ics [33, 34] to anti-fouling layers [143, 144] to biomedical applications [29, 30].
The fundamental process is similar for all depositions.

II. The iCVD Process

The underlying mechanism in iCVD is a chain-growth reaction. The free radical
polymerization variant can be found in almost all processes. Nevertheless, ionic
polymerization is also demonstrated in some recent iCVD studies [145]. The
first reports by Gleason et al. are about poly(tetrafluoroethylene) (PTFE) thin
film deposition by thermal decomposition of self-initiating hexafluoropropylene
oxide (HFPO) in a hot-filament CVD (HFCVD) reactor around 1996 [20]. This
yields PTFE film forming difluorocarbene (CF2) and a trifluoroacetyl fluoride

3This is by far not the complete list of polymers that can be deposited by iCVD. More
comprehensive lists can be found in the literature [1, 28].
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by-product [146].

F3C C
O

CF2

F
CF2: + F3C C

O

F

The same group reports in a later article the use of perfluorooctanesulfonyl
fluoride (PFOSF) initiator to significantly increases the deposition rate of the
PTFE process [21]. The initiator provides furthermore CF3 end-groups to the CF2

chains in order to prevent formation of polar end-groups [140]. After additional
studies on organosilicon polymer thin films by thermal decomposition of D3
[147] they report that V3D3 can be grown at much lower filament temperatures
when combined with the PFOSF initiator [148]. This effect is not observed for
the combination of D3 and PFOSF. The polymerization is exclusively via the
vinyl bonds of V3D3 and the cyclotrisiloxane ringstructure is preserved. The
introduction of tert-butyl peroxide (TBPO) initiator is subsequently reported
[22], which is up to now the most frequently used initiator [1]. At the same time
the term iCVD starts to establish for all processes using such an initiator and
many other monomer combinations are reported in the following years. The
basic process begins with the introduction of monomer and initiator vapor into
a HFCVD reactor as illustrated in Figure 2.9a,b. Polymerization starts as soon
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Figure 2.9: The iCVD process. (a) Schematic illustration of the iCVD process. M
= monomer (blue), I· = Primary radical (red). (b) 3D illustration of the process
in the typical HFCVD reactor geometry.

as the filaments are heated. The reaction kinetics are often described according
to Lau and Gleason, who have conducted an extensive kinetic study [133, 134].
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Considering the well-known initiator TBPO as an example, its decomposition
provides two radicals:

I(g)
kd1 2 R•(g).

The temperature of the filament array is chosen in such a way that only the bonds
of the initiator molecules break. In the case of TBPO, it is a weak peroxide bond.
The functional groups of the monomer molecules are preserved in this way and
the monomer is adsorbed at the cooled sample stage:

M(g)

kad,M
M(ad).

Also the primary initiator radicals adsorb at the cooled sample stage but the
dwell time of the primary initiator radicals is only very short:

R•(g)

kad,R
R•(ad).

If the primary radical meets an adsorbed monomer molecule, the free radical
polymerization will start at the cooled sample stage. Due to the short dwell time,
the initiation of the primary radical and an adsorbed monomer molecule is best
described by the Eley–Rideal mechanism [1, 149]. The reaction at the surface
follows the kinetics for a free radical polymerization:

R• (ad) + M(ad)
ki M1 • (ad)

Mn • (ad) + M(ad)

kp
Mn+1 • (ad)

Mn • (ad) + Mm • (ad)
kt Mn+m (ad) and Mn (ad) + Mm (ad)

Mn • (ad) + R•(ad)
kt2 Mn (ad)

R•(ad) + R•(ad)
kt3 R2 (ad)

Depending on the deposition parameters, such as process pressure or filament
temperature, these reactions can be influenced and thus the properties of the
resulting polymer film.
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III. iCVD Process Parameters

The rate of each reaction process can be controlled by the deposition parameters.
The filament temperature, the process pressure as well as the partial pressure
of the monomer and the substrate temperature are important parameters that
determine a successful film deposition.

III.a. Substrate Temperature and Monomer Partial Pressure

One of the most important parameters is the substrate temperature (Ts) and the
partial pressure of the monomers (pm). The value for pm and the corresponding
saturated vapor pressure of the monomer (psat) at Ts result in the ratio

ξ =
pm
psat

. (2.15)

It is part of the adsorbtion isotherm in the Brunauer-Emmett-Teller (BET) theory

Vad =
Vml cB

pm
psat(

1− pm
psat

)(
1−

(
1− cB

)(
pm
psat

)) (2.16)

that accurately describes the adsorbtion in iCVD [133, 134, 150]. Vad, Vml and
cB represent the adsorbed volume, the monolayer volume and the BET constant,
respectively. Best results can be obtained at ξ ≈ 0.3 − 0.5, which corresponds
approximately to monolayer adsorption. Liquid-like, supersaturated conditions
can be expected for ξ > 1 which can lead to macroscopic droplet formation on
the substrate and hence failure of the film. The vapor pressure can be estimated
by the Clausius–Clapeyron relation according to

ln

(
psat,2
psat,1

)
=

∆Hvap

R

(
1

T1

− 1

T2

)
. (2.17)

The symbols ∆Hvap and R represent the enthalpy of vaporization and the universal
gas constant, respectively.

III.b. Filament Temperature and Deposition Rate

The filament temperature (Tf) influences the initiator decomposition rate (kd)
and is thus an important parameter in iCVD to control the generation of free
radicals and deposition rate. In general, iCVD processes are operated at much
lower temperatures, around 250 ◦C to 450 ◦C, than inorganic HFCVD processes,
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where temperatures often exceed 800 ◦C. However, different growth regimes have
also to be considered as described in Section 2.1. If the reaction is fast, the
process is limited by the mass flow. In iCVD this is the adsorption process of
the monomer. Since acrylates and methacrylates, which are often encountered as
monomers in iCVD, usually have a fast propagation rate [28], the process is often
limited by the adsorption process of the monomer. This is shown, inter alia, by
the fact that the deposition rate increases with increasing overall flow rate [151].

III.c. Overall iCVD Process Pressure

The overall process pressure (p) is also an essential parameter. It is usually set
between 25 Pa and 100 Pa. As mentioned in Section 2.1, high process pressures
can cause the film-forming surface reaction to occur as a homogeneous reaction in
the gas phase. This results in powder formation in the reactor. This is particularly
pronounced with self-initiated monomers such as HFPO.

IV. Copolymers via iCVD

Copolymer synthesis is furthermore possible using different comonomers. The
process introduced in subsection 2.3.5 II. involves now also the reactivity ratios
(r1 = k11/k12 and r2 = k21/k22) of the comonomers where kj,i is the respective
rate constant. They describe which comonomer is preferentially added to the
growing active chain. For iCVD the kinetics follow in this case the well-known
Fineman-Ross equation[152]

[M1]

[M2]

(
1− m2

m1

)
= r1

[M1]2m2

[M2]2m1

− r2 (2.18)

where [Mi] and mi represent the comonomer concentrations in the vapor phase
(the comonomer feed) and the amount of substance in the copolymer, respectively.
Another possibility is to use the Kelen-Tüdős construction [153]. These approaches
are based on the Mayo Lewis copolymerization equation [154]

m1

m2

=
[M1]

[M2]

r1[M1] + [M2]

r2[M2] + [M1]
. (2.19)

The iCVD process enables a unique way to synthesize copolymers especially for
combinations which lack a common solvent in traditional solution synthesis. In
this way the degree of cross-linking in PHEMA can be changed by adding a
cross-linker [30], or a fluoromonomer can be combined with an organosilicon [147].
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This is only a short overview of the most important iCVD fundamentals related
to this work. The reader is referred to the books and reviews of Gleason et al.
for further insight into the topic [1, 19, 23–28].

2.4 Electronic Structure of Polymers

The electronic structure of polymers is of interest for many electrical and dielectric
applications. Insulating polymers are used on a large industrial scale, for example
as cable insulation [155] and electrets [156]. It is therefore important to examine
their microscopic electronic structure in detail, as this has an effect on, e.g.
electronic transport, breakthrough resistance and trap levels. Also polymer
semiconductors and conductors are of great interest in the course of organic
electronics and therefore their electronic structures to understand them better. In
this section only a small insight can be given. Further information can be found
in the excellent articles of Teyssedre and Laurent [157] or Hoffmann et al. [158].

2.4.1 Polymer Insulators

For a single atom, the individual orbitals (s-orbital, p-orbital, etc.) are considered.
As soon as several atoms form molecules their wavefunctions overlap and the
terms bonding and antibonding molecular orbital (MO) are used. This situation
is shown schematically in Figure 2.10a. Looking at the hydrogen atom and the
hydrogen molecule (H2), the bonding MO is of lower energy and the antibonding
MO is of higher energy than the atomic 1s orbital in hydrogen. Depending
on how the atomic orbitals combine, constructive interference (bonding MO)
or destructive interference (antibonding MO) occurs. The two electrons of the
hydrogen molecule are thus typically present in the binding molecular orbital.
As described above, the polymer backbone usually consist of carbon. It has six
electrons per atom. Polymers are typically insulators because these carbon atoms
are sp3 hybridized as shown in Figure 2.10b. The sp3 hybridization of carbon is
well known from carbon in the form of diamond. The typical calculated density
of states of diamond is shown in Figure 2.10c. In the case of polymers, however,
there is the problem that no periodic boundary conditions can be set because the
systems are amorphous or at most semi-crystalline. The larger and thus more
complex the molecule becomes, the more orbital levels result. In the case of the
long macromolecular chain, the representation soon becomes difficult to read,
which is why often only highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are considered. They are often compared
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with the well-known valence and conduction bands [159]. The development of
the calculated HOMO for methane, ethane and propane is shown in Figure 2.10d.
If this is continued, the information for a long poly(ethylene) chain is obtained.
The region between HOMO and LUMO finally yields the band gap (Eg) of the
insulator, in which no states exist. However, this only applies to ideal systems.
In reality, additional trap states exist within the band gap. A distinction is made
between shallow traps and deep traps. Shallow traps are created, for example,
by different conformations of the macromolecule, which is most likely not in a
perfect all-trans conformation [157]. As shown in Figure 2.10e, these shallow
traps are located near the LUMO or HOMO band. They are also referred to as
localized states in the band gap. Room temperature is often sufficient to release
trapped carriers from these states so that they can hop to the next state. In
this way they support the transport of charge to a certain extent [157]. The
deep traps sit energetically much deeper in the band gap. They are caused by
defects, interfaces and by-products [157] as well as certain chemical groups [160].
Carriers in the deep traps cannot be liberated so easily. For semiconducting and
conducting polymers, as presented in the next subsection, these deep traps are
therefore highly undesirable, which is why high quality, pinhole-free polymers
without nanovoids are required here [161–164]. For other applications such as
electrets, which are described in more detail in Section 2.5, the deep traps are on
the other hand of great interest.

2.4.2 Semiconducting and Conducting Polymers

The development of semiconducting and conducting polymers was significantly
influenced by the work of Heeger, MacDiarmid and Shirakawa in the 1970s
[165, 166], for which they were awarded with the Nobel Prize in Chemistry in
2000 [167]. One of the first and best known polymers in which an extremely high
electrical conductivity was discovered after appropriate doping is polyacetylene
(PA). The conductivity here can reach up to 105 S/cm [168], which is roughly
comparable to copper. The special feature that leads to this behavior in the
polymer is the superposition of single and double bonds along the polymer chain.
The carbon in this case is sp2 hybridized similar to graphite. In this state the
s-orbital and two p-orbitals form the hybrid orbitals as illustrated in Figure
2.11a. The remaining p-orbital (pz) is in its original state. σ-bonds as well as
π-bonds (overlapping of the pz orbitals) can be formed to an adjacent carbon
atom resulting in a double bond. This situation is schematically illustrated in
Figure 2.11b. Because single and double bonds alternate along the carbon chain
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of the polymer, there are several possibilities of overlapping. However, the energy
of a given boundary state exceeds that of the system. This means that there
is a kind of state in which all structures are superimposed. This is referred to
as a conjugated system. This leads to a delocalized π-electron system, in which
π-bonds can no longer be localized. However, due to the Peierls instability this
does not automatically lead to extremely high, metal-like electrical conductivity
along the one-dimensional PA chain [158, 169]. Along the one-dimensional chain
a so-called dimerization takes place. This dimerization costs elastic energy, which
has to be counteracted. A state is reached in which the electronic energy is lowered
to counteract the elastic energy. The lowering of the electronic energy results in
the formation of a band gap and the PA chain thus behaves like an insulator or
semiconductor. Further details can be found in the literature [158, 169]. In, e.g.
trans-PA, bond defects in the alternating structure can occur. These are referred
to as neutral solitons [170, 171] as illustrated in Figure 2.11c and correspond to a
free radical defect. They are responsible for additional states within the band gap.
The electrical conductivity can be further increased by doping, i.e. by adding or
removing an electron. This differs from the doping of inorganic semiconductors,
where acceptor or donor elements are introduced into the material. For PA it
means, e.g. the oxidation, which involves the removal of an electron. In this way,
positive (or negative) solitons are generated, which spread over several repeating
units. This corresponds to adding an electron to the mid-gap state [168, 172].
At high doping concentrations these regions finally overlap and the emerging
mid-gap band blends with the valence and conduction bands. The result is the
metal-like conductivity along the polymer chain.
In polymers in which no soliton defects occur and no degenerated ground state
is present, the conductivity after doping can take place via polarons [173]. This
means that the excited state of the, e.g. benzenoid ground state is a state of higher
energy which must be stabilized by the doping as illustrated in Figure 2.11d. This
is done by replacing an unpaired electron by a charge, which stabilizes the excited
state [168, 172]. If the second unpaired electron is also replaced by a charge, this is
referred to as a bipolaron [172]. In contrast to solitons, where the movement is not
hindered by any energy barrier, the movement of polarons occurs via thermally
activated hopping. Another contribution is made by the shallow traps or localized
states mentioned in Subsection 2.4.1. Often the ambient temperature is sufficient
to release the trapped charge carriers, which then move from trap state to trap
state. On the other hand, this also influences the mobility of the charge carriers.
Besides PA, examples of well-known conducting or semiconducting polymers
are poly(p-phenylene vinylene) (PPV), PEDOT, poly(3-hexylthiophene-2,5-diyl)
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(P3HT), polypyrrole (PPy) and PANI [174–176]. As mentioned above, deep traps
caused by nanovoids or impurities are undesirable in organic conductors and
semiconductors. However, there are also electronic materials where deep traps
are highly desirable. This is, e.g. the case for electrets, which are described in
more detail in the next section. Here organic materials have to be used which
provide many deep traps.

2.5 Polymer Electrets

Electrets are dielectric materials with a quasi-permanent real charge or quasi-
permanent dipole polarization [156]. In analogy to a permanent magnet, they
thus exhibit a quasi-permanent electric field. This feature also led to the name
electret, which was first introduced by Heaviside in 1885 [177]. As the term
’quasi-permanent’ implies, the electret state is a metastable one and the system
seeks charge neutrality. However, by using appropriate electret materials, it
has been possible to decelerate the charge decay to such an extent that it can
be neglected compared to the device lifetime or application timespan in which
the electret is used. For this reason, electrets are nowadays used in large-scale
industrial applications and are the subject of current research. The best known
example is certainly the electret microphone, which is produced over two billion
times each year [40]. It was significantly influenced by Sessler and West around
1962 [38, 39]. Due to the built-in potential of the electret, no external bias voltage
is required to operate the condenser microphone, allowing it to be used in small
mobile applications such as mobile phones and hearing aids [39, 40, 156]. Other
applications include electret generators for energy harvesting [41–47], electrostatic
air filters (e.g. in FFP, N95 and KN95 masks) [50, 178], dosimeter [48, 49], organic
transistor memory [53–56] and memristors [52]. Real charged polymer foams
(”Piezoelectrets”) can furthermore exhibit similar properties like piezoelectric
materials and are used accordingly [179, 180].

2.5.1 Charging and Electret Materials

The real charge of non-polar electrets can be generated by electron or ion irra-
diation [51, 181, 182], contact electrification [183, 184] or other techniques. Ion
irradiation in a corona discharge is the most commonly used charging technique in
industry and research to fabricate electrets [156]. A point-to-plane arrangement
as shown in Figure 2.12a is usually applied for this purpose. A high potential
of several thousand Volt is applied to the tip electrode, resulting in a corona
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discharge due to ionization of the air. The generated ions are accelerated to the
ground plate and the polymer is irradiated with ions. The additional grid makes
it possible to adjust the resulting surface potential more precisely and to obtain a
more even distribution of the surface potential. Depending on the polarity of the
tip, different ions are generated. Investigations with a mass spectrometer show
that CO−3 is preferably produced at negative potential in air [185]. It is generally
assumed that these ions transfer their excess negative charge into the material
and return neutralized to the surrounding atmosphere [156, 186]. After ion irra-
diation, the dielectric thus exhibits an effective surface charge (σS), as shown in
Figure 2.12b. In the case of positively charged ions, electrons are accepted from
the material. Often this injected real charge is also referred to as homocharge
[187]. Fluoropolymers such as PTFE [156, 188–190], Teflon AF [191], Teflon FEP
[192] and Cytop [193] have proven to be the best choice for this electret type.
Their structural formulas are shown schematically in Figure 2.12c. Reasons for
this are the extremely low electrical conductivity, high breakdown strength and
hydrophobic character. Depending on the application, they are usually used in
the form of thin foils with one-sided metalization. Inorganic dielectric materials
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such as SiO2 often suffer from humidity, which is why hydrophobic fluoropolymers
are preferred. However, fluoropolymers cannot be used in some areas because
PTFE, for example, cannot be deposited in sufficient quality by vapor deposition
techniques. For this reason, SiO2 thin films are often used when miniaturization
of the electret device is desired [194]. If the charge has an opposite sign to the
adjacent electrode, it is called a heterocharge. This is the result of orienting molec-
ular dipoles, displacement of existing charge carriers in the material or ionizable
impurities. Polar fluoropolymers, such as polyvinylidene fluoride (PVDF), have
heterocharges due to their polarizable groups. However, they will not be discussed
further in this thesis, since their main focus is on piezoelectric applications. The
reader is therefore referred to the reviews of Ramadan et al. [195] and Mishra et
al. [196] for further information on piezoelectric polymers.

2.5.2 Charge Carrier Trapping

It can now be assumed that an excess charge is brought into the system after
the corona treatment. The injected real charge is presumed to be stored in
the trap sites as described in Section 2.4. A good electret thus has many deep
traps. The charge stability is often tested by thermal heating in thermally
stimulated discharge (TSD) experiments, which were decisively advanced by
van Turnhout [197, 198] or in isothermal long-term experiments [199]. Also
photo-stimulated discharge (PSD) can be used in order to investigate traps in the
material [200]. Further details on the experimental methods used for the electret
characterization in this work are provided in Chapter 3. The fluoropolymers
mentioned above (Section 2.5.1) obviously show many deep traps and therefore
an excellent performance. The exact microscopic origin of these traps is still
disputed and there are many different descriptions [157]. As discussed in Section
2.4, among other defects, nanovoids and interfaces can provide deep-level traps in
the material. According to Sessler, these trap sites in the material can generally
be described by three levels [160]: Primary traps are the traps that are formed at
the functional groups of the polymer. Secondary traps are described as states
when electrons between adjacent molecular chains are captured by charge affinity.
The tertiary trap levels can be found at crystalline-amorphous interfaces if the
polymer is a semi-crystalline one. Recently reported density functional theory
(DFT) studies show that the polymer end-groups are furthermore crucial trap sites
in Cytop fluoropolymers [201]. Other theoretical studies confirm that nanosize
voids provide traps in the polymer [202]. The assumption that chemical defects,
structures and impurities in the polymer lead to traps was also investigated in
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this way [203–205]. Surface modification, for example RF plasma, can thus be
used to produce new trap states and to influence the charge stability, as already
shown experimentally [156, 190, 206, 207].

2.5.3 Charge Carrier Decay

As described, the state in the electret is only a metastable one. The occurring
charge decay in the electret can be divided into internal and external decay
processes [156].

Internal Decay

The internal decay is attributed to the Ohmic conductivity of the material as well
as drift and diffusion of the charge carriers [156, 208]. Many different models,
mostly based on kinetic equations, were proposed [199, 208–211]. But these models
often do not describe the observed extraordinary long-term charge stability and
the experimentally observed change from an initially fast charge decay to a slower
long-term decay. Moreover, the experimentally determined values of the electrical
conductivity (G) of typical electret materials and the observed extremely long
charge lifetime often contradict each other. This can be shown with a simple
example. With Ohm’s law a simple relation can be found for the time constant
(τ) and G, as outlined in more detail in Appendix A:

τ =
ε0εr
G

. (2.20)

The symbols ε0 and εr represent the vacuum permittivity and the relative permit-
tivity, respectively. Considering the conductivity of typical electret fluoropolymers,
this would result in a calculated lifetime of only a few days. However, experimental
studies show a significantly longer observed stability of the charge, which is still
present even after several years [208]. A more accurate description was therefore
published around 1999 by Ma lecki [212, 213]. In this theory, the strong electric
field in the electret (Ei), which acts over a long period of time, is held responsible
for the decrease in electrical conductivity. Under the assumption that the mobility
(µM = µe + µh) does not depend on the electric field in the electret, the decrease
in electrical conductivity is caused by a decrease in carrier density (n) according
to G = nqµM . Here q represents the electric charge. The theory based on rate
equations therefore considers activation and annihilation processes. Activation
processes include the generation rate of carriers

(
β =

(
dn
dt

)
a

)
. The annihilation

processes take place at the electrode and by free carriers in the electret, as well



36 Fundamentals

as by recombination processes. They outweigh the activation processes and the
change of the carrier density as well as the change of the electrical conductivity
can thus be described according to Ma lecki by a system of differential equations
[213]:

dg(t)

dt
=

β

n0

(1− g2(t))− µM
ε0εrxe

g(t)σ′(t) (2.21)

dσ′(t)

dt
= −n0qµM

ε0εr
g(t)σ′(t), (2.22)

with g(t) = n(t)
n0

denoting the ratio of the time-dependent carrier density (n(t))
and initial carrier density (n0). The symbol xe represents the thickness of the
electret. As shown in Figure 2.13, numerical solutions of the equations show that
the initial exponential decrease, caused by Ohmic behavior, now changes into a
linear one, which deviates from the Ohmic behavior. This is in good agreement
with the experimentally observed behavior of the electrets, which initially shows
a relatively fast exponential decay, that changes into a slower long-term decay.
The external charge decay is typically neglected in all theories on the internal
decay processes.
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Figure 2.13: Theoretical long-term decay of the charges according to Ma lecki.
The initial exponential decay, which is later replaced by a linear decay, describes
very well the typical experimentally observed charge decay.
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External Decay

The external decay processes depend strongly on the storage of the electret. If
the electret is stored in the open atmosphere in which a constant exchange of air
takes place, ions and polar molecules (H2O) from this atmosphere are attracted
by its surface charge. They compensate the charge quite rapidly and lead to a
significantly accelerated decay. Electrets are therefore stored in small volumes in
closed boxes or are immediately installed in the electret device and encapsulated
there. Humidity is another factor which can lead to charge decay. The adsorption
of water on the surface leads to conductive paths which can cause the charge
to flow off. This situation can be described by percolation theory [214, 215].
Studies for corona-charged polypropylene (PP) electrets show good agreement of
theory and observed charge decay in atmospheres with high humidity [214]. This
can be significantly reduced by the use of fluoropolymers, as they usually show
hydrophobic behavior (see Section 2.2.1), but it cannot be completely eliminated.
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3. Experimental Details

This chapter provides insight into the details of the conducted experiments. The
first section describes the initiated chemical vapor deposition (iCVD) system built
within the framework of this thesis. The second section provides the parameters
for the polymer thin film deposition performed in the iCVD system. All details on
the thin film characterization are listed in the third section. It is further divided
into the subsections chemical analysis and functional analysis.

3.1 Initiated Chemical Vapor Deposition Setup

A schematic overview of the entire iCVD system constructed within the framework
of this work is given in Figure 3.1a. Apart from the electronic components and
the pre-pump of the mass spectrometer, the entire system was built into a fume
hood to prevent the release of gases and vapors into the ambient air of the room.

3.1.1 The Reactor

The centerpiece of the system is the hot filament CVD reactor. It was custom
made by Stefan Rehders (Chair for Multicomponent Materials, Kiel University)
and is not commercially available. Figure 3.1b shows a cross-section of the original
reactor. It shows the cooled sample stage on which the substrates are placed.
The stage can be cooled to temperatures between 5 ◦C and 45 ◦C by backside
water cooling using a thermostat (CC-K6, Huber). The filament array, which is
typically placed 20 mm above the sample stage, can be heated by a power supply
(Polaris 65-10, Knürr-Heinzinger) to start the reaction (see Chapter 2 for details).
Furthermore, the sample stage is adjustable in height, which allows the distance
to the filament array to be varied between 10 mm and 35 mm. The filament array
consists of a nickel-chromium alloy (Ni80/Cr20, Goodfellow). The diameter of
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the filament is 0.5 mm. The viewport can be used to observe the process and the
different gases and vapors can be introduced into the reactor via the ring-shaped
gas inlet.

3.1.2 Gas/Vapor Supply

The gas/vapor supply consists of a main line that ends in the ring inlet of the
reactor, as shown in Figure 3.1a. Different gases or vapors can be fed into the
reactor through six inlets. The ”Monomer 1” line is equipped with a mass flow
controller (MFC) (MC series, Alicat Scientific) and is used to introduce monomers
that are gaseous at room temperature as well as nitrogen (N2). Two blocking
valves (SS-6BG-MM, Swagelok) upstream and downstream of the MFC are used
to completely disconnect the line. For monomers with lower vapor pressures
which are present in the liquid state at room temperature, the ”Monomer 2” and
”Monomer 3” lines are provided. Each of these lines has a low flow metering
valve (SS-SS4-VH, Swagelok) with a downstream blocking valve and an upstream
blocking valve. The monomers are connected to the line in home-made glass
jars and can be heated by temperature controllers (KM-RX1001, LabHEAT).
Thus the vapor pressure of the liquids can be kept constant or, if necessary, the
vapor pressure can be increased by higher temperatures. The initiators usually
have such a high vapor pressure that they do not need to be heated. The setup
has two initiator lines. Line ”Initiator 1” features a MFC (MC series, Alicat
Scientific) surrounded by blocking valves and line ”Initiator 2” has a needle valve
(Varian) surrounded by blocking valves. Like the monomers, the initiators are
also attached to the line in home-made glass jars. The sixth line is configured for
an inert gas that can be used to rinse the reactor or as a carrier gas. The gas
supply is here also controlled by a MFC (MC series, Alicat Scientific), which is
surrounded by two blocking valves.

3.1.3 Vacuum and Exhaust Management

The deposition is performed under vacuum conditions. The process pressure is
usually selected between 30 Pa and 100 Pa. A scroll pump (nXDS10i, Edwards) is
connected to one port of the reactor for this purpose. In the following time, this
pump was replaced by a rotary vane pump (Duo 10, Pfeiffer Vacuum). Between
the pump and the reactor there is a particle filter (Posi-Trap, Mass-Vac) and a
home-made cold trap to protect the pump from contamination. In front of the
particle filter and the cold trap is a butterfly valve (615, VAT), which receives
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feedback from a capacitance manometer (Baratron, MKS instruments) located at
the reactor. When gases/vapors are introduced during the process, the process
pressure in the reactor can be kept constant and continuous flow processes can
be carried out. For batch processes the butterfly valve can be closed completely
after the introduction of gases/vapors. Further details on the valve section, such
as response time, are provided in Appendix B. The areas marked in red in Figure
3.1a were permanently heated to 120 ◦C to avoid condensation of monomer vapor
during deposition or condensation of water when the system was vented. For this
purpose, the marked areas are wrapped with heating lines, which are kept at a
constant temperature by two heating controllers (KM-RX1001, LabHEAT).

3.1.4 Mass Spectrometer

In the further developed iCVD setup, a mass spectrometer was added to observe
the processes during polymerization. For this purpose a small additional analysis
chamber was connected to the reactor, as shown in Figure 3.1a. It is separated
from the reactor by a home-made circular aperture and a gate valve (VAT). The
turbomolecular pump (HiPace 80, Pfeiffer Vacuum) with a pre-vacuum multi-
stage roots pump (ACP15, Pfeiffer Vacuum) ensures that the base pressure in
the analysis chamber is lower (2× 10−4 Pa) than in the reactor. The pressure is
monitored by an inverted magnetron full range gauge (PKR 251, Pfeiffer Vacuum).
The mass spectrometer used is an open ion source mass spectrometer with
quadrupole mass analyzer (PrismaPlus QMG 220, Pfeiffer Vacuum). Experimental
details on the quadrupole mass spectrometry (QMS) studies can be found in
Section 3.3.4.

3.2 Deposition Procedure by iCVD

In the initial state the system is under vacuum and heated. Before the deposition,
the flows of the monomers and the initiator were first adjusted. The flow rates of
the monomers/initiators, which are fed into the reactor by a MFC, were set directly
at the MFC. An additional calibration step is necessary for all monomers/initiators
which, due to their low vapor pressure or corrosive properties, must be fed into
the reactor via a metering or needle valve. The desired flow rate is set on the
MFC with the inert gas and the butterfly valve is closed. The pressure increase or
leakage rate in the reactor was recorded over 60 s and corresponds to the actual
flow rate of the MFC, which has been calibrated by the manufacturer for the inert
gas. The flow with the inert gas was then stopped and the flow of the monomer or
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initiator to be adjusted through the metering valve or needle valve was adjusted
so that the leakage rate in the reactor exactly matched the calibrated flow rate.
The flow of the adjusted monomer is then stopped via the blocking valve. In order
to deposit polymer thin films in continuous flow mode, the reactor was first vented
by closing the butterfly valve and opening the venting valve and the samples to
be coated were placed on the sample stage. The sample stage was cleaned with
an acetone tissue before and after each coating. After closing the venting valve
and the reactor lid, the reactor was evacuated by stepwise opening the butterfly
valve. Depending on the weight of the samples, this process was performed more
slowly. Once the reactor was pumped down, it was rinsed with nitrogen from the
inert gas line to remove any residual molecules from the air or possible outgassing
molecules from the samples to be coated. Afterwards there was a waiting period
of one hour so that equilibrium conditions were established. Then the lines of the
calibrated monomer and initiator flows were opened and substrate cooling was
switched on. The butterfly valve was now set to the desired process pressure and
a short waiting period was required to create stable conditions. In order to start
the polymerization the filament array was heated by the power supply. Details on
the deposition process can be found in Chapter 2. Table 3.1 lists all parameters
for the deposition of the respective polymers. After the desired coating time
had passed, the power supply was switched off and the deposition stopped. The
butterfly valve was then opened completely and all flows were stopped. After the
pressure in the reactor had returned to the initial pressure setpoint, the reactor
was ventilated again as described above and the coated samples were removed.
Once the sample stage was cleaned with acetone, another set of samples was
placed in the reactor for coating or the reactor was returned to the initial state
without samples. In order to perform batch processes the butterfly valve was
completely closed and the gas/vapors were introduced into the reactor up to the
desired process pressure. To avoid an unwanted pressure increase during batch
deposition due to the formation of reaction by-products, the butterfly valve was
adjusted to the respective process pressure. Thus it remained closed and opened
only slightly to adjust the pressure increase.

3.2.1 Deposition Parameters for the Polymer Thin Films

As initiators either tert-butyl peroxide (TBPO, Fluorochem, 97 %) or perfluo-
robutanesulfonyl fluoride (PFBSF, Fluorochem, 95 %) was used. They are liquid
at room temperature, but due to their high vapor pressure it was possible to fed
their vapor into the reactor through a needle valve or as in the case of TBPO
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via a mass flow controller (MCF2) without additional heating. The gaseous hex-
afluoropropylene oxide (HFPO, Fluorochem, 97 %) was also fed into the reactor
via a mass flow controller (MFC1). It served as a monomer for PTFE deposition.
Since it is self-initiated, no initiator is required here, but the PFBSF initiator
was typically used to provide CF3 end-groups and to increase the deposition
rate. 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3, abcr, 95 %) and 1,3,5,7-
tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4D4, abcr, 97 %) were used as
monomers or comonomers for organosilicon polymers. However, they had to be
heated to 60 ◦C and 70 ◦C, respectively, in order to increase the vapor pressure.
They were then fed into the reactor via one of the lines equipped with a low
flow metering valve. Ethylene glycol dimethylacrylate (EGDMA, Sigma-Aldrich,
97 %) was used as monomer as well as comonomer/cross-linker and also had to
be heated to 65 ◦C before it was fed into the reactor via a low flow metering valve.
The same applies to 1H,1H,2H,2H-perfluorooctyl acrylate (C6PFA, Fluorochem,
95 %), which was also used as monomer or comonomer. Ethylene glycol (EG,
Sigma-Aldrich, 97 %) has been used as a porogen in some depositions (Chapter
8). It had to be heated to 85 ◦ before it was fed into the reactor through a low
flow metering valve. The monomers 1-nonyne (1N, abcr, 98 %), 1,8-nonadiyne
(18N, abcr, 97 %) and 1-ethynyl-3-fluorobenzene (1E3F, abcr, 98 %) were used
to prepare conjugated systems (Chapter 9) and were heated to 30 ◦C, 40 ◦C and
30 ◦C, respectively. They were then brought into the reactor via one of the ports
with a low flow metering valve. A more detailed list with all necessary information
on the respective chemicals is provided in Appendix C. Table 3.1 summarizes
the respective deposition conditions used for the polymer thin film deposition
in the iCVD system. For the studies in Chapter 6, a third initiator tert-butyl
peroxybenzoate (TBPOB) was used. The combinations EGDMA+TBPO and
EGDMA+TBPOB were deposited in a different iCVD system together with
Wiebke Reichstein (Chair for Multicomponent Materials) in order to ensure that
there is no fluorine in the films. Details regarding the iCVD system used for this
purpose can be found in the literature [216].
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Substrates and Electrodes

In order to determine the deposition rate, silicon wafers (Si-Mat) were used as
substrates. They were also used for the chemical characterization of the films.
For some depositions, cover glasses (Menzel Gläser) were additionally coated
in order to investigate the optical properties at a later stage. For electronic
applications the films were deposited on electrodes. For this purpose, electrodes
were deposited on borosilicate glass wafers (Borofloat 33, Schott) before the CVD
coating. Aluminium electrodes were coated on the wafers with an evaporator
(NTE-3500, Nano-Master Inc.) and a metal shadow mask, which is shown
schematically in Figure 3.2. The base pressure was 4× 10−5 Pa and increased to

foto Maske

1

2

3

4

5

A     B     C     D     E

i.                                       ii.

iii.                                     iv.

Figure 3.2: Schematic representation of the process steps for producing metal-
insulator-metal (MIM) structures and photographs of selected steps. i.) Blank
substrate. ii.) Deposition of bottom electrodes. iii.) iCVD thin film deposition.
iv.) Deposition of top electrodes.

1.333× 10−3 Pa during deposition. A film thickness of 200 nm was deposited at
a deposition rate of 11.4 nm/min. Gold electrodes were applied with a sputter
coater (Balzers SCD 050, BAL-TEC) and a metal shadow mask. After deposition
of the polymer films, the electrode structures were coated offset by 90 degrees,
resulting in Metal-Insulator-Metal (MIM) thin film devices, as shown in Figure
3.2, which can be individually addressed. In the case where the electrode should
only be located on one side of the polymer film, films were deposited directly
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onto n-doped conductive silicon wafers (Si-Mat) with specific electrical resistance
ρel < 0.005 Ωcm, aluminum substrates or gold coated borosilicate glass. For the
interface studies in Chapter 7, silicon wafers with 1µm or 2µm oxide layers
(Si-Mat) were used.

3.2.2 Corona Discharge

For the production of electrets the polymer films were used which only have
an electrode on one side. These films were charged using a home-made corona
discharge setup. During the corona charging process the samples are irradiated
with ions, which generates a quasi-permanent surface charge. Details of the
processes involved have already been introduced in Chapter 2 and can be reviewed
there. The setup used is a classic point-to-plane assembly. The samples were
either charged with or without the use of an additional grid. The electrets
fabricated with additional grid were charged with a potential of -4 kV at the
tip and -200 V at the grid. For this purpose a high voltage power supply (HCN
14-6 500, FuG Elektronik) was connected to the tip and a medium voltage power
supply (MCN35-350, FuG Elektronik) was connected to the grid. For some bulk
samples or for experimental purposes charging was also performed without the
grid. The potential at the tip was set to 6.5 kV for these samples. The corona
treatment was performed for 60 s in ambient air for all samples.

3.3 Chemical Analysis of Deposited Thin Films

For the chemical analysis of the deposited thin films Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and Raman spec-
troscopy were used. For real-time investigations during depositions in-situ mass
spectrometry was used. The techniques and details of the experiments are
described in the following subsections.

3.3.1 Fourier-transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was used to investigate the
functional groups in the polymer films. It is a variant of infrared spectroscopy
[219, 220]. In the FTIR instrument a light beam of many different frequencies
is directed onto the sample and the detector measures how much of this light is
absorbed by the polymer film. Then the ”composition” of the beam is changed
and another data point is recorded. This process is repeated within a very short
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(a)                                                      (b)
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Figure 3.3: FTIR setup and XPS setup. (a) Michelson interferometer typically
used in an FTIR instrument. (b) Schematic XPS setup.

time. For this purpose the FTIR device contains a Michelson interferometer
[221]. Figure 3.3a shows a simplified setup. By wave interference, different
wavelengths are allowed to pass or blocked depending on the position of the
moving mirror. This leads to different spectra of the light beam. The computer
uses this data to calculate what the absorption at each respective wavelength
is. The absorption is due to the excitation of certain functional groups at the
respective wavelength and thus provides information about the presence of this
group in the sample [222, 223]. In this thesis all films were measured with the
FTIR spectrometer (Vertex 80v, Bruker) in transmission mode. For this purpose
films deposited on silicon wafers were used. The scan range was chosen from
500 cm−1 to 4000 cm−1 with a scan width of 4 cm−1 for all samples shown in
this work. The measurements were performed in vacuum and prior rinsing with
nitrogen to avoid unwanted contributions from the ambient atmosphere, such
as water molecules. The recorded spectra were baseline corrected directly with
the FTIR software (OPUS, Bruker) or with other plotting software (Origin 2017,
OriginLab). A polynomial baseline correction was used for this purpose. After
assignment of the bands from the literature [224], it was determined whether the
polymerization was successful. For example, the bands around the vinyl group
present in the monomer were first checked. The disappearance of these bands
in the FTIR spectrum of the polymer thus indicated successful polymerization.
Furthermore, it could be examined whether the functional groups and structures
of the monomers were preserved after the deposition or whether copolymer
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films show functionalities of both comonomers and thus indicate a successful
copolymerisation.

3.3.2 X-ray Photoelectron Spectroscopy (XPS)

The chemical composition at the surface of the deposited polymer thin films was
investigated by means of X-ray photoelectron spectroscopy (XPS). The technique
is based on the photoelectric effect. As shown in Figure 3.3b, X-rays of known
energy are used to remove photoelectrons from the thin film. The electrons near
the surface leave the thin film in the vacuum chamber where they enter the
analyzer and detector. Here the number of electrons per unit time (intensity) is
measured as a function of the energy of these electrons. The technique is surface
sensitive and the depth of information is only a few nm. For further information
on XPS, the reader is referred to more detailed review articles in the literature
[225–228]. In this work polymer films on silicon wafers were used as samples,
as in the FTIR investigations. The XPS system (Omicron Full Lab, Omicron
Nano-Technology) was operated with an Al Kα X-ray source at 240 W power.
For the evaluation a special software (CasaXPS, Casa Software) was used. All
XPS spectra shown in this thesis were evaluated by Dr. Oleksandr Polonskyi
(Chair for Multicomponent Materials, Kiel University). A quantitative analysis
and detailed peak deconvolution was performed for this purpose. The spectra of
the deposited PTFE and the gradient layers with PTFE shown in Chapter 10
were charge referenced using the CF2 peak located at 292.0 eV binding energy
charge.

3.3.3 Raman Spectroscopy

Raman spectroscopy is based on the Raman effect [229–231]. It is used in Chapter
5 to investigate the micrometer range PTFE films deposited by iCVD as well
as bulk PTFE. In Raman spectroscopy, the material is irradiated with a laser
(monochromatic light). The incoming photons are most often elastically scattered,
this is also referred to as Rayleigh scattering. A small amount is scattered
inelastically and changes its energy. The reason is that the states of the atoms,
molecules or functional groups are changed. The scattered light thus provides
details about the excitation possibilities. This enables to draw conclusions about
the vibrational modes and material properties. The event that the light transfers
energy to the material is referred to as Stokes scattering. If energy is transferred
from the material to the light, it is termed Anti-Stokes scattering. This is shown
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schematically in Figure 3.4a. For the measurements performed in this work a
confocal Raman spectroscopy microscope (Alpha300 RA, WITec) was used. A
range from 200 cm−1 to 2000 cm−1 was investigated with a spectral resolution of
5 cm−1. A Nd:YAG laser with a wavelength of 532 nm was used to investigate
this range.

(a)                                                                     (b)

Ion source

Mass filter/analyzer

Detector

Data evaluation

Stokes                  Rayleigh              Anti-Stokes

En
er

gy
 s

ta
te

s

Figure 3.4: Raman spectroscopy and in-situ mass spectrometry. (a) Scattering
events in Raman spectroscopy. (b) Schematic illustration of the components of a
mass spectrometer.

3.3.4 In-situ Mass Spectrometry

In-situ mass spectrometry was used for better process control during the poly-
merization or copolymerization and to obtain insight into the reaction kinetics.
Mass spectrometry enables the determination of the chemical composition of a
gas phase [232–234]. As shown schematically in Figure 3.4b, mass spectrometers
usually have an ion source, a mass filter/analyzer and a detector connected to
a data evaluation system. The ion source ionizes the gas particles, which are
then separated by the mass filter according to their mass/charge ratio. After the
particles have left the filter/analyzer, the respective ion current is measured in the
detector, which is then further processed by the evaluation unit and graphically
displayed on a screen. There are different types of mass filter/analyzer. The
time-of-flight (TOF) variant measures the flight time, which is used to determine
the ratio [235, 236]. A quadrupole mass analyzer, which is built into the mass
spectrometer used in this study, consists of four parallel rods on which an electric
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field is generated. This means that only ions with a certain mass/charge ratio
and thus the correct trajectory are allowed to travel to the detector. In this
way, remarkable accuracy can be achieved even in different conditions [237, 238].
There are also differences in the detectors. In a Faraday detector the ions transfer
their charge directly to the detector. In Secondary Electron Multiplier (SEM),
the ions generate secondary electrons when they hit a layer of material deposited
on a so-called dynode. These can now release further secondary electrons at
other coated dynodes and an amplification of the incoming current takes place.
The experiments were performed with the iCVD setup extension mentioned in
Subsection 3.1.4. In order to perform the in-situ investigations, the gate valve
of the iCVD system is opened during the deposition process. This causes the
analysis chamber to be filled with molecules from the reactor and the pressure
in the chamber to increase to 8 × 10−4 Pa to 1 × 10−3 Pa. The mass spectra
were each recorded in Faraday scan mode from 1 amu – 100 amu at 200 ms/amu.
Further details on the evaluation of the recorded mass spectra are discussed in
Chapter 4 as well as Chapter 10.

3.4 Functional Characterization of Deposited Thin

Films

In order to investigate the functional properties of the deposited polymer thin
films different techniques were applied, as described in this section.

3.4.1 Variable Angle Spectroscopic Ellipsometry (VASE)

Variable angle spectroscopic ellipsometry (VASE) was used to determine the film
thickness, refractive index and relative permittivity of the deposited polymer
films. An ellipsometry device with variable angles (M-2000UI, J.A. Woollam Co.)
was used for this purpose. Ellipsometers consist, as shown in Figure 3.5a, of a
light source that sends light through a polarizer and finally hits the sample to be
examined. The light reflected from the sample hits an analyzer and passes on
to the detector. The change in the polarization state of the light is determined,
from which the other properties can be derived [239, 240]. The samples were
measured at four different angles (55◦, 60◦, 65◦, 75◦). The wavelength range
was set from 250 nm to 1700 nm. Polymer films deposited on silicon wafers were
used for this purpose. The films were modeled using the ellipsometry software
(CompleteEASE, J.A. Woollam Co.). Three layers were used in this case, as
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(a)                                                                        (b)Light source Detector

Polarizer Analyzer

Sample

Sample stage

Polymerfilm (Cauchy layer)

Native oxide (1.64 nm)

Silicon wafer (bulk)

Figure 3.5: The ellipsometer. (a) Schematic illustration of an ellipsometer setup.
(b) Layers used to model the polymer thin films deposited on silicon wafers via
iCVD.

shown in Figure 3.5b. A silicon substrate layer from the CompleteEASE software
library was used to represent the silicon wafer. A layer for the native oxide on the
surface of the wafer was placed on this layer, which was also from the library of
the software. The thickness of the native oxide layer was determined in a previous
experiment using the same ellipsometry device to be 1.64 nm. A Cauchy layer
was used over the native oxide layer to model the polymer film. This corresponds
to the equation

nr(λ) = Afit +
Bfit

λ2
+

Cfit

λ4
(3.1)

which is valid for transparent films. The symbols nr and λ represent the refractive
index and the wavelength, respectively. Afit, Bfit and Cfit are the fitting parameters.
With this model the film thickness (xf ) and the optical constants were determined.
By measuring xf a deposition rate according to

kdepo =
xf
td

(3.2)

was obtained. The symbol td represents the deposition time. The relative
permittivity was estimated for nonpolar polymers according to

n = ε
1
2
r . (3.3)

All gradient copolymer films shown in Chapter 10 were modeled using the graded
layer option of the Cauchy layer.
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3.4.2 Ultraviolet/Visible/Near-infrared Spectroscopy

The ellipsometer used in Subsection 3.4.1 was also applied to perform Ultraviolet
/ visible / near-infrared spectroscopy (UV/VIS/NIR) measurements. For this
purpose the sample holder was changed and the instrument was put into trans-
mission mode. A background spectrum was recorded followed by a spectrum with
the sample. For each sample a range from 250 nm to 1700 nm was measured. In
this way the transmittance of the films was determined.

3.4.3 Profilometry Measurements

A profilometry device (DektaktXT, Bruker) was used to determine the film
thickness of samples with a film thickness around 1000 nm and higher. A line
scan is performed for this purpose. The tip of the cantilever is in contact with the
sample surface and moves slowly over this surface on a predetermined distance.
The profilometry device registers height differences and records them in a height
profile. A stylus force of 0.2 mg was selected. The line scan distance varied between
200µm and 500µm depending on the sample under investigation. To measure the
layer thickness, a scratch was made in the polymer film before the measurement
in order to obtain a step. The transition from the substrate to the polymer film
gives the film thickness. All samples were examined at five different locations
to obtain a mean value and standard deviation. According to equation 3.2 it
was thus possible to determine deposition rates even for thicker films, where the
fitting of the ellipsometry data became too inaccurate or impossible. In contrast,
the profilometry data in the nanometer range became extremely inaccurate and
the ellipsometry device delivered significantly more accurate values.

3.4.4 Surface Potential/ Surface Charge Measurements

The surface potential of the electrets produced by corona discharge was measured
with an electrostatic voltmeter (344, Trek) (or for higher potentials: 347, Trek)
as shown in Figure 3.6a. The electrostatic voltmeter is not in direct contact with
the surface as it utilizes a field-nulling technique. The measuring head consists of
a vibrating probe and forms a variable plate capacitor with the charged surface of
the electret. The field-nulling technique brings the probe head/counter electrode
to the same potential as the electret surface and the value displayed on the
instrument corresponds to the surface potential of the electret as schematically
illustrated in Figure 3.6b. The distance between the measuring head was always
kept at 2 mm±1 mm during the measurement. In this way, the surface potential
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of the electrets was determined directly after charging. Or it was measured within
the scope of long-term measurements after certain time intervals.

(a)                                                                  (b)

Counter electrode

Ground electrode

Electrostatic 
voltmeter

000 V

•

Vibrating probe

Ground

Electrostatic 
voltmeter

-250 V

•

Vibrating probe

Ground

Electret

Figure 3.6: The electrostatic voltmeter. (a) Photograph of the probe without
inserted electret. (b) Schematic illustration of the vibrating probe field-nulling
technique.

Decay Measurement in Various Atmospheres

In order to determine the influence of the surrounding atmosphere on the charge
decay, the ground electrode and the probe were placed in a glove box. The
glovebox was then filled with air of different humidity or argon and the electret
was brought between the ground electrode and the probe for the measurement.
The surface potential was measured in this way over a fixed time period in the
respective atmosphere. The air humidity in the glovebox was measured with a
hygrometer (45.2006, TFA Dostmann).

3.4.5 Thermally Stimulated Discharge (TSD)

Since the surface charge is usually very stable, it takes several decades or even
centuries1 until the surface charge has completely disappeared. For this reason,
thermally stimulated measurements are often performed in which the electret

1These time spans originated theoretical predictions, which are described in more detail in
Chapter 2.
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is heated at a fixed heating rate and the surface potential is recorded until it
is completely discharged [197, 198]. There are sometimes different names for
such measurements. Often, instead of the surface potential, the released current
is measured, e.g. by an electrometer. This is then commonly referred to as
thermally stimulated current (TSC) [241]. Both are well established techniques
for the characterization of electrets. In this thesis the term thermally stimulated
potential decay (TSPD) is used to clearly indicate that the surface potential
has been measured. It allows to compare different electret materials. The setup
used in Subsection 3.4.4 was used to perform these measurements. The ground
electrode was placed on a self-made heating plate, which was heated by a power
supply (Polaris 65-10, Knürr-Heinzinger) at a fixed heating rate. The heating
rates were either 6 K/min or 3.75 K/min. In the plate that acted as the ground
electrode, there was a built-in thermocouple which measured the temperature
directly under the vibrating probe.

3.4.6 Impedance Spectroscopy

Impedance spectroscopy was used to determine the dielectric properties of the
polymer films. For this purpose the MIM structures described in Subsection 3.2.1
were used. For the measurements an electrochemical interface (SI 1287, Solartron)
and an impedance analyzer (SI 1260, Solartron) were used. In addition, the phase
angle and the impedance (absolute value) in the range of 100 Hz to 1 MHz was
measured with a programmable LCR meter (PM6306, Fluke).

3.4.7 Water Contact Angle (WCA) measurements

The water contact angle (WCA) measurements were used to detect hydrophobicity
caused by surface functionalization with a fluoropolymer. The technique can
also be used as a quick indicator to test whether the deposition process has been
successful or not. The contact angle (θ) gives information about the wetting
behavior of the surface. It can be found in the well-known Young’s relation [242]

γSG = γSL + γLG cos(θ). (3.4)

The symbols γSG, γSL, γLG and θ represent the surface tension at the solid-gas
interface, the surface tension at the solid-liquid interface, the surface tension at
the liquid-gas interface and the contact angle, respectively. If the contact angle is
greater than 90◦, the surface is referred to as hydrophobic, in the other case as
hydrophilic [243]. Contact angles above 150◦ are often termed superhydrophobic
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[244]. The WCA were measured in this work with a commercial contact angle
setup (OCA 3, DataPhysics). A water drop with a volume of 10 µl was applied to
the sample and the shape of the drop was recorded with a camera and transferred
to the computer. Using the software of the WCA setup, the contact angle was
determined. Five measurements of the WCA were made at different locations on
the sample surface to obtain a mean value and a standard deviation.

3.4.8 Positron Annihilation Lifetime Spectroscopy
(PALS)

Positron annihilation lifetime spectroscopy (PALS) is a well established technique
to investigate material defects on the nanoscale. A positron is the antiparticle
of an electron. In PALS the sample is investigated with positrons, which then
interact with the sample. Due to interactions with electrons in the sample material,
positrons and electrons annihilate and gamma rays are emitted. These gamma
rays can be registered by a detector. The time from the emission of the positron
to the detection of the gamma rays is referred to as positron lifetime. In materials
with free electrons, e.g. metals, the positrons annihilate relatively quickly in a
perfect crystal. However, if there are defects/pores in the material, the positrons
can remain there for a longer time before they annihilate. In insulating polymers
there are usually no free electrons available. Here, states are formed which are
termed positronium. This is a bound state of one positron and one electron of
the material. Depending on the orientation of the spins, a distinction is made
between para-positronium (p-Ps) and ortho-positronium (o-Ps). Both states are
metastable. In p-Ps the spins are antiparallel and the characteristic lifetime is
125 ps independent of the material. No spin flip is necessary for the decay. In
an o-Ps the spins are parallel and the characteristic lifetime is 142 ns. Typically,
the o-Ps lifetime is considered, which is quenched depending on the molecular
environment in the polymer as shown in Figure 3.7. The reason is the so-called
pick-off annihilation, in which the o-Ps is annihilated with an adjacent electron,
which leads to a reduction of the o-Ps lifetime compared to the characteristic
vacuum lifetime of 142 ns. In the polymer bulk it varies between 1-4 ns [245–247].
If larger pores are present in the polymer, this is reflected in o-Ps lifetimes of
10 ns and more. The relation between the lifetime (τi) and the hole radius (Rh)
can be described by the Tao-Eldrup model according to [248]

1

τi
= λ0

(
1− Rh

Rh + δR
+

1

2π
sin

(
2πRh

Rh + δR

))
. (3.5)
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Here the interaction of the Ps with the pore wall is described by an infinite spheric-
symmetrical potential well and an electron layer of thickness δR representing
the pore wall as well as a wave function in the ground state for the Ps. The
description is given by the overlapping of the electron layer with the wavefunction.
The symbols λ0 represents the spin averaged decay rate located at the edge
of the potential well. The Tao-Eldrup model is applied for lifetimes up to
10 ns. Since in this thesis polymer thin films are investigated, a moderated
low energy positron beam with implantation depths in the range of 100 nm are
required. The low energy (approximately 1 keV) is used to get an appropriate
depth resolution. The moderation is necessary for an accurate depth resolution
and the timing is necessary for the start signal of the positron lifetime. For this
reason the measurements were performed at the Electron Linac for Beams with
high Brilliance and low Emittance (ELBE) at the Helmholtz-Zentrum Dresden-
Rossendorf (HZDR). The measurements were performed for implantation depths
from 1 keV to 12 keV to obtain depth profiles. For each energy the respective
spectrum consisted of 5 million counts. The evaluation of the recorded data was
performed by Dr. Maik Butterling, Dr. Christian Ohrt and Prof. Dr. Klaus
Rätzke. Palsfit (DTU Denmark) [249] was used for this purpose. The best results
were chosen according to low residuals and low χ-squared. Results with intensities
lower than 1 % were neglected. The short p-Ps lifetime, the free positron lifetime
and the longer o-Ps components were allocated with up to four exponential
decay functions. In order to consider the energy where half of the positrons are
already implanted in the substrate, this energy has been marked with a red line
in all corresponding figures. To investigate the so-called Makhovian Implantation
profiles for this purpose a home-made program was used. The values 1.7 g/cm3 for
non-porous samples and 1.4 g/cm3 for porous samples were used for the densities.
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Polymer sample

Ps

e+ e+ e+ e+

Ps

Ps

o-Ps annihilation 
in bulk (1-4 ns)

o-Ps annihilation 
in pore (> 10 ns)

o-Ps annihilation 
in channel (> 10 ns)

p-Ps annihilation 
(< 125 ps)

Ps

Figure 3.7: Possible annihilation processes when a positron (e+) encounters a
polymer sample containing pores and channels. A positronium (Ps) is typically
formed in polymers or other insulators. It is a hydrogen-like state, which consists
of one positron and one electron. For sake of clarity other processes like reemission
of e+ or annihilation of e+ etc. are not included.

3.5 Computational Details

Some calculations and simulations shown in this thesis were performed with the
support of a computer and different programs.

3.5.1 Calculations

All computer-based calculations were performed with the program Matlab (Matlab
R2016a, MathWorks). For the calculation of electrostatic potentials the partial
differential equation (PDE) Toolbox from Matlab was used, which applies the
Poisson equation for such problems. The calculations shown in Chapter 8 based
on the Cahn-Hilliard equation [250, 251] were performed using the semi-implicit
approach of Eyre [252] implemented in a Matlab script.

3.5.2 Density of States Calculation

The density of states has been calculated by extended Hückel calculations. Yet
Another extended Hückel Molecular Orbital Package (YAeHMOP) has been
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applied for this purpose. It has been used as part of the molecule editor program
Avogadro (Avogadro 1.2.0, Avogadro).

3.5.3 Geometry Optimization, Electronic Structure and
Visualization of Orbitals

The molecular models that are used to illustrate the microscopic situations
were first created with the molecule editor program Avogadro (Avogadro 1.2.0,
Avogadro). The internal geometry optimization based on Merck molecular force
field (MMFF94s) or universal force field (UFF) for larger molecules was initially
used to obtain the molecule of interest. The obtained molecules were used to
create an input script for further calculations in order to obtain information
on the orbitals and electronic structure of the molecule. Using the Northwest
Computational Chemistry Package (NWChem 6.8, Pacific Northwest National
Laboratory) [253] the molecule was geometry optimized using density functional
theory (DFT) and single point energies were calculated. The calculations were
performed on a separately set up server (Supermicro). The hybrid functional
Becke, 3-parameter, Lee-Yang-Parr (B3LYP) [254–256] was used for this purpose.
Some calculations were perfromed using second order Møller–Plesset perturbation
theory (MP2) [257]. DFT calculations were performed with the correlation-
consistent polarized (valence-only) double-zeta (cc-pVDZ) [258] basis set or Pople
basis set (e.g. 6-31G). For MP2 cc-pVDZ or cc-pVTZ basis sets have been applied.
The exact basis sets and further details are given in the respective chapters in the
results and discussion part of this thesis. The output was visualized and analyzed
using the software Molden (Molden 6.1, CMBI) [259, 260].
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4. Molecular insight into real-time
reaction kinetics of free radical poly-
merization from the vapor phase
by in-situ mass spectrometry

This chapter demonstrates a new extension of the initiated chemical vapor depo-
sition (iCVD) process using in-situ quadrupole mass spectrometry (QMS). The
approach enables a real-time determination of the reaction kinetics during the
process as well as better process control, especially for copolymer depositions and
depositions on the lower nanoscale.

The content of this chapter is published in:

S. Schröder, A. M. Hinz, T. Strun-
skus, and F. Faupel. Molecular insight
into real-time reaction kinetics of free
radical polymerization from the vapor
phase by in-situ mass spectrometry. J.
Phys. Chem. A, 125:1661, 2021.
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The approach was applied in the following publication:

S. Schröder, O. Polonskyi, T. Strun-
skus, and F. Faupel. Nanoscale gra-
dient copolymer films via single-step
deposition from the vapor phase.
Mater. Today , 37:35, 2020.

www.materialstoday.com JULY/AUGUST 2020 ŒVOLUME 37

Stefan Schröder et al., Nanoscale gradient copolymer

films via single-step deposition from the vapor phase
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4.1 Introduction

The iCVD process has been established over the last years and is currently
in the status of attracting the interest of the industry [1, 23, 261]. As already
introduced in Chapter 2, the reason for this is that due to the typical CVD growth
iCVD offers the same advantages like plasma-enhanced chemical vapor deposition
(PECVD) or metalorganic chemical vapor deposition (MOCVD) processes, which
are used on a large industrial scale, e.g. in the semiconductor industry. With the
increasing application possibilities, new challenges are emerging for the process.
For example, ultra-thin layers in the lower nanometer range or new types of
copolymers that require improved process control. There is a need for new
approaches that increase this process control and provide more precise insight into
the process. The approach shown here enhances the iCVD process via in-situ mass
spectrometry to enable improved control as well as the possibility to determine
the reaction kinetics in real-time. By providing access to the molecular level of
the reactor atmosphere, it provides much more detailed information and control
on the process than relying on macroscopic system parameters like the reactor
pressure. By using quadrupole mass spectrometers (QMS), which has already
been described in more detail in Chapter 3, precise data can be obtained. As
QMS are relatively affordable and can be readily integrated into iCVD/HFCVD-
reactors they are ideally suited for this purpose. Even though their mass range is
typically limited to a few hundred atomic mass units (amu) and thus too narrow
to detect the complex and heavy molecules used in iCVD processes directly, these
molecules can still be successfully identified by a QMS. As most molecules will
undergo fragmentation in the ion source of the spectrometer one can associate a
certain relative abundance of these lighter fragments, a so-called fingerprint, with
the presence of the heavier parent molecules. This fingerprint can be assigned
by matching with reference spectra and enables identification of the molecules
even with QMS with a mass limitation of 100 amu. Furthermore, kinetic studies
can be performed in this way by real-time monitoring of the reactions. It enables
the determination of reaction pathways as well as rate constants. The presented
approach is thus a versatile tool and allows better process control especially
for the deposition of copolymers and for polymer film deposition on the lower
nanoscale.
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4.2 Real-time Observation of iCVD Reactions

The properties of the thin films produced by iCVD can be adjusted via the
deposition parameters. Likewise, when new monomers are used, the optimized
deposition parameters must be found in order to achieve effective deposition rates
or a high molecular weight. To avoid tedious testing and parameter variations
it is therefore of interest to collect information about the reaction kinetics in-
situ during the deposition process. This enables to set the desired deposition
conditions in a fast way.

4.2.1 Identification of Reaction Pathways
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Figure 4.1: In-situ QMS observation of the temporal evolution of HFPO in a
HFCVD/iCVD reactor while the filament array is heated. A change with time in
the mass spectrum is clearly visible.

To demonstrate the ability to identify the reaction pathways in the iCVD/HFCVD
process hexafluoropropylene oxide (HFPO) is investigated as an example. HFPO
can be used to deposit PTFE thin films and is thus of great interest for many
applications. It is self-initiated and thermally decomposes into difluorocarbene
and a trifluoroacetyl fluoride byproduct [146, 262]:



65

F3C C
O

CF2

F
C̈ FF + F3C C

O

F

Difluorocarbene is present in a singlet state [263]. Figure 1 shows this process as
observed by in-situ QMS in the iCVD/HFCVD reactor. The mass spectrum of
the reactor atmosphere in a batch process changes over time from that of pure
HFPO after starting the filament heating at t = 0s indicating the decomposi-
tion of the HFPO by the heated filaments. In order to identify the peaks in
the obtained mass spectra the overall possible reaction pathways for the HFPO
fragmentation have to be consulted. A lot of the reaction pathway studies for
HFPO originate from pyrolysis experiments [116, 264, 265] or density functional
theory (DFT) calculations [146, 262]. These possible reaction pathways for the
HFPO fragmentation are summarized in Figure 4.2. First, the HFPO atmosphere
appears in the mass spectrum while the filaments are not heated, as shown in
Figure 1 at t = 0s. The above mentioned pathway via difluorocarbene (CF2) and
trifluoroacetyl fluoride (C2F4O) produces the peak at 50 m/z for the difluoro-
carbene. The fragmentation of trifluoroacetyl fluoride causes peaks at 69, which

PTFE film+

+

+

+

Difluorocarbene
m/z = 50

Trifluoroacetyl fluoride
m/z = 116

Fluoro(trifluoromethyl)carbene
m/z = 100

Carbonyl difluoride
m/z = 66

Trifluoromethyl radical
m/z = 69

Flurocarbonyl radical
m/z = 47

n

Hexafluoropropylene oxide

Carbon monoxide
m/z = 28

Fluorine
m/z = 19

••

••

•

•

Figure 4.2: Proposed reaction pathways for the fragmentation of HFPO according
to results reported in the literature[116, 264, 265].
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can be assigned to the trifluoromethyl radicals, and the peak at 47 m/z for the
fluorocarbonyl radicals. The fluorocarbonyl radicals are further fragmented into
fluorine (F) and carbon monoxide (CO). The peaks for fluorine can be found
around 19 m/z and the carbon monoxide peak is located at 28 m/z. The peak for
the trifluoromethyl radicals can be found at 69 m/z and is initially the dominant
peak in the mass spectrum. The additional smaller peaks around 12 m/z, 16 m/z
and 29 m/z can also be associated with carbon monoxide. Once the filament
heating in the iCVD/HFCVD reactor is started the intensity of the peak at 50
m/z decreases. This implies that difluorocarbene is removed from the gas phase,
most likely by integration into the growing PTFE film. After about one third
of the deposition, carbon monoxide becomes the new dominant peak. Figure 4.3
shows the time evolution of selected peaks during the deposition process. The
temporal evolution of trifluoromethyl radicals, carbon monoxide, difluorocarbene
and fluorocarbonyl radicals are illustrated in Figure 4.3a.
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Figure 4.3: Extracted kinetic data for the deposition with HFPO. (a) The
intensities of some important peaks during the deposition are shown as a time
curve. (b) The semi-logarithmic plot of the overall HFPO concentration as a time
curve provides the rate constant for this first order reaction.

The iCVD/HFCVD process with HFPO is thus in good accordance with the re-
action pathways found in the literature[116, 262–265]. The secondary pathway for
the initial decomposition of the HFPO molecule into fluoro(trifluoromethyle)carbene
(C2F4) and carbonyl difluoride (COF2) can be neglected:
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The peak intensity at 66 m/z for carbonyl difluoride is extremely low. The ion cur-
rent is around 5 fA for the deposition process shown here with 31.74 W of filament
power applied. This corresponds to a filament temperature around 500 K. This is
in accordance with the observations for HFPO pyrolysis at low temperatures [265].
It is reported that the reaction pathway via fluoro(trifluoromethyle)carbene and
carbonyl difluoride becomes more significant at higher temperatures above 900 K
[262]. For the iCVD/HFCVD process the reaction pathway via difluorocarbene
and trifluoroacetyl fluoride is thus the dominant one for the moderate filament
temperature range.

4.2.2 Reaction Rate

The semi-logarithmic illustration of the derived overall HFPO concentration,
as shown in Figure 4.3b shows straight line behavior. The linear regime is
characteristic for first-order kinetics, according to

[HFPO]

[HFPO]0
= exp(−kt). (4.1)

[HFPO] and [HFPO]0 represent the current and the initial HFPO concentration,
respectively. The CF2 peak has been measured for this purpose. The symbol k is
the rate constant, which can be determined from the slope in the semi-logarithmic
plot. For the HFPO deposition conditions in the iCVD/HFCVD process used in
this study it is subsequently -2.07 x 10−3 s−1 ± 1.564 x 10−5 s−1 for 500 K. This
result is in good accordance with the values reported for the pyrolysis of HFPO
[262, 266]. The half-life is consequently given by

t1/2 =
ln(2)

k
, (4.2)

and equals 335 s. The activation energy (Ea) can finally be calculated by a simple
Arrhenius relation according to

Ea = − ln

(
k

A

)
RT. (4.3)

The symbols R and A represent the universal gas constant and the pre-exponential
factor, respectively. From measurements of k at different filament temperatures
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Table 4.1: Integrated rate laws. The symbol [C] and [C]0 represent the concentra-
tion and initial concentration, respectively.

Reaction order Integrated rate law Half-life

Zero order [C] = [C]0 − kT t1/2 =
[C]0
2k

First order [C] = [C]0 exp(−kT ) t1/2 = ln(2)
k

Second order 1
[C]

= 1
[C]0

+ kT t1/2 = 1
k[C]0

an activation energy of 155 kJ/mol was obtained for the process presented in this
work. Reactions of different order for other reaction processes can be identified
by their respective rate law. Table 4.1 shows this for different cases. In order
to predict at which bond e.g. molecule will decompose, at which point the
functional groups of the monomer will decompose or to optimize the geometries,
typical ab-initio calculations can be performed additionally. Figure 4.4 shows
the resulting orbital levels for HFPO calculated by second order Møller–Plesset
perturbation theory (MP2) using different basis sets. Certainly the cc-pVTZ
basis set provides the most reliable values. The deviation of 6-31+G* can be
explained by the included diffuse functions used here, which are typically used
for ions. STO-3G represents a minimal basis set, which usually only provides a
rough estimation. However, this requires only a very short calculation time. The
deviations that occur in the STO-3G calculation should therefore be treated with
caution. Further data can now be obtained from these results as described in
detail for HFPO in the literature e.g. by Ng et al. or Lau et al. [146, 262].

4.3 In-situ Analysis of Depositions with Vapor

Mixtures

Typically iCVD is performed with an initiator. This means, the vapor phase
consists of initiator and monomer molecules. In order to determine the reaction
pathways and reaction constants in such a vapor mixture, a similar procedure can
be followed as described in the previous section. An additional process that must
be considered here is the identification of each individual component in the vapor
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Figure 4.4: Orbital levels for HFPO obtained using MP2 and different basis sets.

mixture. Reference spectra of the individual components can be recorded for this
purpose, which can then be used as a fingerprint for the individual component in
the vapor mixture. An example for the deposition of copolymers where typically
two co-monomers and one initiator are used is shown in Figure 4.5. The example
in Figure 4.5 shows a vapor phase, which consists of the co-monomers 1,3,5-
trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3) and 1H,1H,2H,2H-perfluorooctyl
acrylate (C6PFA) as well as the initiator tert-butyl peroxide (TBPO). At first
glance the mass spectrum of the vapor mixture appears to be too complex too
be analyzed, but this is solved by application of the reference spectra of each
individual component. They can be extracted from the mixed vapor phase diagram
in a simple post processing step or even be identified in-situ with an appropriate
script. Reference spectra can be found in Appendix D1 of this thesis. This
fingerprinting also enables a precise determination of the individual contributions
of each co-monomer in the vapor phase ([Mi]). More information on the program
used for the fingerprinting is provided in Appendix D2. In addition to the rate
constants, the reactivity ratios (r1 and r2) are of interest for copolymerizations.
They can be calculated based on the Mayo-Lewis equation [154]

m1

m2

=
[M1]

[M2]

r1[M1] + [M2]

r2[M2] + [M1]
. (4.4)
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Figure 4.5: Example of a vapor phase used for copolymerization. The vapor
phase consists of the comonomers 1,3,5-Trivinyl-1,3,5-Trimethylcyclotrisiloxane
(V3D3) and 1H,1H,2H,2H-perfluorooctyl acrylate (C6PFA) as well as the initiator
tert-butyl peroxide (TBPO). The individual contribution of each component can
be identified by the respective reference spectra.

The symbol mi is the amount of substance in the copolymer, which can be
derived, e.g. by X-ray photoelectron spectroscopy (XPS). The Fineman-Ross
representation [152],

[M1]

[M2]

(
1− m2

m1

)
= r1

[M1]2m2

[M2]2m1

− r2 (4.5)

as well as the Kelen-Tüdős plot [153] have been reported to be well-suited
for iCVD copolymerization, as mentioned in Chapter 2. With the obtained
precise knowledge on the chemical composition of the vapor phase an accurate
determination of the reactivity ratios is feasible.

4.4 Enhanced Process Control

Especially if low flow rates are set, inaccuracies may occur during the deposition.
This is particularly severe for continuous flow processes where, in contrast to
batch processes, the reactor atmosphere is constantly replaced. The problem
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Figure 4.6: Enhanced iCVD process control. (a) Decrease of the monomer flow
rate over time in a continuous flow process without deposition (filament heating
switched off). (b) Proposed enhancement of the iCVD system to compensate
decreasing flow rates during the deposition.

is shown as an example in Figure 4.6. A vapor mixture of TBPO and V3D3
is considered. V3D3 and TBPO are delivered to the reactor without filament
heating. The flow rate of V3D3 decreases by about 25 % after 20 minutes. The
decrease can be caused by, e.g. a change of the filling level in the monomer jar.
This changes the V3D3 monomer partial pressure (pm) and consequently the
amount of monomer adsorbed onto the substrate. The Brunauer-Emmet-Teller
(BET) theory, which was found to describe monomer adsorption behavior in
iCVD processes accurately [133, 134], relates the adsorbed monomer volume to
the monomer partial pressure as

Vad =
Vml cB

pm
psat(

1− pm
psat

)(
1−

(
1− cB

)(
pm
psat

)) (4.6)

The symbols Vml, psat and cb are the volume of a monolayer, the saturated vapor
pressure of the monomer and the BET constant. This decrease in the flow rate
can be detected by the QMS and a simple feedback system can be used to correct
this flow rate. Once the flow rate falls below a certain value the computer sends a
signal to an electrically controlled valve, as schematically illustrated in Figure 4.6b.
The flow rate is now increased until the initial value of the flow rate is restored.
Of course it would be cost-intensive to equip each reactor with a QMS as a
permanent diagnostic tool. However, a QMS allows to determine the level of
control needed for the process. Then decisions can be made for a more economical
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solution for controlling the respective process. Recording and archiving of the
deposition via in-situ QMS can also be of interest for industrial applications of
iCVD, e.g. to trace the process conditions if a certain batch does not show the
desired results.

4.5 Summary

In summary, in-situ QMS turned out to be a versatile tool for improving
iCVD/HFCVD processes. It enables to obtain insight into real-time reaction
kinetics as well as identification of reaction pathways. The fingerprint ability
is a powerful tool to accurately determine the vapor phase composition during
the deposition and to spontaneously adjust it if necessary. This is particularly
interesting for copolymerization by iCVD or deposition on the lower nanometer
scale. In this way better process control as well as the ability to perform extensive
kinetic studies can be obtained. Thus, the parameters can be found where the
conversion of the starting materials is the highest. This reduces the number of
unreacted chemicals that are pumped out of the reactor.



5. iCVD Poly(tetrafluoroethylene)
Thin Film Electrets

In this chapter poly(tetrafluoroethylene) (PTFE) thin films deposited in the initi-
ated chemical vapor deposition (iCVD) setup built within the framework of this
thesis are applied for the first time as electrets. PTFE is known for its excellent
charge storage properties. Due to its chemical similarity to commercial PTFE,
iCVD PTFE also exhibits similar storage properties which cannot be achieved
with other processes such as sputtering or plasma polymerization. The extremely
good charge stability of the synthesized films, the CVD-typical large-area growth
characteristics as well as the precise film thickness control now enable access to
ultra-stable PTFE electrets in MEMS technology for next generation electret
applications.

Parts of this chapter are published in:

S. Schröder, T. Strunskus, S. Rehders, K. K. Gleason, and F. Fau-
pel. Tunable polytetrafluoroethylene electret films with extraordinary
charge stability synthesized by initiated chemical vapor deposition for
organic electronics applications. Sci. Rep., 9:2237, 2019.
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2019.
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5.1 Introduction

Electrets have become an essential part of everyday life, at least for users of
mobile phones, hearing aids or other portable electronic devices in which electret
microphones are installed [38, 39]. Furthermore, electrets are used in generators
[41–47], electrostatic air filters [50, 178], dosimeter [48, 49] organic transistor
memory [53–56] and memristors [52]. As already introduced in Chapter 2, PTFE
is exceptionally well suited as an electret material [188, 189, 192]. However, the
results refer to thick PTFE foils and PTFE bulk material. Accordingly, efforts are
being made to produce this material in thin-film form to keep up with the trend
of device miniaturization, flexible organic electronics and integration in state-of-
the-art microelectronic processing lines. Many thin film deposition techniques
have therefore already been investigated to produce PTFE thin films. However,
the charge stored on these potential thin-film electrets was not very high and
stable. Radio frequency (RF) sputtered PTFE films, for example, often show
a deviation of the chemical character to highly cross-linked ”PTFE-like” films,
which often have higher dissipation factors [267–270]. PTFE thin films deposited
by plasma polymerization also exhibit a high degree of cross-linking and polar
group formation, which is reflected in the higher dissipation factor and worse
electret performance [271, 272]. Other approaches like pulsed laser deposition
(PLD) are not compatible with large-area synthesis [273] for, e.g. industrial
applications. The iCVD process has proven to be capable of depositing high
quality PTFE films, which are chemically almost identical to commercial PTFE
products [21, 37, 139, 274–279]. Here the question will be answered whether the
iCVD PTFE is also suitable as a thin-film electret material due to these promising
prerequisites.

5.2 Performance of iCVD PTFE as Electret Thin

Films

First of all, a chemical analysis of the PTFE thin films deposited in the iCVD
system set up in the scope of this thesis is performed. Hexafluoropropylene
oxide (HFPO) and perfluorobutanesulfonyl fluoride (PFBSF) were used for the
deposition according to the parameters listed in Chapter 3. X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy (RS) and Fourier-transform infrared
spectroscopy (FTIR) show that the iCVD PTFE films in this study are almost
identical to commercial PTFE as shown in Figure 5.1. The XPS scan in Figure
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Figure 5.1: Chemical characterization of the PTFE thin films deposited with the
iCVD system built in the scope of this thesis. (a) XPS of iCVD PTFE, (b) XPS
high resolution C 1s scan of iCVD PTFE, (c) Raman spectroscopy of commercial
PTFE and iCVD PTFE and (d) FTIR of iCVD PTFE.

5.1a shows clear peaks for both F 1s and C 1s. The chemical composition F/C
at the surface is about F/C ≈ 2. This indicates a linear CF2 character, which is
typical for PTFE. The XPS high resolution C 1s peak in Figure 5.1b demonstrates
furthermore the CF2 character of iCVD PTFE. The CF3 peak can be explained
by the end-groups of the polymer chains as well as condensation of some PFBSF
initiator molecules on the surface. The presence of CH and CC can be explained by
slight surface contamination because the samples were exposed to the atmosphere
before the XPS measurement. The Raman spectra in Figure 5.1c underline
the similarity of iCVD and commercial PTFE. The bands can be assigned to
PTFE typical groups and are listed in detail in Table 5.1. The exclusive band at
520 cm−1 in iCVD PTFE can be attributed to the silicon substrate because the
PTFE films are deposited on silicon wafers. The FTIR spectrum in Figure 5.1d
shows a transmission measurement. The spectrum shows bands at 1151 cm−1

and 1208 cm−1 for symmetric C F stretch and asymmetric C F stretch in CF2,
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Table 5.1: Suggested band assignment for the Raman spectra of bulk PTFE and
iCVD PTFE.

Raman shift / cm−1 assignment Reference
211 CF2 rocking (E1) [280–282]
292 CF2 twist (E1) [282]
391 CF2 twisting or scissoring (A1) [280, 282]
520 c-Si substrate peak [283, 284]
580 CF2 wagging, rocking (E2) [282]
753 CF2 symmetric stretch (A1) (and C C

symmetric stretch)
[280, 285]

1217 C C stretching (and CF2 asymmetric
stretch (E2)

[280, 282, 285]

1301 C C stretch (E1) (and CF2 symmetric
or asymmetric stretch)

[282, 285]

1380 CF2 asymmetric stretch (A1) [282, 285]

respectively. All applied chemical characterization techniques show that PTFE
films synthesized by the constructed iCVD system are almost indistinguishable
from commercial PTFE. This is also confirmed by many other authors [23, 37].
These are indeed good prerequisites for the electret application. The iCVD PTFE
has a linear CF2 character like commercial PTFE and is not marked by strong
cross-linking or polar groups like in the other physical vapor deposition (PVD)
coating processes of PTFE mentioned in the introduction.

A view on the electronic structure can be approximated by the increasing
length of fluorocarbons. Corresponding second order Møller–Plesset perturbation
theory (MP2) calculations are shown in Figure ??. As basis set the correlation-
consistent basis set cc-pVTZ was used. Even if the calculation shown is only
an approximation for a long PTFE chain, it is immediately clear that there is
a large distance between HOMO and LUMO band. This is consistent with the
experimental observations for the excellent insulating properties. The gap between
the bands can thus contain sufficient deep level traps that can be occupied by
the charge carriers. The dielectric properties of iCVD PTFE are determined
by the impedance. For this purpose thin film capacitors made of iCVD PTFE
are measured. The vertical line in Figure 5.3a shows capacitive behavior. The
complex impedance (Z∗) is used to determine the dielectric properties. Based on
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perturbation theory (MP2) with the correlation-consistent basis set cc-pVTZ was
applied. The gap between HOMO and LUMO band approaches that of a PTFE
chain.

the Maxwell equation

~∇× ~H = ~jf +
∂ ~D

∂~t
, (5.1)

a relation between the measured impedance and the relative permittivity can be
obtained. This is

ε∗r = (iωC0Z
∗)−1 (5.2)

and yields the value <(ε∗r) = 2.1 for the static relative permittivity of the film.

The symbols ~H, ~jf ~D, ω and C0 represent the magnetic field strength, the free
current density, the displacement field, the angular frequency and the geometry
factor, respectively. The complete derivation of this relation can be found in
Appendix E of this thesis. The dissipation factor, given by

tan(δ) =
ε2

ε1

, (5.3)
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also shows no differences between iCVD PTFE and commercial PTFE in the
setup used to measure the impedance. According to ε∗r = ε1 + iε2 the symbol ε1

represents the real part and the symbol ε2 the imaginary part. The dissipation
factor is therefore lower than for other deposition processes, because the formation
of polar end-groups (e.g. C O) can be excluded by using the PFBSF initiator and
the mild deposition conditions as also confirmed by the chemical characterization
in the beginning of this section. After charging the iCVD PTFE films in a
corona setup, thermally stimulated potential decay (TSPD) measurements are
performed. The result in Figure 5.3b is compared with conventional spin-coated
Teflon AF electret films and bulk poly(methyl methacrylate) (PMMA) electrets.
The measurement first of all demonstrates that fluoropolymers such as PTFE and
Teflon AF are generally superior to non-fluoropolymers, as seen in the comparison
with PMMA. The iCVD PTFE film electrets further show a higher stability than
electrets made of commercial Teflon AF films. The reasons for this may be the
glass transition at Tg = 160 ◦C and residual solvent in the Teflon AF polymer film.
In addition, film inhomogeneities can occur during the manufacturing process, as
several layers had to be spin-coated to achieve a sufficient layer thickness. The
initial increase in the iCVD PTFE curve can be explained by thermal expansion
[286]. Due to a phase transition in the crystalline regions in PTFE at about
30 ◦C from a hexagonal (15/7 helix) to a pseudo-hexagonal structure [287], the
increase is very pronounced. In the amorphous samples (Teflon AF and PMMA)
no increase was observed. The corresponding value for the released current
calculated according to the equation [288]

dn

dt
=
ε0εr
xe

βh
dVs
dT

. (5.4)

is shown in Figure 5.3c. xe, βh and T represent the electret film thickness, the
heating rate and the temperature, respectively. According to Simmons, the use of

dn

dt
=
∫ E

E0

f0(E)Nt(E)Ps(E, T ) dE (5.5)

enables the current to be described in terms of the initial occupancy of energy
traps (f0), the energy distribution of trap levels (Nt) and a shape-factor (Ps)
[286, 289, 290]. The product of f0 and Nt is consequently the initial number
density [291, 292]. P(E,T) can be described as

P (E, T ) = ere(E, T ) exp

(
− 1

β

∫ T

T0
ere(E, T ) dT

)
. (5.6)
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Figure 5.3: iCVD PTFE thin film electrets. (a) The impedance measurement
shows capacitive behavior. (b) Thermally stimulated surface potential decay
curves. The surface potential of iCVD PTFE thin film electrets shows a higher
thermal stability compared to PMMA bulk samples and commercial Teflon AF
thin films. (c) Calculated release current curve according to equation 5.4. (d)
iCVD PTFE electret performance can be tuned by the deposition parameters.
Shown here is the thermal stability of the surface charge for iCVD PTFE films
deposited at different process pressures (50 Pa and 125 Pa).
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ere is the release probability and expressed by:

ere(E, T ) = ωf exp
(
− E

kBT

)
. (5.7)

The symbol ωf and kB represents the frequency factor and the Boltzmann constant,
respectively. Taking the associated area (Ad) into consideration, equation 5.6 can
be approximated by a δ-function [289]:

P (E, T ) = Adδ(E − Emax). (5.8)

Equation 5.5 consequently becomes:

dn

dt
≈ Adf0(E)N(Emax) (5.9)

With dP/dE the possible solution

E = T

(
a1 log

(
ω

β

)
+ a2

)
− a3 (5.10)

now appears. The measurements at two different heating rates (here: βh,1 =
3.75 K min−1 and βh,2 = 6 K min−1) allow the estimation of ωf . The values
a1 = 1.92 × 10−4, a2 = 3.2 × 10−4 and a3 = 1.5 × 10−2 are selected for the
parameters [289]. The value of 3.6 × 10−13 Hz determined in this way is in
excellent agreement with values reported for commercial PTFE (7 × 10−13 Hz
[286]). The value for the activation energy of the traps is estimated to be
Ea,t = 1.136 eV. An interesting observation is that this behavior can be influenced
by the deposition parameters. For example, iCVD PTFE films deposited at
higher process pressures (125 Pa) show a lower thermal stability of the charges as
shown in Figure 5.3d. This opens new doors for the selective tuning of the trap
landscape for applications and studies where the long-term stability of the charge
is not necessarily important. However, for most applications it is desired that the
charge remains for a long time. To determine the theoretical long-term stability of
the fabricated iCVD PTFE electrets, the rate equations of Ma lecki are considered
[212, 213], which have been introduced in Chapter 2. The model does not provide
the actual real lifetime, because it depends on many other variables (also storage
etc.), but it is used to compare the samples with each other. Application of the
set of differential equations

dg(t)

dt
=
βh
n0

(1− g2(t))− µM
ε0εrxe

g(t)σ(t) (5.11)
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dσ′(t)

dt
= −n0qµM

ε0εr
g(t)σ(t), (5.12)

yields the curve shown in Figure 5.4a. With g(t) = n(t)
n0

denoting the ratio of
the time-dependent carrier density (n(t)) and initial carrier density (n0). The
values for the initial carrier density (n0), εr and xe were determined from the
measurements shown above. The values for the generation rate of charge carriers
(βh) and the mobility (µM) are taken from the literature [212, 213]. ε0, σ and q
represent the vacuum permittivity, the surface charge and the elementary charge,
respectively. A 20µm film, which has been charged to -400 V, is simulated. The
results show that the surface charge or surface potential decreases exponentially
in the first hours immediately after charging, as seen in the inset of Figure 5.4a.
This typical initial exponential decay is also observed in the measurement of a
real electret immediately after charging, as shown in Figure 5.4b. After that,
however, the decay shown in Figure 5.4a changes into a linear long-term behavior,
as described by Ma lecki [212, 213]. The surface charge only decreases to half
of its initial value after more than 20000 years. Of course this theoretical value
is strictly related to the material. External decay processes like described in
Chapter 2 shorten this time. They depend considerably on the storage of the
electret, a multifaceted variable that is difficult to capture in a model for the
long-term prediction of the charge stability. An additional comment on this topic
is provided in Appendix F. The statement that can be made, however, is that the
charge decay of the iCVD PTFE thin film electrets can very well be neglected
compared to device lifetimes in which the films are applied. The log-scale in
Figure 5.4c reveals this in more detail. Assuming the iCVD PTFE electret is to
be mounted in an electret sensor/generator device. After the initial stabilization
of the charge in the first days after charging, the iCVD PTFE electret is placed
in the device on the third day. The charge can now be assumed to be constant
until the end of the device lifetime, which is approximately 10 years as shown in
Figure 5.4c.

5.3 Summary

In this chapter it was investigated whether iCVD PTFE thin films are suitable
as electret material. Due to the excellent chemical similarity of the iCVD PTFE
films to commercial PTFE, this statement can now be confirmed. The films
can be sufficiently highly charged and show a very low charge decay over time
which can be neglected compared to device lifetimes. The CVD-typical character
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Figure 5.4: Theoretical calculation of the surface potential decay at room temper-
ature. (a) After initial short-term exponential decay (as seen in the inset), a linear
long-term decay as predicted by Ma lecki [212, 213] can be observed. (b) Typical
measurement of fluoropolymer surface potential decay over one hour starting from
the time of charging (t = 0). (c) The plot on the log scale reveals the different
regimes of decay. Theoretically, the charge only begins to decrease significantly
after a thousand years. Assuming that the iCVD PTFE electret is placed in an
electret generator/transducer device on the third day after corona charging (after
initial stabilization of the surface charge) and is in operation for 10 years, the
surface charge can be assumed to be constant and the internal charge decay can
be neglected.
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of the process and the ability to tune the properties of the films make the
approach attractive for large-area industrial deposition as well as for further
device miniaturization and new approaches in organic electronics. A special
advantage of iCVD is the ability to specifically tailor the charge storage properties
of the polymer thin films by the deposition conditions. This will be discussed in
more detail in the next chapter.



6. The Effect of Different End-
groups on the Charge Trapping in
Poly(ethylene glycol dimethylacry-
late)

Based on the previous chapter, the approach in this chapter uses the unique
ability of the initiated chemical vapor deposition (iCVD) process to tailor poly-
mer thin film properties. As an example poly(ethylene glycol dimethylacrylate)
(PEGDMA) is considered, which is each polymerized with a different initiator.
This results in different end-groups in the polymer, which influence the charge
storage after corona treatment by providing different trap states. This enables
trap state fine tuning as well as a better understanding of the processes of charge
storage in electrets. In this chapter tert-butyl end-groups, phenyl end-groups
and perfluorobutyl end-groups are investigated for this purpose. PEGDMA is
furthermore a fluorine-free polymer and could be used as a more environmentally
friendly alternative to fluoropolymer electrets.

The complete content of this chapter is submitted for publication:

S. Schröder, W. Reichstein, T. Strunskus, and F. Faupel. Influence
of different end groups on the electret effect in poly(ethylene glycol
dimethacrylate) thin films deposited from the vapor phase. submitted ,
2020.
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6.1 Introduction

A major advantage of iCVD is the possibility to tailor the thin films specifically
by the deposition parameters and the monomer/initiator combinations. Also
for electrets this seems to be a promising way to influence the charge storage
properties. In this way, it can be specifically investigated which functional groups
are particularly well suited for charge storage. This helps to understand the
general mechanism of charge storage in electrets. The storage of the charge carriers
is typically described in terms of trap states located inside the band gap of the
polymer. A good electret has many deep-level traps that store the charge over a
long period of time. This is in complete contrast to organic semiconductors and
organic conductors, where these trap states are completely undesirable because
they impede the charge transport [161, 202, 293]. For this purpose it is important
to get insight into the electronic structure of a polymer insulator. The electronic
structure of the repeating units of the polymer provides the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
as also introduced in more detail in Chapter 2. The gap between these two
bands is the band gap of the polymer, in which no states exist. However, this
accounts only for an ideal polymer. It is known that in the real world additional
trap states can occur in this band gap. A distinction is made here between
the abovementioned shallow traps and deep-level traps. Shallow traps can be
caused by different conformations within the polymer chain, for example [157].
Often the room temperature is sufficient to release the charge carriers from these
traps. They are found near the HOMO and LUMO edges. Deep-level traps are
located deep in the band gap of the polymer and higher energy is required to
release trapped charge carriers from these states. These traps can be caused by
impurities, certain functional groups or interfaces in the polymer, for example
[157]. Nanosize voids have furthermore been reported to provide states for deep
level traps [202]. Kim et al. demonstrated in a recent study by density functional
theory (DFT) and experimental results, that the end groups play furthermore
a crucial role for the charge trapping in commercial Cytop fluoropolymers [201].
In this chapter different initiators are used to polymerize poly(ethylene glycol
dimethacrylate) (PEGDMA) thin films using the iCVD process. The respective
initiator used in the iCVD process provides the end groups in the polymer thin
film, as shown in Figure 6.1a. Here, PEGDMA is used as a model system in
order to examine whether different end groups can be obtained via the iCVD
process and whether the use of these end groups has an influence on the charge
trapping behavior. The idea is to create additional trap states in the band gap
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Figure 6.1: Different initiator and monomer combinations. (a) Illustration of the
initiation process. The primary radical of the initiator attacks the vinyl group of
the monomer and provides thus the end group. (b) Structural formulas of the
initiators used in this study.

of the polymer between the HOMO and LUMO bands. The electronic structure
of the end groups can in this connection be estimated by quantum chemical
calculations. In the future, this could lead to a targeted trap state engineering in
order to individually adjust the trap landscape of the polymer thin films. This
helps to better understand the origin of deep-level traps in the polymer and
the underlying mechanisms during the charge trapping. It may also provide in
the future a possible new pathway for the fabrication of more environmentally
friendly, fluorine-free electrets. In the synthesis of fluoropolymers, substances
are used that are persistent, bioaccumulative and toxic. Especially the C8 and
C6-based substances are already partly banned, because they are proven to cause
long-term damage in organisms, since they can not be decomposed by them [294].

6.2 Charge Trapping in Different PEGDMA End-

groups

All three monomer + initiator combinations yield thin films. The deposition
rates are 16.97 nm/min, 77.14 nm/min and 88.2 nm/min for EGDMA+TBPO,
EGDMA+TBPOB and EGDMA+PFBSF, respectively. Due to the relatively high
deposition rates, the layer thickness of more than 1µm required for the electret
application can be achieved relatively fast. It is also possible to further increase
the rates by the deposition parameters. The FTIR spectra of the deposited
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thin films are shown in Figure 6.2. Absence of major bands above 3000 cm−1
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Figure 6.2: FTIR spectra of the three different thin films obtained from the
monomer + initiator combinations EGDMA+TBPO (cyan), EGDMA+TBPOB
(black) and EGDMA+PFBSF (blue).

for the C H stretch at vinyl groups as well as bands in the region 1500 cm−1 -
1600 cm−1 for the vinyl groups confirm absence of these groups in the thin films
and thus successful polymerization of PEGDMA in all three cases [295]. Preserved
monomer functionality is shown by the band at 1728 cm−1 for the C O stretch in
the ester group of EGDMA monomer, due to the mild deposition conditions during
the iCVD process [296]. Each of the three combinations yields slightly different
bands, due to different end groups. The FTIR spectrum of EGDMA+TBPOB
shows additional small bands at 746 cm−1 and 706 cm−1. These bands can be
assigned to the phenyl end groups in the polymer film. The EGDMA+PFBSF film
shows additional bands which correspond to the additional fluorine functionality.
The band at 1207 cm−1 as well as the band at 1153 cm−1, which is partially
overlapping with the C O stretch at 1160 cm−1, are assigned to the asymmetric
and the symmetric C F stretch, respectively [285]. The assignment of further
bands in the FTIR spectrum can be found in the Table 6.1. DFT calculations are
used to compare the computed HOMO and LUMO levels of the end groups and
the polymer. The results are shown in Figure 6.3. The end groups provided by the
primary radicals of the TBPO initiator are represented by tetramethylmethane (I)
and tert-butanol (II). The energy levels are located outside of the HOMO-LUMO
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Table 6.1: Suggested band assignment for the FTIR spectra of PEGDMA
grown with different initiators.

Band / cm−1 Assignment Reference
≈ 2954 C H symmetric and asymmetric stretch-

ing in CH3, C H symmetric and asymmet-
ric stretching in CH2

[297]

1728 C O stretch in ester [296]
1454 asymmetric CH3 deformation vibration in

C(CH3)3 end-group
[297]

1412 C F stretch in CF3 [285]
1389 symmetric CH3 [297]
1254 C(CH3)3 rocking vibration [297]
1238 C F stretch in CF3 [285]
1207 C F asymmetric stretch [285]
1160 C O stretch in ester [298]
1153 C F symmetric stretch [285]
746 phenyl group [299]
706 phenyl group [299]
620 CF3 asymmetric deformation vibration [285]
611 CF3 symmetric deformation vibration [285]
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Figure 6.3: Theoretically estimated HOMO and LUMO energies using B3LYP/6-
31G* density functional theory. The repeating unit is used to estimate the energy
levels of the polymer.

gap of the EGDMA molecule, representing the repeating unit of the polymer. It
can be assumed that for this reason probably no new trap states are created. Only
the HOMO level of tert-butanol (II) is about 0.286 eV above the HOMO level
of EGDMA. This would, however, produce at best unstable traps, which could
even be emptied at room temperature and might even promote the electrical
conductivity through the thin film by thermal activated hopping. The same
applies to the end groups of the PFBSF initiator. They are represented by the
perfluorobutane (V). The HOMO and LUMO level are also located outside the
band gap of EGDMA. Benzene (III) and a benzoate molecule (IV) are used to
represent the additional end groups which originate from the primary radicals
of the TBPOB initiator. According to the calculation the energy levels of the
orbital of both molecules are located inside the band gap of EGDMA. In form of
end groups and thus part of the polymer they might provide additional distortion
in the band gap of the repeating units. This could then be associated with the
formation of additional trap states. The thermal stability of the corona charged
samples of all three combinations is investigated using thermally stimulated
potential decay (TSPD) measurements. The PEGDMA electrets, displayed in
Figure 6.4, show a dependence of the end group on the charge storage. The
measured surface potential (Vs) shown in the figure is related to the surface
charge (σ) via

σ = Vs
ε0εr
xe

(6.1)
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Figure 6.4: TSPD measurements of the fabricated thin film electrets. (a) TSPD
of the negatively charged electrets. The charge of the films grown from the
combination of EGDMA+TBPO decayed already after 72 h at room temperature.
(b) TSPD of the positively charged electrets. (c) Theoretically calculated released
current of negatively charged EGDMA+TBPOB and EGDMA+PFBSF. (d)
initial decay at room temperature (x) fitted with the Ma lecki model.
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The symbols xe, ε0 and εr represent the film thickness, the relative permit-
tivity and the vacuum permittivity, respectively. The films in Figure 6.4a are
negatively charged. The tert-butyl end groups provided by the combination of
EGDMA+TBPO do not appear to create significant deep traps and the occupied
trap states are emptied at relatively low temperatures. It was not possible to
measure these samples by TSPD as the surface charge already completely decayed
during the initial storage time of 72 h. Samples deposited with TBPOB initiator
as well as samples deposited with PFBSF initiator show better charge storage
properties for the negatively charged case and allow TSPD measurements. At low
temperatures the combination of EGDMA+PFBSF as well as the combination of
EGDMA+TBPOB initially follow the same curve. At 60 ◦C the surface charge
starts to decay. However, at higher temperatures, it becomes apparent that some
charge carriers in the combination EGDMA+TBPOB must be located in deeper
traps, since higher temperatures are necessary to completely release all charge
carriers. This seems to be due to the phenyl groups present in the polymer film
deposited with TBPOB. This indicates that initially traps of relatively low energy
are emptied, most probably located in the repeating units of the polymer. The
phenyl end groups seems then to provide trap states that can be occupied in
the band gap of the repeating units of the polymer, which require more energy
to be emptied. For PFBSF this seems not to be the case. The energy levels
of the perfluorobutyl end groups seems thus not to fall into the band gap of
the repeating units, as also calculated in Figure 6.3. The same accounts for the
positively charged case shown in Figure 6.4b. Here it is possible to measure a
curve for the combination of EGDMA+TBPO. Also for the positively charged
case all three TSD curves follow initially the same behavior at low temperatures
indicating detrapping from trap states provided by the PEGDMA repeating units.
At higher temperatures again more energy is required to empty all traps for the
combination of EGDMA+TBPOB. Thus the different end groups seem to have
an influence on the respective charge trapping of PEGDMA. They can in the
case of the TBPOB variant probably provide additional deep traps, while the
other groups do not provide additional traps. The TSD data is transferred to the
released current I(T) by the relation

I(T ) =
ε0εr
xe

βh
dVs
dT

. (6.2)

The symbols β and T represent the heating rate and the temperature, re-
spectively. The obtained curve is shown in Figure 6.4c for negative charged
EGDMA+TBPOB and EGDMA+PFBSF. It is noticeable that there are two
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peaks for EGDMA+TBPOB. The activation energy for the trap can be estimated
by the initial rise method [300]

dI(T )

1/T
= −Ea,t

kB

, (6.3)

or by the equation [301, 302]

Ea,t = kBTmp ln

(
T 4
mp

β

)
(6.4)

providing the mean trap energy (Ea,t). Tmp and kB are the temperature at the
current peak and the Boltzmann constant, respectively. In this work equation
6.4 is used for the estimation in the TSD curve obtained by simple heating from
TStart to TStop. The first peak, which appears for EGDMA+TBPOB as well as
for EGDMA+PFBSF has thus a depth between Ea,t,1 = 0.66± 6.10× 10−4 eV.
It can probably be assigned to traps provided by the repeating units of the
polymer. Another peak occurs only in the combination EGDMA+TBPOB at
about 130 ◦C. This is most likely related to the phenyl end groups provided
by the TBPOB. According to the calculation the depth of this trap state is
Ea,t,2 = 0.77 ± 6.23 × 10−4 eV. All obtained values are listed in Table 6.2. As
already shown in Chapter 5, the long-term stability can be estimated using the
rate equation model of Ma lecki [212, 213].

dg(t)

dt
=
βh
n0

(1− g2(t))− µM
ε0εrxe

g(t)σ(t) (6.5)

dσ′(t)

dt
= −n0qµM

ε0εr
g(t)σ(t). (6.6)

The symbols βh, n0, µM , σ and q represent the generation rate of carriers,
initial carrier density, mobility, surface charge and charge, respectively. The
parameter g(t) represents the carrier density ratio g(t) = n(t)/n0. Fitting of the
experimentally observed decay to the model, as shown in Figure 6.4d yields the
theoretical estimated long-term stability as well as characteristic values for the
investigated monomer + initiator combinations. Regarding the values calculated
here it has to be considered, that the model only includes the internal charge
decay. External charge decay processes are ignored.
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Table 6.2: Summary of obtained values for the different monomer + initiator
combinations investigated in this study. (kdepo = deposition rate, n =
refractive index, Ea,ti = estimated trap depth).

Combination kdepo /
nm/min

n Ea,t1 /eV Ea,t2 / eV

EGDMA
+TBPO

16.97 1.51
±5.88× 10−4

0.66
±1.43× 10−3

-

EGDMA
+TBPOB

77.14 1.52
±4.95× 10−4

0.66
±6.10× 10−4

0.77
±6.23× 10−4

EGDMA
+PFBSF

88.20 1.48
±1.35× 10−3

0.68
±1.97× 10−3

-

6.3 Summary

The PEGDMA electret films investigated in this study are certainly no alternative
to the ultrastable fluoropolymer electret thin films currently in use. However, a
dependence of the deposited PEGDMA thin films and the respective end groups
has been identified. In this way the charge storage properties can be tuned by
the choice of the initiator. Especially the phenyl-termination seems to enhance
the charge trapping of the PEGDMA films by providing additional deep traps for
the charge carriers. In the future additional combinations could be investigated
in this way to find further functional groups and their contribution to the charge
trapping. This can be used to customize the trap landscape in the electronic
structure of the polymers to systematically investigate the dependence of different
functional groups on the charge trapping in electrets. In the future this can
enhance the general understanding of the microscopic origin of the trap states in
electrets and the respective location of the trap sites. It might furthermore lead
to the fabrication of new environmentally friendly non-fluoropolymer electrets.
Quantum chemical calculations can be used to find more specific combinations
that can generate energy states in the band gap of the polymer to yield more
efficient electret materials. By finding new combinations via previous estimation
of the electronic structures, many new candidates can certainly be found here.
This can also be interesting for new applications of the electrets. Some of these
new approaches and possibilities will be discussed in the following chapter.



7. Organic Multilayer Electrets
for Sensor Applications

This chapter presents new multilayer electrets. They are enabled due to the
precise film thickness control and conformal growth in the initiated chemical vapor
deposition (iCVD) process. The electret properties can be specifically tailored
for more enhanced applications. This is demonstrated by a novel magnetic field
sensor, which was developed in close collaboration with the Chair for Functional
Nanomaterials (Prof. Dr. Rainer Adelung). The multilayer approach enables in
this connection the electrets to be operated in principle without encapsulation
and prevents unwanted shifting of the resonance frequency and burst noise in the
sensor signal.

Parts of this chapter are published in:

M. Mintken, M. Schweichel, S. Schröder, S. Kaps, J. Carstensen, Y.
K. Mishra, T. Strunskus, F. Faupel, and R. Adelung. Nanogenerator
and piezotronic inspired concepts for energy efficient magnetic field
sensors. Nano Energy , 56:420-425, 2019.

S. Schröder, T. Strunskus, S. Rehders, K. K. Gleason, and F. Fau-
pel. Tunable polytetrafluoroethylene electret films with extraordinary
charge stability synthesized by initiated chemical vapor deposition for
organic electronics applications. Sci. Rep., 9:2237, 2019.
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7.1 Introduction

The findings for the iCVD PTFE presented in the Chapter 5 already show that the
stability of the iCVD electrets is sufficiently high and can be neglected compared
to the device lifetimes. A further parameter is the amount of charge that has
been injected. A higher surface charge can increase the output, especially with
regard to electret sensors or electret generators. The task is to convert external
signals into an electrical signal (sensor/transducer) or to generate energy by an
external signal (generator). Examples are microphones that convert sound waves
into an electrical signal or generators that use vibrations to power small electrical
devices [41–47]. In order to understand where the requirements for the electret
material are, a transducer/generator of this type should first be considered. For
this purpose a new type of magnetic field sensor is shown. These sensors were
developed in close collaboration with the Chair for Functional Nanomaterials
(Prof. Dr. Rainer Adelung). The magnetic component as well as all measurements
of the sensor were carried out by the cooperation partners. In this section only the
contribution of the electrets is discussed. For further details about the magnetic
materials and characterization of the sensors, the reader is referred to the joint
publication [303]. The development of these sensors has the aim to measure the
weak biomagnetic signals of the human body. Starting from magnetoelectric
sensors, in which magnetostrictive and piezoelectric thin films are traditionally
deposited on a silicon cantilever [304, 305], the new approach eliminates all passive
components such as the silicon substrate. This allows losses or noise originating
from these components to be prevented. Here it will be shown which requirements
are demanded for the iCVD electret thin films. It turns out that new organic
multilayer films can be tailored for such applications.

7.2 Electrets for Magnetic Field Sensors

As described above in the introduction, a new type of magnetic field sensor
based on the principle of the electret transducer/generator is considered first.
The system can be assumed as a parallel plate capacitor where, as shown in
Figure 7.1a, one electrode is variable and the other is covered with an electret.
Figure 7.1b shows the structure used in the experiments. It is a setup where a
magnetostrictive/magnetoactive cantilever can oscillates over the electret.
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Figure 7.1: Magnetic field sensors based on electrets. (a) Schematic illustra-
tion of the sensor components. (b) Cantilever-type sensor setup used for the
measurement. (c) Measurement of output voltage (Vout) as a function of fre-
quency. This measurement has been performed by Dr. Sören Kaps (Chair for
Functional Nanomaterials, Kiel University). (d) Comparison of the noise behavior
of readout via piezoelectric poly(1,1-difluoroethylene) (PVDF) and readout via
poly(tetrafluoroethylene) (PTFE) electret synthesized in this work. The measure-
ment has been performed by Dr. Sören Kaps (Chair for Functional Nanomaterials,
Kiel University)

Once the sensor is exposed to a magnetic AC field, the magnetostrictve
material begins to periodically deform resulting in the displacement of the counter-
electrode. The electric field in the air gap ( ~Eair) generated by the electret becomes
time-dependent and, according to Maxwell, a displacement current (~jD) follows

~jD = µ0ε0
∂ ~Eair
∂t

. (7.1)

The symbols µ0 and ε0 represent the vacuum permeability and vacuum permit-
tivity, respectively 1. In other words, the charge on the counter electrode changes
depending on its position. This change of the charge over time results in a current
(I = dq/dt) and a signal, for example in the form of a voltage, which can be

1Here the air in the air gap is treated as a vacuum. Otherwise, the electric displacement
field ( ~D) with the vector field for the polarization (~P ) must be considered.
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measured via a resistor at the sensor output. It can be observed in Figure 7.1c that
the resonance frequency and amplitude can be adjusted by changing the air gap
between electret and counter-electrode. The cantilever can be made softer in this
way. The reason for this is the electret which generates an additional attractive
Coulomb potential. Figure 7.1d shows the comparison of the presented electret
sensor with a classic ME sensor, where a piezoelectric poly(1,1-difluoroethylene)
(PVDF) thin film is applied to the bending beam. The limit of detection (LOD)

were 73 pT/Hz
1
2 at 321 Hz for the electret sensor and 96 pT/Hz

1
2 at 322.5 Hz for

the ME sensor readout. In comparison, the same signal-to-noise ratio is achieved
with both sensors. The signal of the electret sensor is larger by a factor of about
6. All measurements shown in Figure 7.1c and Figure 7.1d have been performed
by Dr. Sören Kaps (Chair for Functional Nanomaterials). To identify the relevant
parameters for the electret, simple equations of motion can be determined using
the Lagrange formalism. According to L = Tk − Vp the total kinetic energy
(Tk) and the total potential energy (Vp) of the system are considered for the
Lagrangian. The approach for transducer is based on Hawley and Romanow [306].
For the novel magnetic field sensor, equations for Tk and Vp must therefore first
be found. For a more detailed derivation the reader is referred to Appendix G.
The potential energy is a combination of the field energy and the energy stored
in the mechanical components

Vp =
1

2
kF (x0 + x)2 +

(xair − x0 − x)(q0 + q)2

2εairA
+
xe(qe + q0 + q)2

2εeA
. (7.2)

Here kF , x0, xair, xe, q0, qe, εair, εe and A are the spring constant, the initial
position of the counterelectrode, the air gap width, the electret film thickness,
the initial charge on the counter electrode, the charge at the electret surface, and
the area of the electrodes, respectively. εair is the product of ε0 and the relative
permittivity in the air gap. εe is the product of ε0 and the relative permittivity
of the electret. The kinetic part is represented by

Tk =
1

2
mẋ2, (7.3)

where m denotes the mass. In this way, an equation can be found for the
Lagrangian using equation 7.3 and equation 7.2. It is

L =
1

2
mẋ2 − 1

2
kF (x0 + x)2 − (xair − x0 − x)(q0 + q)2

2εairA
− xe(qe + q0 + q)2

2εeA
. (7.4)
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The Rayleigh function is used to include the dissipation in the system. It is given
by

DR =
1

2
Rq̇2 +

1

2
cDẋ

2. (7.5)

and includes the electrical resistance (R) of a resistor connected to the output of
the sensor, which can be, e.g. the internal resistance of the measurement device,
as well as the mechanical damping coefficient cD. Continuing with the Lagrange
equation given by

d

dt

(
∂L

∂ġi

)
− ∂L

∂gi
+
∂DR

∂ġi
= f, (7.6)

x and q are chosen as generalized coordinates. The associated forcing functions are
the force applied to the system during deflection (fM ) and the force simultaneously
exerted by the voltage (fV ). The resulting equations of motion are

ẍ+ 2ζω0ẋ+ ω2
0(x0 + x)− (q0 + q)2

2mεairA
=
fM
m

(7.7)

Rq̇ +
(q + q0)(xair − x0 − x)

εairA
+
xe(qe + 1 + q)

εeA
= fV . (7.8)

The symbol ζ represents the damping ratio. As already noted, a more detailed
derivation can be found in Appendix G. From an electret point of view it is
obvious that a high surface potential is an important parameter. Electret-related
challenges that affect the sensor performance can also be identified. Figure 7.2
shows three different scenarios that can occur during sensor operation. It is of
great importance to prevent the release of charge carriers from the electret. If
charge carriers are released due to temperature fluctuations, this is reflected as
burst noise in the sensor signal. This can be compared to the thermally stimulated
potential decay (TSPD) measurements in Section 5.2, where the charge carriers
are released by a temperature increase. Even at low temperatures this can happen
because of the shallow traps present in the electronic structure, as illustrated in
Figure 7.2a. Furthermore, as illustrated in Figure 7.2b, compensating ions or polar
molecules can be attracted from the ambient atmosphere by the surface potential
of the electret. As seen in the equations of motion, this reduces the signal output
of the sensor. Figure 7.2c shows that also temperatures above 30 ◦C should be
avoided. Otherwise expansion effects due to phase transitions in the crystalline
regions of the poly(tetrafluoroethylene) (PTFE), as observed in Chapter 5, can
occur. The reason is that this changes the distance between the electret surface
and the counter electrode, causing a shift in the resonant frequency similar like
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the effect shown in Figure 7.1c. Only that the shift in the resonance frequency is
involuntary this time and it leads to a measurement at a slightly shifted resonance
frequency at which the full potential of the sensor is not exploited.

(a)                                      (b)                                      (c) 

Noise e-

e-

e- OH        H
OH        H

Reduced signal
Ions Shifted resonance 

frequency

PTFE electret PTFE electret PTFE electret

Figure 7.2: Electret-related challenges for the electrostatic magnetic field sensor.
(a) Detrapping of charge carriers from shallow traps can cause burst noise in
the sensor signal during the measurement. (b) Ions and polar molecules (e.g.
H2O) in the atmosphere are attracted by the surface potential of the electret
and compensate the surface charge. As identified in the equations of motion,
the output signal decreases with decreasing surface potential. (c) Temperatures
above 30 ◦C cause a thermal expansion of the PTFE. The result is a change of
the air gap width and thus an unwanted shift in the resonance frequency during
the measurement.

7.3 Organic Multilayer Electrets

The now possible integration of electret thin films by iCVD demonstrated in
Chapter 5 as well as electret tunability presented in Chapter 6 open up further
possibilities for these special applications. The precise control on the nano- and
micrometer scale makes it possible to address new approaches to further enhance
the performance of the electret films. The iCVD process offers a unique possibility
to deposit several different polymer films on top of each other in a controlled way.
The aim of this section is to investigate whether the electret properties can be
specifically influenced by a multilayer approach. In this way, the organic films
could be tailor-made for the respective application.
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7.3.1 Protection Against External Decay and Release from
Shallow Traps

In a first step, the application of an additional protection layer for the avoidance
of external decay processes will be investigated. In the case of the films with
protection layer, an additional iCVD PTFE layer is applied after charging the
electrets via corona discharge. Due to the mild deposition conditions, the electrets
are not exposed to extremely high temperatures and do not lose their entire
charge. Samples with and without protection layer are prepared and initially
stored for several weeks in a small sealed volume so that the quasi-permanent
state can be established. After this time they are exposed to the open atmosphere
and the surface potential is measured at room temperature for several days. It
is to be expected that the surface charge will decay due to external processes.
These include the attraction of compensating counterions from the surrounding
atmosphere as well as humidity condensing on the electret surface, as introduced
in more detail in Chapter 2. In the experiment shown in Figure 7.3a, the samples
with the protection layer (orange curve) show no decay of the charge within four
days in the open atmosphere. This means that the external charge decay was
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Figure 7.3: Additional protection layer deposited via iCVD on top of an electret.
(a) Comparison of the surface potential of PTFE electrets with (orange) and
without (blue) PTFE protection layer deposited by iCVD. (b) Observed initial
charge decay of unprotected PTFE electrets in different atmospheres.

probably slowed down compared to the sample without protection layer (blue
curve). The attraction of counterions from the air cannot be prevented. They are
still attracted by the surface charge. They may not neutralize the charge of the
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samples with the protection layer, but they may continue to accumulate on the
surface of the protection layer and thus affect the effective value of the surface
potential. However, no decrease in potential was measured within four days for
the samples with the protection layer. It is therefore likely that contact with
air humidity also has a significant influence on the external charge decay. The
humidity can form conductive paths on the surface, as described by Yovcheva and
Kuzmin [214, 215]. Even though poly(tetrafluoroethylene) (PTFE) is hydrophobic
and prevents the formation of conduction paths, it cannot be avoided that the
H2O molecules come into contact with the charged PTFE surface. In the case
that an additional protection layer is deposited, the molecules only have contact
with the surface of the protection layer and not with the charged surface. This
seems to increase the stability against humidity. Indeed, even in the case of
hydrophobic PTFE electret films, the atmosphere shows a clear influence on the
external charge decay, as the next experiment shows. A PTFE film is charged and
immediately transferred into a glovebox without having an additional protection
layer. In this glovebox a certain atmosphere is present. The charge decay is
now monitored over the next 100 minutes for this sample. Then the process is
repeated with a new charged PTFE sample, which is now exposed to a different
atmosphere. The results are shown in Figure 7.3b. A faster decay can clearly
be observed with increasing humidity. The samples in the argon atmosphere
probably show only the initial exponential decay, which will later change into
a linear one, as described in Chapter 2 and Chapter 5. However, the use of a
protection layer seems to offer additional shielding and it slows down the decay.
This seems to be a possible approach to be able to operate electrets without
encapsulation in novel sensor types, such as the ones described above in Section
7.2 in the beginning of this chapter. It furthermore hinders the unintentional
release of charge carriers from shallow traps. It can thus eliminate the burst
noise in the sensor signal, which occurs when detrapped charge carriers from the
electret reach the counter electrode.

7.3.2 Manipulation of the Internal Decay

For the internal long-term decay, as already applied in Chapter 5, the rate
model of Ma lecki has proven to be an effective approach [212, 213]. The initial
electrical conductivity of the electret material seems to have a considerable
influence on the resulting long-term stability of the charge. Two polymers, which
are deposited by iCVD, are investigated. One is PTFE, which has already
been examined in Chapter 5. The other polymer is poly(1,3,5-trivinyl-1,3,5-
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Figure 7.4: Electret multilayer components. (a) FTIR spectrum of a deposited
PV3D3 thin film. (b) Stability prediction of PTFE and PV3D3 based on the
model of Ma lecki. (c) Comparison of the TSPD measurements for PTFE and
PV3D3. (d) Fabricated multilayer electret show enhaced stability.

trimethylcyclotrisiloxane) (PV3D3), which can be deposited with the monomer
1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3). The exact parameters of
the film deposition are listed in Chapter 3. It is often used in the iCVD process
for the deposition of low k dielectric films [33, 36, 307]. Figure 7.4a shows
a Fourier-transform infrared spectroscopy (FTIR) spectrum of the deposited
PV3D3 film. The insets show the molecule (V3D3) and the resulting polymer
(PV3D3). The proposed assignment of the bands in the FTIR spectrum can be
found in Table 7.1. Due to the absence of bands for the vinyl (C C) stretch at
1645 cm−1 - 1640 cm−1 [295] as well as symmetric and asymmetric C H stretch
in the vinyl group at 3000 cm−1 - 3150 cm−1 [295], a successful polymerization
can be assumed. The preservation of the siloxane ring due to the mild deposition
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Table 7.1: Band assignment for the FTIR spectrum of the deposited PV3D3
film.

Band / cm−1 Assignment Reference
798 CH3 rocking in Si CH3 and Si C stretch

(and Si H deformation and C F deforma-
tion)

[285, 308]

1014 Si O Si stretch (cyclic trimer) [308, 309]
1154 C F symmetric stretch [285]
1208 C F asymmetric stretch [285]
1265 symmetric deformation of CH3 in Si CH3 [297, 308]
1409 asymmetric deformation of CH3 in Si CH3 [297, 308]
2862 CH2 symmetric stretch and CH3 symmet-

ric stretch
[297, 309]

2917 CH2 asymmetric stretch [297, 309]
2966 CH3 asymmetric stretch [297, 309]

conditions can be seen from the band at 1014 cm−1 for the Si O Si stretch
[308, 309]. A typical value for the electrical conductivity of PV3D3 was taken
from the literature [136, 310]. The long-term prediction in Figure 7.4b shows that
the charge in PV3D3 decays after only a few days. This is in good agreement
with the experimentally observed charge decay of PV3D3 at room temperature,
which leads to a complete discharge within ten days. 2 Furthermore, it can be
observed that the charge is not as thermally stable as in PTFE, which is shown in
the TSPD measurement in Figure 7.4c. PV3D3 does not seem to provide many
deep-level traps as it is the case in PTFE. The deep-level traps as well as the
electrical conductivity of the films have a significant influence on the internal
decay process and thus the long-term stability of the charge. How can this be
further influenced? In organic electronics, for example, the use of a blocking
layer in solar cells is well-known [311, 312]. Also for organic electrets, additional
interfaces in the material could enhance the stability or even provide additional
deep-level traps. It has been found that inorganic Si3N4/SiO2 interfaces actually
provide additional deep-level traps for charge carriers [313, 314]. It might be

2This is a slightly shorter time than it was predicted by the model. The reason is that, as
mentioned in Chapter 5, the model only considers internal decay and assumes that the sample
is encapsulated immediately. In order to measure the sample, it had to be taken out of the
sample box several times, which means that it is highly probable that the mentioned external
processes also contributed partially to the observed decay.
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possible that this could also be used for polymer electrets. The iCVD process
allows different polymer thin films to be deposited with nanoscale control without
the need to break the vacuum, providing a unique capability to produce new
organic multilayer electrets. Figure 7.4d shows the measurement of fabricated
multilayer electrets. The insets show their exact arrangement. The multilayer
electrets are fabricated using the sequence PTFE/PV3D3/SiO2 (blue curve).
Additional multilayer electrets with PTFE/Teflon AF/SiO2 sequence (cyan curve)
are also fabricated. The substrates are conductive silicon wafers coated with an
SiO2 layer (2µm). PV3D3 (1µm) or Teflon AF (1µm) serve as transport layer
(TL) and PTFE (1 µm) as active layer. These multilayers are compared with the
single PTFE layer investigated in Chapter 5. The thickness of the single PTFE
layer is 22µm (black curve). Indeed, as shown in Figure 7.4d, the multilayers
show improved stability at higher temperatures. Since the stability of the pure
iCVD PTFE films was already found to be very good and sufficiently stable for
applications in Chapter 5, there are other effects that make this approach even
more attractive. Especially the multilayer systems with the PV3D3 TL show
about the same stabilized surface potential as the single iCVD PTFE layers.
The stabilized initial surface potential of the multilayer system is VS = −518 V
and the potential of the pure PTFE is VS = −519 V. The big advantage is that
the PTFE/PV3D3/SiO2 multilayer is much thinner (4µm) to reach this surface
potential than the single PTFE layer (22µm). It seems that the multilayer films
can store more charge than the single PTFE film. The interfaces most likely
provide additional deep-level traps for the charge carriers. By increasing the film
thickness even further, higher surface potentials could be achieved. This is very
interesting to increase the output of the demonstrated magnetic field sensor or
other electret energy generators. Also, on an industrial level, it has the advantage
that more samples can be produced in less time. As here, conductive silicon
wafers with an additional oxide layer can be purchased, which can then be coated
with PV3D3 and PTFE via iCVD without breaking the vacuum. Another finding
that can be obtained from the measurement is that the charge carriers are indeed
not only localized on the surface but actually reach the interface, where they are
held for a long time. This happens either during the charging process or due
to the increased temperature. This hypothesis is supported by the comparison
between the samples with the PV3D3 TL (blue curve) and the Teflon AF TL
(cyan curve), where the other layers of the multilayer system are identical. The
choice of the TL has here an effect on the final charge decay. A further advantage
for the sensor, also shown in Figure 7.4d, is that the lower proportion of PTFE
reduces the initial expansion effect of the PTFE. As mentioned in Chapter 5, the
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PTFE shows a phase transition slightly above 30 ◦C due to its semi-crystallinity
[287]. This leads to an expansion of the film, which reduces the distance between
the charged PTFE surface and the probe in the measurement setup and slightly
increases the surface potential of the film during the measurment. This effect is
observed in Figure 7.4d for the single 22µm PTFE layer by the initial increase
in the normalized surface potential above 1. But this also means that in the
case of the introduced electret magnetic field sensor the distance of the air gap
can vary. This can lead to a shift in the resonance frequency of the sensor, as
shown in the measurement in Figure 7.1c, when measuring over 30 ◦C, e.g. on
a hot summer day or in direct contact with a patient. The frequency that was
previously assumed to be the resonance frequency of the sensor and at which the
sensor is consequently excited is now no longer the real resonance frequency. It
has been shifted slightly due to the expansion effect and the full potential of the
sensor can no longer be used because it is not excited at the correct frequency.
The measurement would now be performed at a wrong resonance frequency and
the full potential of the sensor cannot be used. The result is a deterioration of the
LOD. Due to the fact that the PTFE proportion of the multilayer system is much
smaller, the expansion effect is barely noticeable as seen in the measurement in
Figure 7.4d. In addition, the PTFE film is no longer on a hard metal electrode or
silicon wafer, but on another polymer, which can further reduce the expansion
effect due to its softer mechanical character. The problem of the unintentional
resonance shift due to thermal expansion of the electret can thus be avoided with
the multilayer approach.

7.4 Summary

This chapter first presented a novel magnetic field sensor based on the electret
transducer/generator principle, which was developed in close collaboration with
the Chair for Functional Nanomaterials (Prof. Dr. Rainer Adelung)). First of all,
equations of motion for the sensor were formulated and the special requirements
for the electret material were determined on the basis of these equations. These
requirements were finally addressed by the introduction of new organic multilayer
electret systems. In this way, external decay influences such as humidity can
be reduced by an additional iCVD protection layer. This enables the sensor to
be operated without encapsulation. Furthermore, the unintentional release of
charge carriers from shallow traps can be reduced by this protection layer. With
respect to the described sensor, this can reduce the burst noise in the sensor signal,
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which occurs when detrapped charge carriers from the electret reach the counter
electrode. Regarding the internal charge decay, the temperature stability of the
charge can be increased by creating additional interfaces in the electret. It also
shows that, compared to a single layer of PTFE, only 1/5 of the electret thickness
is required to store the same charge. It is likely that additional deep-level traps
are provided by the interface to store the additional charge. For the sensor shown,
the resulting higher surface potential results in a stronger signal. A further
benefit of the multilayer approach is the reduction of the PTFE content, which
minimizes the thermal expansion of the electret. With respect to the sensor, this
prevents an unintended shift in the resonance frequency during measurements at
elevated temperatures. In the future the stored charge can be further increased
by increasing the effective surface area. The deposited iCVD films are highly
conformal and have a very low roughness. One approach would be to deposit the
electret on a highly porous substrate. Another approach would be to synthesize it
on a previously deposited porous layer as part of a multilayer system. Again, the
vacuum does not have to be broken and everything can take place in one reactor.
A microporous thin film with pore sizes smaller than 2 nm would be suited for
such a porous component. It has many small pores and thus an extremely large
surface area. In addition, the nanoscale voids provide additional deep traps in
the polymer [161, 202, 293]. This makes it possible to further tailor the electronic
structure of the polymers. The next chapter covers exactly this deposition of
microporous polymer thin films via iCVD for the potential use as porous layers
in electret multilayer systems as well as in many other applications.
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8. Controlled Large-area Synthe-
sis of Microporous Polymer Net-
work Films with sub 2 nm Pore
Size Enabled by Initiated Chemi-
cal Vapor Deposition

In order to be able to add a surface-enlarging component to the multilayers
shown in the previous chapter, as well as for new low k films and many other
applications in general, the deposition of microporous thin films with pore sizes
below 2 nm is demonstrated in this chapter. The large-area synthesis of such
microporous polymers is extremely difficult with wet chemical approaches. By
adding an additional chemical, a so-called porogen, to the vapor phase in the
initiated chemical vapor deposition (iCVD) reactor, a phase separation can be
generated during the deposition. The resulting porosity after removal of the
porogen by a further heating step is examined by means of positron annihilation
lifetime spectrosopy (PALS).

109
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8.1 Introduction

Materials with pore sizes below 2 nm, also referred to as mircoporous materials,
have drawn the attention for numerous applications such as membranes for
desalination and water purification [315], hydrogen storage [316], nuclear waste
treatment [317, 318], catalysis [319], antireflective coatings [320] or low k dielectrics
[321]. Furthermore, they can be used as porous base layers to increase the surface
in multilayer systems, such as the organic multilayer electrets shown in the
previous chapter. Compared to zeolites and metal-organic frameworks (MOFs),
microporous polymers are a relatively new candidate among microporous materials.
They are of great interest because they enable a unique tunability and combination
of functional properties via the selected monomer [322]. A key challenge in the
fabrication of such materials is still their large-area synthesis as conformal thin
films and the precise control of the pore size [315, 319, 322]. Microporous polymers,
for instance, typically consist of a highly cross-linked network which cannot be
melted or solved in organic solvents and are thus extremely difficult to synthesize
[322]. A technique well known from wet chemistry to achieve open porosity in
polymer is the use of an additional chemical in the monomer feed, a so-called
porogen [323, 324]. It is typically selected based on a different Hildebrand
parameter compared to the monomer according to

δH =
(

∆Hvap − RT

Vmol

)1/2

. (8.1)

The symbols Hvap, R, T and Vmol represent the enthalpy of vaporization, universal
gas constant, temperature and molar volume, respectively. Porogen and monomer
separate into different phases and only the monomer rich regions polymerize.
After polymerization, the porogen is removed in a subsequent heating step and
an open porous polymer network remains without the need for an additional
template or mold. A first approach to use this technique from the vapor phase has
already been reported for macroporous poly(glycidylmethacrylate) (PGMA) by
iCVD under supersaturated growth conditions [325, 326]. By adding a porogen
to the gas phase it forces a phase separation as soon as the vapor adsorbs on
the cooled substrates. During polymerization, only the monomer-rich regions
polymerize and in a subsequent heating step the porogen can be removed, which
leaves an open porous polymer network as schematically illustrated in Figure
8.1a. As mentioned above, microporous polymer networks with pore sizes below
2 nm are extremely challenging to synthesize. Regarding polymerization from
the vapor phase as in iCVD, it is essential to have (I.) a highly cross-linked
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Ethylene glycol (EG)1,3,5-trivinyl-trimethylcyclo
trisiloxane (V3D3)

A. Substrate                   B. iCVD coating             C. Heating step             D. Porous polymer

Figure 8.1: Phase separation during iCVD. (a) Schematic illustration of the
deposition procedure. A. The substrate is placed in the iCVD reactor. B.
During the process an additional porogen is fed into the reactor and a phase
separation takes place at the cooled sample stage. C. A subsequent heating step
removes the porogen from the polymer. D. At the end an open-porous polymer
network remains. (b) Structural formula of the monomer (1,3,5-trivinyl-1,3,5-
trimethylcyclotrisiloxane, V3D3) and of the porogen (ethylene glycol, EG) used
for the phase separation. (c) A clear phase separation can be observed when
V3D3 and EG are added together.

polymer network that retains the porous form (i.e. thermosets), (II.) precise
film control as well as (III.) a reliable way to actually probe the pores on the
lower nanoscale. Referring to the first point (I.) the monomer 1,3,5-trivinyl-1,3,5-
trimethylcyclotrisiloxane (V3D3, Figure 8.1b) is used which already appeared
in the previous chapter for the synthesis of the PV3D3 transport layers. It is
part of the cyclosiloxane family and is highly cross-linked due to the three vinyl
groups. By using ethylene glycol (EG, Figure 8.1b), which was selected due to
the different Hildebrand parameter, an open microporous network is to be formed.
V3D3 and EG show a clear phase separation when the two substances are put
together as shown in Figure 8.1c. After polymerization, V3D3 forms a cross-linked
network that is not affected by long range chain mobility (i.e. glass transition)
and thus maintains the microporous form. In order to address the second point
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(II.), the precise film control, the demixing process that takes place during the
adsorption on the substrate has to be further understood. For this purpose, a
simple description is given by the Cahn-Hilliard phase field model [250, 251] and
integrated into the general kinetic theory of Lau and Gleason [133, 134] which is
shown in more detail in Chapter 2. Originally used for the phase separation in
metal alloys, the Cahn-Hilliard phase field model is meanwhile used in many other
areas ranging from inpainting of binary images [327] to topology optimization
[328]. The model can be used here to understand the underlying processes during
the phase separation. Finally, with regard to the third point (III.), a probe on
the nanoscale is required to detect the pores and channels on the nanoscale. For
this purpose positron annihilation lifetime spectroscopy (PALS) is used here,
which is described in more detail in Chapter 3. For a possible open porosity in
the films, a long ortho-positronium (o-Ps) lifetime above 10 ns is to be expected.
This would confirm that there is an additional open porosity in the films, as bulk
polymer is expected to result in an o-Ps lifetime between 1 ns and 4 ns [245–247].
Since thin films around 600 nm to 1000 nm have been produced here, low-energy
positrons with implantation depths around 100 nm are necessary. For this purpose
the measurements were performed at the Electron Linac for Beams with high
Brilliance and low Emittance (ELBE) in Dresden Rossendorf [329–331].

8.2 Phase Separation During Adsorption

In the vapor phase, initiator, monomer and porogen mix as the reactor and all
feed and exhaust lines in the iCVD process are heated to avoid condensation.
This also means that the vapor mixture is kept above the critical temperature (Tc)
until it adsorbs on the cooled substrate surface. The adsorbed volume (Vad) can
be estimated by the Brunauer–Emmett–Teller (BET) theory, as already outlined
in detail in Chapter 2, according to

Vad =
Vml cB

pm
psat(

1− pm
psat

)(
1−

(
1− cB

)(
pm
psat

)) . (8.2)

The symbols Vml, cB, pm and psat represent the volume of a monolayer, the BET
constant, the partial pressure of the respective component and the saturated
vapor pressure of the component, respectively. At the time of adsorbtion a phase
separation takes place because the substrate has a temperature below Tc due
to the cooling. The initiator usually exhibits a very high vapor pressure and
therefore only a short dwell time on the substrate surface. The initiation process
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in iCVD is therefore often described by the Eley-Rideal mechanism [332]. For
this reason, it is assumed in the following that the initiator does not participate
in the phase separation. The adsorbed layer is assumed to be a binary system of
monomer (V3D3) and porogen (EG). The diffusion driven part is described by
the Cahn-Hilliard phase field model [250, 251]. The Cahn-Hilliard equation,

δu

δt
= ∆(M∇µ), (8.3)

contains the chemical potential (µ), a mobility (M) and the order parameter (u).
The chemical potential depends on the term with the derivative of the free energy
(ψ) and the parameter γ, which is connected to the Cahn number by γ = C2

a , and
is given by

µ =
dψ

du
− γ∇u. (8.4)

Cahn and Hilliard suggest

ψ =
kBT

2
((1 + u) log(1 + u) + (1− u) log(1− u))− kBTc

2
u2 (8.5)

for the free energy by a mean field model [250, 251]. The symbol kB represents
the Boltzmann constant. To find the typical double-well type of free energy with
two minima at u1 = 1 and u2 = −1, the well-known approximation

ψ =
(u2 − 1)2

4
(8.6)

is used here. This results in a nonlinear term for the derivative

dψ

du
= u3 − u. (8.7)

The equation can be solved numerically. For the time discretization different
methods are tested. Straightforward explicit methods, i.e. the Euler forward
scheme, result in a low stability of the simulation. The method of Eyre [252] is a
semi-implicit method in which the free energy is separated into contractive and
expansive parts. It showed the best stability of all tested methods as seen in
Figure 8.2. The results in the figure show the view from above on the substrate
surface. This two-dimensional view of the phase separation shows a change in
the monomer (V3D3, red color) and porogen (EG, blue color) regions over time.
The step at t = 1 shows the moment when the molecules from the vapor mixture
adsorb onto the substrate. The temperature of the mixture falls below Tc and
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Figure 8.2: Simulation result for the phase separation on the sample surface.
View from above on the substrate surface where the phase separation takes place.
The simulation was performed with the Cahn-Hilliard phase field model. It shows
the moment when the mixture of V3D3 and EG reaches the substrate surface
causing the temperature of the mixture to decrease below the critical temperature
(Tc).

the demixing begins. At first glance it is apparent that the longer the system
has time to separate, the larger the individual regions become. This depends
on the rate constants of the polymerization, which can be determined by in-situ
quadrupole mass spectrometry presented in Chapter 4. It seems that the system
has less time to demix for fast reactions. During polymerization, the monomer
regions (red color) become immobile as they combine to form the repeating units
of the polymer. The vapor pressure at the surface changes and new molecules
adsorb from the mixed gas phase. Here a second question arises, namely how high
the respective adsorbed volume (Vad) should be. Submonolayer adsorption will
not lead to phase separation because no regions can form before the monomers
polymerize. It is therefore advisable to grow near or in supersaturated conditions
(pEG/psat,EG ≈ 1). Also supported by the observations of Tao and Anthamatten,
the porosity of the polymer film becomes coarser with increasing porogen content
[325, 326]. However, it must be taken into account that GMA and the cross-linker
EGDA were used in the study of Tao and Anthamatten. The cross-linker flow
rate was comparatively low and was further diluted with increasing Porogen
flow rate. As only V3D3 is used in this study, which cross-links itself through
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Figure 8.3: FTIR investigation. (a) The comparison of thin films deposited only
with V3D3 and thin films deposited with V3D3+EG reveals an additional band
at 1090 cm−1. (b) The intensity of the band at 1090 cm−1 varies after the heating
step depending on the temperature.

the three vinyl groups, the proportion of cross-linking molecules is significantly
higher. Therefore V3D3 is run below one and EG is varied near one. Indeed,
deposition in these conditions yields a PV3D3 film with EG content. This can be
seen in the Fourier-transform infrared spectroscopy (FTIR) spectrum in Figure
8.3a. The reference sample where no EG was used shows the typical bands for
PV3D3. The presence of the band at 1014 cm−1 shows that the cyclosiloxane
ring is preserved in iCVD due to the mild deposition conditions. Absence of
bands around 1600 cm−1 for the vinyl group (C C) and above 3000 cm−1 for
the C H stretch at the vinyl group (C C H) shows that the film is succesfully
polymerized. The polymer backbone is indicated by the CH2 symmetric and
asymmetric stretch at 2862 cm−1 and 2917 cm−1, respectively. The nearby or
partially overlapping bands are assigned to the CH3 of the methyl groups at the
cyclosiloxane ring. The proposed assignment for all bands is shown in Table 8.1.
When EG is added under supersaturated conditions (pEG/psat,EG > 1) during the
deposition, additional characteristic bands for EG appear in the FTIR spectrum
of the film as seen in the blue curve in Figure 8.3a. The band marked in red at
about 1090 cm−1 is characteristic for the C C O stretch of EG and underlines
the assumption that EG is now successfully embedded in the PV3D3 film. The
formation of a copolymer can be excluded because of the demonstrated phase
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Table 8.1: Proposed assignment of the bands that appear in the FTIR
spectra of the deposited PV3D3 films.

Band / cm−1 Assignment Reference
798 CH3 rocking in Si CH3 and Si C stretch

(and Si H deformation and C F deforma-
tion)

[285, 308]

1014 Si O Si stretch (cyclic trimer) [308, 309]
1090 CCO stretch (in primary alcohol, EG) [298]
1154 C F symmetric stretch [285]
1208 C F asymmetric stretch [285]
1265 symmetric deformation of CH3 in Si CH3 [297, 308]
1409 asymmetric deformation of CH3 in Si CH3 [297, 308]
2862 CH2 symmetric stretch and CH3 symmet-

ric stretch
[297, 309]

2917 CH2 asymmetric stretch [297, 309]
2966 CH3 asymmetric stretch [297, 309]

separation and the absence of vinyl groups in the EG molecule. Whether there
are inclusions or a connected network is tested by heating. The samples are
heated at different temperatures (100 ◦C, 150 ◦C or 200 ◦C) for 60 min in order to
remove the porogen. For inclusions or a transition state, the signal for EG will
probably still be present after heating. On the other hand, if an interconnected
EG network has formed, the signal for EG will disappear as it is driven out of
the film during the heating step. The EG bands start to disappear after heating,
as seen in Figure 8.3b. It is shown that the C-C-O band is still clearly visible in
samples heated at 100 ◦C despite the heating process. At 150 ◦C, the intensity of
the band decreases slightly after heating. At 200 ◦C, it can be seen that the band
now begins to disappear completely. This indicates that the EG, which has a
boiling point of 197 ◦C, is now removed and an open porous network has formed.

8.3 Verification of Microporosity

In order to confirm the formation of the pores and channels after the heating
out positron annihilation lifetime spectroscopy (PALS) is used. As discussed
in Chapter 3, o-Ps formation and lifetime can be used to detect unoccupied
space in polymers. Usually, free volume results in lifetimes in the range of 1-4 ns
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[245–248]. Larger space, i.e. channels or pores, should result in lifetimes above
10 ns. Since the samples are thin films, the energy of the incoming positrons must
be moderated to obtain depth profiles. A typical set of positron beam data is
shown in Figure 8.4. In Figure 8.4a, the positron lifetime, in particular τ3 = o-Ps
lifetime, is plotted as a measure of the average hole size versus the positron
implantation energy, which is a measure of implantation and thus information
depth within the sample. The o-Ps lifetime of approximately 3 ns is representative
for bulk polymers[245–247]. All lifetimes are independent of the implantation
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Figure 8.4: PALS measurements. (a) Positron lifetimes of a non-porous PV3D3
sample. (b) Corresponding positron lifetime intensities of the non-porous PV3D3
sample. (c) The PV3D3 sample, where EG was added during deposition and a
subsequent heating step was performed, shows an additional long lifetime (cyan
curve) when measuring the positron lifetimes. (d) Corresponding positron lifetime
intensities for the sample shown in (c).
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energy, which indicates that the polymer structure is unchanged throughout the
thickness of the film. Figure 8.4b shows the corresponding intensities, i.e. the
relative contribution of the three decay channels of the implanted positrons versus
the implantation energy. The vertical line is the energy at which 50 % of the
positrons are implanted into the substrate and thus do not contribute to o-Ps
annihilation. This is consistent with the decrease in o-Ps intensity (I3) at this
energy to half of the initial value. Figures 8.4c and 8.4d show the data set as
in Figures 8.4a and 8.4b but this time for a sample where porogen content and
heating is supposed to create open porosity (supersaturated sample, compare
FTIR plot in Figure 8.3). This is clearly reflected in the additional lifetime τ4

of approximately 11 ns (Figure 8.4c), which is almost constant throughout the
sample. The lifetime is, as explained in more detail in Chapter 3, a measure of
the average hole size and can be expressed by [248]

1

τ3

= λ0

(
1− Rh

Rh + δR
+

1

2π
sin

(
2πRh

Rh + δR

))
. (8.8)

The symbols λ0, Rh and δR represent the spin averaged decay rate, the average
free volume hole radius and the thickness of the electron layer, respectively. An
o-Ps lifetime of approximately 11 ns corresponds to an average diameter of about
1.3 nm for the channels. The detected size of the nano channels in the molecular
structure is finally visualized using geometry optimization in Figure 8.5 based on
the results obtained in this study.

8.4 Summary

This chapter demonstrated the deposition of microporous PV3D3 polymer net-
works from the vapor phase. For this purpose an additional porogen was added
to the vapor phase during deposition. The resulting phase separation was investi-
gated in a simplified way with the Cahn-Hilliard model and successful porogen
inclusions were confirmed by FTIR. After removal of the porogen by an additional
heating step, the formation of open microporosity in the thin films deposited
under supersaturated conditions was verified by PALS. By selecting a different
initiator, similar like in Chapter 6, the functional groups can be changed, which
can be used to modify the properties (e.g. membrane selectivity). Also the choice
of other monomers or addition of comonomers can influence the properties of the
microporous layer significantly. Due to the CVD-typical growth characteristics
of the iCVD process large-area substrates as well as complex structures can be



119

(a)

                                                                                         

                                                                                         (b)

Figure 8.5: Classification of the measured data. (a) Molecular visualization of
the resulting pore size obtained by geometry optimization based on the results
obtained in this chapter. (b) Calculated van der Waals surface of one pore.

coated with the thin films. It is also possible to produce freestanding films/foils,
which can be used as a membrane for example. Besides the use as flexible organic
low k material these microporous films can also be used in the future as part of
the organic multilayer electrets presented in the previous chapter. This increases
the surface area and thus the effective surface charge.
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9. Conjugated Organic Thin Films
by Initiated Chemical Vapor De-
position

This chapter is intended to investigate the feasibility to deposit new conjugated
polyacetylene-like thin films from the vapor phase via initiated chemical vapor
deposition (iCVD). These organic thin films could be used for possible semiconduc-
tor applications in the future. In this case, in contrast to electrets, it is important
to have as few deep traps as possible in the polymer. For this reason, a solvent-less
and pinhole-free deposition is required. These films might later be used as a basis
for a reduction of the Peierls distortion by stabilizing functional groups, thus
enabling targeted bandgap engineering and device fabrication without breaking
the vacuum.
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9.1 Introduction

In this thesis only insulators have been considered so far. In order to look at
the other side, a brief look at semiconducting and conducting polymers should
be given. Organic semiconductors and conductors are of great interest for ap-
plications in organic light-emitting diodes (LED) [333, 334], organic field-effect
transistors (OFET) [335–338], organic memory [339, 340] and organic solar cells
(OSC) [341–343], among others. The first and best known polymer represen-
tative is polyacetylen (PA). However, in the meantime many other polymers
have become well established as conductive/semiconductive polymers. This
includes polythiophenes like poly(3,4-ethylene dioxythiophene) (PEDOT) (or
poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS)), polyani-
line (PANI) and polypyrrole (PPy). The vapor phase deposition of high quality
conjugated/conductive polymer thin films, such as PEDOT or PANI, is typically
achieved by oxidative chemical vapor deposition (oCVD) [123–126], which is
described in more detail in Chapter 2. The iCVD process typically provides
insulating polymers due to free radical polymerization via vinyl groups. This
results in the formation of a sp3 hybridized carbon backbone. The deposited
polymers, such as poly(1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane) (PV3D3),
have been successfully used as dielectric films in a variety of organic electronics
applications [33, 36, 344]. Combined with the deposition of semiconductor layers
by iCVD, it would be possible to produce entire organic electronic devices in one
reactor without breaking the vacuum. Breaking the vacuum would, for example,
result in the accumulation of impurities at the interfaces of the individual layers,
and the layers would come into contact with the air humidity that can penetrate
into nanoscale voids. As described in the previous chapter, nanoscale voids in
particular are highly undesirable for organic semiconductors, since the penetration
of water into these nanopores generates additional traps that significantly impair
the performance [161–164]. The production of organic electronic devices in an
iCVD process without breaking the vacuum enables the active semiconductor
layer to be immediately sealed with the next layer without coming into contact
with the atmosphere and humidity/water. The iCVD technique is known to
provide solvent-free, pinhole-free coatings of high quality, whose performance
will not be degraded by nanovoid formation or residual solvent molecules. The
CVD-typical growth further enables the deposition of the organic films on large-
area substrates. One approach for the deposition of conjugated polymers, i.e. a
sp2 hybridized carbon backbone, by underlying free radical polymerization from
the vapor phase is the use of acetylene-like monomers with carbon triple bonds
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instead of the typically used vinyl groups [345]. This seems to be quite promising
and a conjugated system that behaves like a one-dimensional metal should be
created immediately. However, this approach is usually impeded by the Peierls
instability, which is presented in more detail in Chapter 2. This leads to a band
gap formation, which degrades the system from potential metallic conductivity
to a much lower electrical conductivity. This has already been known from PA,
which only exhibits metal-like electrical conductivity after appropriate doping.
In this short communication-type chapter the topic is approached from another
direction. The additional functional groups along the conjugated chain could
influence the electronic properties of the chain. In addition, different functional
groups probably also influence the elastic properties that affect the band gap.
This could enable specific band gap engineering for conjugated polymer films
and has the additional advantage that whole organic electronic devices could be
produced in one reactor without breaking the vacuum.

9.2 The Polymerization of new Acetylene-type

Monomers

For the deposition, the monomers 1-nonyne, 1,8-nonadiyne and 1-ethynyl-3-
fluorobenzene, which have not previously been deposited by iCVD, are investigated
as examples. The chemical structures of these monomers are shown in Figure
9.1a. It has to be examined whether these can be polymerized and thereby form a
conjugated system. With the parameters used, which are listed in Chapter 3, thin
films were successfully deposited with all three monomers in the iCVD process.
The deposition rate for poly(1-nonyne) (P1N) with the 1-noonyne monomer is 10
nm/min. For poly(1,8-nonadiyne) (P18N) with 1,8-nonadiyne it is 15 nm/min
and for poly(1-ethynyl-3-fluorobenzene) (P1E3F) with 1-ethynyl-3-fluorobenzene
it is 12 nm/min. The resulting thin films on silicon wafers are examined by
Fourier-transform infrared spectroscopy (FTIR) and the results are shown in
Figure 9.1b. Furthermore, data for the 1-nonyne monomer are added from the
literature as reference spectrum [346]. Typically, strong bands between 3300 cm−1

- 3340 cm−1 are observed for the C H stretch in mono-substituted alkyne groups
( C C H) [347] and bands between 2150 cm−1 - 2100 cm−1 are observed for
the alkyne stretch ( C C ) [347]. These bands are also clearly visible in the
1-nonyne reference (black line), for example. In all three polymer films these
bands have completely disappeared, which confirms the successful polymerization.
Furthermore, all three polymers have additional bands in the region 1587 cm−1 -
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Figure 9.1: Acetylene-type monomers with different functional groups. (a) Molec-
ular structure of 1-nonyne, 1,8-nonadiyne and 1-ethynyl-3-fluorobenzene. (b)
FTIR spectra of poly(1-nonyne) (P1N, green curve), poly(1,8-nonadiyne) (P18N,
cyan curve) and poly(1-ethynyl-3-fluorobenzene) (P1E3F, blue curve) polymer
thin films after the iCVD process compared to the spectrum of the 1-nonyne
monomer (black curve). The spectrum for the 1-nonyne monomer (black curve)
was adapted from the literature [346].

1728 cm−1. These are marked in red in Figure 9.1. They are characteristic for
conjugated systems with alternating single and double bonds [295]. This shows
that it is indeed possible to produce conjugated systems with the iCVD process
that have different side-groups. As outlined in the introduction, the additional
functional groups could have an influence on the resulting band gap. Similar to
PA, it can also be assumed that the mechanism of electrical conductivity takes
place via solitons, since there is most probably also a degenerated ground state.

9.3 Summary

Absence of bands for alkyne stretch and C-H stretch in mono-substituted alkyne
groups by FTIR shows successful polymerization of acetylene-based monomers
from the vapor phase. The appearance of new characteristic bands associated
with alternating single and double bonds after polymerization indicates that a con-
jugated system has formed. The films could be the basis for new semiconducting
polymer films.



10. Nanoscale Gradient Copoly-
mer Films via Single-step Deposi-
tion From the Vapor Phase

This chapter reports on the deposition of noval nanoscale gradient copolymer
films via initiated chemical vapor deposition (iCVD). In these films the chemical
composition changes gradually from polymer type A to polymer type B. By
enhancing the iCVD process with the in-situ mass spectrometry approach reported
in Chapter 4, it was possible to produce these materials at film thicknesses below 30
nm. The combination of two material states in one material opens up completely
new chemical and physical properties that cannot be achieved with materials
currently in use.

The content of this chapter is published in:
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A, 125:1661, 2021. 125
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10.1 Introduction

The interested reader of this thesis will certainly encounter the question why
especially the shown fluoropolymer films do not delaminate when deposited,
e.g. on silicon wafers. Their mechanical properties are so different. This must
inevitably lead to weak adhesion. Indeed, the poly(tetrafluoroethylene) (PTFE)
films deposited on silicon wafers show delamination on all length scales as shown
in Figure 10.1a,b. This is intensified by the phase transitions in the crystalline
regions of PTFE, which were already observed in Chapter 5 and Chapter 7. In
order to solve this problem a look into the natural world is attempted. It becomes
apparent that nature is filled with sophisticated organic materials with inherent
functional or structural gradients. This means that the chemical composition
and properties change gradually along the material dimensions as illustrated in
Figure 10.1c. Examples owed to such gradients are the extraordinary stability and
resistance of the windowpane oyster as well as squid beaks [348–352]. In addition,
the complex eye lenses of many living organisms such as squids or humans have
complex gradients in the refractive index [353, 354]. Gradients are also found
in mussel byssus and tendon, where they enable exceptionally good adhesion
of soft material to hard structures [355, 356]. For example, mussels can adhere
firmly to rocks, piers or other hard objects in the water without being washed
away by the waves as seen in the photo in Figure 10.1d. Polymers are therefore
promising candidates for the transfer of these organic gradients to the laboratory
[357, 358]. The synthesis of organic gradient materials also paves the way for
many other fields of application, including functional implant coatings [359, 360],
flexible gradient index optics [361] and tissue engineering [358]. However, the
synthesis of gradient copolymers is extremely challenging. It has been possible
to synthesize gradient copolymers with wet chemistry approaches using ionic or
controlled radical polymerization [362, 363]. However, these approaches are not
suitable for conformal coating on large-area substrates or complex geometries,
which is essential for many applications. Furthermore, copolymer synthesis in
wet chemistry is often limited to monomer pairs that share a common solvent.
This prevents access to many important combinations, since often exactly two
types with completely different characteristics are required. Here the deposition
of gradient copolymer materials via iCVD is shown, which can overcome these
limitations. The chemical composition of the deposited films changes gradually
from polymer type A to polymer type B. By extending the iCVD process with
in-situ massspectrometry, which was presented in Chapter 4, these materials were
deposited with layer thicknesses below 30 nm. This combination of two material
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states in one material opens up completely new chemical and physical properties
that cannot be achieved with current materials.

100 µm 2 µm

500 nm PTFE on c-Si       800 nm PTFE on c-Si       10 µm PTFE on c-Si

    Chemical composition B

Chemical composition A
1 mm

1 mm

(c)                             (d)

(e)                                                           (f)

10 µm PTFE on c-Si
10 µm PTFE gradient 

 on c-Si
1 mm 1 mmSideviewSideview

c-Si c-Si
PTFE PTFE gradient

(a)                                                                      (b)

Figure 10.1: Delamination of PTFE. (a) View from above on PTFE films of
different layer thickness deposited on silicon wafers by iCVD. The delamination
occurs spontaneously directly after deposition. (b) Even ultra thin PTFE films
show cracking due to poor adhesion, as can be seen on this scanning electron
microscopy (SEM) image. (c) In case of a gradient in the material, the chemical
composition changes along the material and consequently also the properties. (d)
Photo of a mussel attached to the shell of a cockle. The enlargement shows the
mussel byssus which is responsible for the excellent adhesion of the mussel. (e)
The 10µm pure PTFE film delaminates while the 10µm PTFE gradient film in
(f) is firmly attached to the silicon wafer.



128 Nanoscale gradient copolymer films

10.2 Bioinspired Organic Gradient Films

In order to get back to the original example in the introduction, an attempt is made
to improve the adhesion of the PTFE films with the aid of a gradient. Polymer
A at the interface to the wafer must ensure good adhesion and polymer B at the
surface must be fully functional PTFE. The two monomers 1,3,5-trivinyl-1,3,5-
trimethylcyclotrisiloxane (V3D3) and hexafluoropropylene oxide (HFPO) already
presented in the other chapters of this thesis are used for this purpose. V3D3
with its organosilicon character should adhere well at the interface to the silicon
wafer. This is on the one hand due to the strongly cross-linked thermosetting
character because of the three vinyl groups in the V3D3 monomer and on the
other hand due to a possible covalent bonding to the native oxide of the silicon
substrate because of the similarity to typical organosilane adhesion promoters.
HFPO is intended to provide CF2 repeating units as usual to obtain the desired
linear PTFE character. The composition of the vapor phase is changed gradually
from V3D3 to HFPO during deposition. Precise control can be achieved with the
in-situ mass spectrometry presented in Chapter 4 by fingerprinting the spectra.
The resulting films actually show significantly improved adhesion, as shown in
Figure 10.1e,f. Here a 10µm thick pure PTFE film is shown (Figure 10.1e) and a
10µm gradient PTFE film (Figure 10.1f). This eliminates the need for additional
adhesion promoters, substrate pretreatment by etching processes or other chemical
treatments to adhere PTFE to the desired substrate (e.g. cookware). A lot of
chemical waste could be avoided at industrial level by this new process. Both
films show the same PTFE functionality on the surface. To experimentally verify
this, the synthesis of the gradient films is stopped after different stages and
the surface is investigated using X-ray photoelectron spectroscopy (XPS). The
results are shown in Figure 10.2a-c. As shown in Figure 10.2a, by increasing the
fluoromonomer concentration and simultaneously decreasing the organosilicon
monomer concentration, the enrichment of CF2 is clearly visible in the C1s high
resolution scan. Accompanied by the observation of the simultaneous reduction
of the Si 2p peak, which can be seen in Figure 10.2b, the material appears to
change its chemical character from an organosilicon (PV3D3) to a fluoropolymer
(PTFE). Figure 10.2c shows the total change in chemical composition determined
by XPS at the surface. The initial high fluorine concentration is explained by the
perfluorobutanesulfonyl fluoride (PFBSF) initiator. The cyclic siloxane trimer of
the V3D3 results in a ratio of about 1:1 between silicon and oxygen. The oxygen
content is slightly increased and varies.
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Figure 10.2: Chemical characterization of the gradient coplymer films. (a) The
C 1s high resolution XPS scan shows that the CF2 character increases with
increasing film thickness. The insets show the current position of the respective
measurement. (b) The Si 2p high resolution XPS scan shows a gradual decrease
of the peak with decreasing V3D3 monomer concentration and increasing HFPO
fluoromonomer concentration. (c) Variation of the surface concentration with
increasing film thickness determined from the XPS measurements. (d) The FTIR
spectra show preserved functionality of all groups within the gradient polymer
film deposited by V3D3 and HFPO (black curve). To show the versatility of
the approach, gradient films were also deposited using V3D3 and C6PFA (green
curve). The FTIR also shows full functionality of both comonomers. The proposed
assignment of the individual bands can be found in Table 10.1. (e) Chemical
structures of the monomers used in the depositions.

This can be attributed to the surface contamination of the samples, since the
samples were exposed to the ambient atmosphere prior to the XPS characteriza-
tion. The carbon content is slightly reduced due to the lower occurrence of V3D3
and its methyl groups. At 95 % HFPO and 5 % V3D3, the fluorine/carbon ratio
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approaches 2, indicating that the organosilicon network is gradually changing to
linear CF2 PTFE chains. The Fourier-transform infrared spectroscopy (FTIR)
transmission spectrum in Figure 10.2d (black curve) shows that all functional
groups are preserved. A detailed assignment of the bands can be found in Table
10.1. For the sake of clarity, Figure 10.2e once again shows the corresponding
chemical structures of the respective monomers. The important preservation
of the cyclic siloxane trimer structure, which typically lies between 1020 cm−1

and 1010 cm−1, is confirmed by the band at 1015 cm−1 [308]. The fluoropolymer
character is shown by the bands at 1146 cm−1 and 1207 cm−1, which represent
the symmetric and the asymmetric C F stretch. Polymer backbone formation
is shown by the absence of bands for the vinyl groups between 1590 cm−1 and
1615 cm−1. This approach can be transferred to many other comonomer pairs.
Due to the advantage of iCVD that no common solvent is required for copoly-
merization, a wide range of different functions can be covered. For this reason,
the combination of V3D3 and 1H,1H,2H,2H-perfluorooctyl acrylate (C6PFA) gra-
dients is furthermore demonstrated. The FTIR spectrum of the gradient grown
in V3D3 and C6PFA in Figure 10.2d (green curve) shows also full functionality.
An additional band at 1740 cm−1 is given by the carbonyl group in C6PFA.

Table 10.1: Proposed assignment of the bands that appear in the FTIR
spectra of the deposited gradient films.

Band / cm−1 Assignment Reference
798 CH3 rocking in Si CH3 and Si C stretch

(and Si H deformation and C F deforma-
tion)

[285, 308]

1014 Si O Si stretch (cyclic trimer) [308, 309]
1146 C F symmetric stretch [285]
1207 C F asymmetric stretch [285]
1240 C F stretch in CF3 [285]
1265 symmetric deformation of CH3 in Si CH3 [297, 308]
1408 asymmetric deformation of CH3 in Si CH3 [297, 308]
1740 C=O carbonyl stretch [296]
2862 CH2 symmetric stretch and CH3 symmet-

ric stretch
[297, 309]

2919 CH2 asymmetric stretch [297, 309]
2967 CH3 asymmetric stretch [297, 309]
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C6PFA is a good alternative to C8-based coatings to prevent the release of
bioaccumulative and persistent perfluorooctanoic acid and perfluorooctanesul-
fonic acid [217, 294, 364]. The chemical composition gradually changes from
an organosilicon to a fluoropolymer and all functional groups are preserved. A
property that also changes gradually is the cross-linking in the polymer film.
V3D3 has three vinyl groups and forms a highly cross-linked network. If the
amount of V3D3 is gradually reduced and HFPO (or C6PFA) is simultaneously
increased, their repeating units are gradually incorporated into the network. This
leads to a gradual decrease in the degree of cross-linking and a rather broad-
meshed cross-linked structure is formed, since the fluoromonomers HFPO and
C6PFA cannot form cross-links. At the end of the synthesis, when V3D3 is no
longer present, the polymer finally exhibits linear chains. This change from a
stiff thermoset to a softer thermoplastic thus changes the Young’s modulus with
increasing film thickness, similar to the mussel byssus. It can be determined
from the respective homopolymers that it varies between 1.514 GPa for PV3D3
and 0.335 GPa for PTFE. The similar chemical character of the organosilicon
to silicon also improves the adhesion to silicon wafers, as it is also known from
the chemically similar silane adhesion promoters. Thus, as demonstrated at the
beginning of this section, the soft PTFE surface adheres better to hard silicon
wafers and does not delaminate after deposition as it is the case with the PTFE
homopolymer, as shown in Figure 10.1e,f. Since everything is part of the gradient
network, internal phase transitions in the PTFE-rich region and external stress
caused by, e.g. impacts can be dissipated in the network. This can be treated in
a similar way as a viscoelastic region. The dissipated energy is given here by

Ed =
∮
σLdεL. (10.1)

The symbols σL and εL represent the stress and the strain, respectively. The
process is potentially reversible. The recovery of the process could be driven by
the increase in entropy previously reduced by the external stress that aligns the
local chain segments by extension or compression. The broad-meshed cross-linked
area in the gradient could thus show a similar effect like entropy-elasticity in
elastomers. In this case the entropy change (∆S) for the one-dimensional case
would be given by

∆S = −1

2
kBN ln((1 + λ)1+λ(1− λ)1−λ). (10.2)

λ = dm/Rc consists of stretch/compression distance (dm) and contour length
(Rc), with Rc = Npl. Np and l are the symbols for number of units and length of
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the unit, respectively. The symbol kB represents the Boltzmann constant. The
restoring force would thus be given by

Fr =
kBT

2l
ln

(
1 + λ

1− λ

)
, (10.3)

in which T represents the temperature. In this way, even in the case of PTFE,
the phase transitions in the PTFE-rich regions can be compensated, since they
are bound to the network. The result is the improved adhesion as initially
demonstrated.

10.3 Gradient Copolymer Films on the Nanoscale

By using the in-situ massspectrometry introduced in Chapter 4, it is possible to
monitor the composition of the vapor phase very accurately. Thus it is possible to
deposit the gradient copolymer thin films shown here on the lower nanoscale. They
can enable completely new physical and chemical properties. Figure 10.3a shows a
cross-section through such a thin film. The optical properties of the nanogradients
are investigated by variable angle spectroscopic ellipsometry (VASE). The results
are shown in Figure 10.3b. A film deposited with V3D3 at the interface to the
wafer and 1H,1H,2H,2H-perfluorooctyl acrylate (C6PFA) at the top side was
examined here. It can be clearly observed that the refractive indices on the top
(red dotted curve) and bottom side (blue curve) differ. They show the values of the
respective homopolymers poly(1H,1H,2H,2H-perfluorooctyl acrylate) (PC6PFA)
and PV3D3. A copolymer without a gradient shows refractive indices at the
top and bottom, which are very close together (black curve and black dotted
curve). The refractive index varies gradually as a function of film thickness. The
respective reactivity ratios must be taken into account as they influence the
gradient profile. Figure 10.3c shows as an example the linear gradual variation
from V3D3 to HFPO (green curve) compared to the one from V3D3 to C6PFA
(purple curve). By taking this into account, different profiles can be created.
Some of them are shown schematically in Figure 10.3d. This is of great interest
for gradient refractive index (GRIN) lenses that can now be produced as flexible
films on soft substrates as shown in Figure 10.3e as well as for antireflective
coatings or for other advanced optical subwavelength devices [361].
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Figure 10.3: Nanoscale gradient copolymer films. (a) SEM cross-section of a
gradient copolymer film on the nanoscale. (b) VASE reveals different refractive
indices at the top and bottom of gradient copolymer films deposited with V3D3
and C6PFA compared to normal copolymer films deposited with V3D3 and
C6PFA. (c) The refractive index profile depends on the reactivity ratios of the
comonomers. Here the difference for V3D3 and HFPO compared to V3D3 and
C6PFA is clearly visible. (d) Some possible gradient profiles that can be produced.
(e) Photo of a gradient copolymer film used as GRIN lens on a flexible organic
substrate.

Another application are anti-ice coatings on glass. These coatings should
adhere well, must be hydrophobic and the film thickness should be below the
visible wavelength of light. With the demonstrated in-situ massspectrometry
approach it is possible to deposit PTFE gradient films with 21 nm thickness. As
shown in Figure 10.4a, these films do not influence the transmission of the incident
light and enable an effortless removal of water on the surface (see insets of figure).
For such applications it is important that the films withstand several cycles of
de-icing. For this reason several cycles are tested. For each cycle the water contact
angle (WCA) is measured first. Then the sample is placed in a freezer together
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Figure 10.4: Anti-icing application of nanoscale gradient copolymer films. (a)
Transmission measurement of uncoated and coated glass plate. The optical
properties of the glass are not influenced by the nanoscale coating. However, as
can be seen in the insets, the water-repellent effect is very good. The hydrophilic
wetting changed to hydrophobic behavior and ice can thus be easily removed. (b)
Compared to pure PTFE coatings (purple curve), the gradient PTFE coatings
withstand several cycles of de-icing without delamination (blue, cyan and red
curve). The inset shows how the PTFE already delaminates after the first cycle.

with the drop of water from the WCA measurement. After several hours the
sample is removed from the freezer and the frozen drop is mechanically removed
while everything is still frozen. Then the WCA of the sample is measured again
and the value is written down. This cycle is repeated several times in order to
test the stability. The results are shown in Figure 10.4b. The samples tested
are 1.2µm PTFE gradient on silicon wafer (blue curve), 21 nm PTFE gradient
on silicon wafer (cyan curve), 21 nm PTFE gradient on glass (red curve) and
PTFE without gradient on silicon wafer (purple curve). The measurement with
the uncoated silicon wafer (grey curve) is shown to identify the systematic and
statistical error of the measurement. It can be seen that pure PTFE coatings
(purple curve) fail after the first cycle due to their poor adhesion. The inset
in Figure 10.4a shows a photo of the pure PTFE coating after the first cycle.
The positions at which the water drops were placed are clearly visible. The
WCA does not fall back to the reference value for the silicon wafer, because
there are still fragments of PTFE on the surface. These fragments cause very
large differences in the WCA values, which can also be seen from the large error
bars. It is therefore no longer possible to speak about a reproducible situation.
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In contrast, the adhesion of the PTFE gradients remains stable for all tested
substrates and layer thicknesses (blue, cyan and red curves). The functionality
of the PTFE gradient films is ensured even after several cycles. Not only planar
substrates can be coated with the gradients. Due to the CVD character of iCVD,
even complex geometries and large-area substrates can be homogeneously coated.
Complex structures such as medical implants can be coated in this way. Figure
10.5a-c shows SEM images of uncoated and coated fine metal meshes. The coating
exactly reproduces the structure of the mesh surface. This also changes the WCA
of the metal mesh as seen in Figure 10.5d-g. By turning the coated grid upside
down, the same WCA can be measured on the bottom side. The contact angle on
the bottom side is even slightly higher on the bottom side, which however falls
within the measuring error, as seen in the error bars in Figure 10.5h.

(a)                                    (b)                                     (c)

(d)                         (e)                           (f)

(g)

Mesh (non-coated)        Coated mesh (top)          Coated mesh (bottom)
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Figure 10.5: Nanoscale gradient copolymer films on complex geometries. (a) SEM
image of an uncoated metal mesh. (b) SEM image of a coated metal mesh showing
that the gradient copolymer coating homogeneously follows the structures of the
mesh. (c) An enlarged view of a junction in the coated net. (d) WCA of the
uncoated metallic mesh. The drop sinks into the mesh. (e) The coated metallic
mesh shows hydrophobic behavior. (f) Also the bottom side of the coated metallic
mesh shows hydrophobic behavior. (g) The measured WCAs on the top and
bottom of the coated mesh are identical.



136 Nanoscale gradient copolymer films

10.4 Summary

In this chapter the deposition of novel gradient copolymer films via iCVD was
reported. The chemical composition of the film changes gradually from polymer
type A to polymer type B along the thickness of the film. By using the in-situ
mass spectrometry approach presented in Chapter 4, these films were deposited
with thicknesses below 30 nm. The combination of two material states in one
material opens up completely new chemical and physical properties that cannot
be achieved with materials currently in use. The comonomer combinations of
V3D3 and HFPO as well as V3D3 and C6PFA were demonstrated. However,
this approach can be transferred to many other comonomer pairs. Due to the
advantage of iCVD that no common solvent is required for copolymerization, a
wide range of different functionalities can be covered. The CVD-typical growth
and mild deposition conditions enable the coating of complex geometries, flexible
substrates and large-area substrates with these new gradient films.



11. Summary and Conclusion

The detailed summaries of the individual chapters are already provided at the end
of each chapter. This chapter is intended to put the most important findings into
the general context of this thesis and to provide an outlook for future work on
this topic. The first objective of this thesis was to establish the initiated chemical
vapor deposition process (iCVD) at the Chair for Multicomponent Materials
(Prof. Dr. Franz Faupel). Initially, a reactor was operated in batch mode for
the deposition of the first poly(tetrafluoroethylene) (PTFE) films. In order to
increase the deposition rate, this system was converted to a continuous flow
system shortly thereafter. Meanwhile the iCVD process is used in many different
projects at the Chair for Multicomponent Materials and also in collaboration
with other chairs at Kiel University and external partners. A new approach
developed during this thesis, which contributes to the general understanding
of the iCVD process as well as improved process control, was the addition of
in-situ mass spectrometry as presented in Chapter 4. It turned out that with
this approach the reaction pathways and kinetic constants during deposition can
be determined. In addition, process control can be improved by fingerprinting
reference spectra using a self developed program. This allowed the deposition
of extremely precise films on the lower nanoscale. Furthermore, the optimum
process parameters for the different polymer deposition were identified. At these
parameters monomer and initiator were converted most effectively in order to
reduce the amount of unreacted starting materials. The presented in-situ mass
spectrometry thus proved to be a very useful and versatile extension for the iCVD
process.

Based on the ability to deposit insulating polymer films by iCVD, the next
objective was the deposition of iCVD fluoropolymer films for the first-ever use as
thin film electrets. As already known, PTFE shows typically the best performance
for the application as electrets. Since the deposited iCVD PTFE films were
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chemically identical to commercial PTFE films, they showed very good charge
stability, which was even higher than spin-coated, commercial Teflon AF thin film
electrets. This has not been achieved with other deposition techniques such as rf
sputtering or plasma polymerization, as these approaches change the chemical
structure of the PTFE significantly. This enabled the fabrication of fluoropolymer
thin film electrets also via an upscalable CVD process with nanoscale control for,
e.g. MEMS technology or advanced organic electronics devices. Furthermore, the
deposition parameters were used to specifically manipulate the charge storage
behavior.

In order to use the electrets specifically for novel, electrostatic magnetic field
sensors, which were developed in close cooperation with the Chair for Functional
Nanomaterials (Prof. Dr. Rainer Adelung), the next objective was to tailor the
thin-film electrets for this application. For this purpose it was first necessary to
obtain a more detailed understanding of the charge storage processes in electrets.
Using poly(ethylene glycol dimethylacrylate) (PEGDMA) electrets as an example,
the unique tunability of the thin film properties, which is enabled by iCVD, was
demonstrated in Chapter 6. A variation of the end-groups on the PEGDMA
example system showed a change in the electronic structure of the polymer in
the form of different trap states. The most promising groups were estimated in
advance using quantum chemical calculations. This allowed not only to specifically
adjust the electret films, but also to extend the general understanding of charge
storage in electrets. The introduction of the organic multilayer electrets shown
in Chapter 7 has provided a toolkit that enables to adapt the electrets to the
application. For this purpose the electrostatic magnetic field sensor sensor was
presented first. Compared to magnetoelectric sensors, this new sensor type
already shows a very promising limit of detection (LOD) of 73 pT/Hz

1
2 at 321 Hz.

Additionally, it was possible to adjust the resonance frequency and amplitude by
adjusting the air gap between the counter electrode and the electret. Using simple
equations of motion the electret-related parameters were identified. Initially, it
was demonstrated that additional top layers reduce the influence of external
decay processes of the charge. Also the release of charge carriers from shallow
traps, which would lead to noise in the sensor, was reduced. Furthermore, it was
shown that by using, e.g. fluoropolymer-organosilicon multilayer systems, the
amount of PTFE was reduced while maintaining the same surface potential. It
was identified that the thermal expansion of the PTFE portion was minimized
in this way. This prevented an unintentional shift in the resonance frequency,
which would hinder the sensor to work at its full performance. At the same time
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it was demonstrated that the interfaces provide additional deep-level traps. They
provide a better thermal charge stability than pure PTFE films as well as the same
surface potential, although only about a quarter of the film thickness compared
to pure PTFE was required. In order to increase the total chargeable area, the
possibility of producing microporous polymers by forced phase separation during
deposition and subsequent heating out of the second phase was investigated in
Chapter 8 using poly(1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane) (PV3D3) as
an example. The underlying process of phase separation during deposition was
investigated using the Cahn-Hilliard phase field model. A resulting pore size
of 1.4 nm was measured by positron annihilation lifetime spectroscopy (PALS).
Since only insulators with deep-level traps were investigated so far, the other side
was examined in Chapter 9 to complete the scope. These are organic conductors
and semiconductors, where such trap states are extremely undesirable. By using
three different novel acetylene-like iCVD monomers it was demonstrated that it is
possible to produce films that indicate a conjugated character as well as different
side groups via iCVD. These provide the basis for new semiconducting polymer
films.

Another challenge that emerged during the work on this topic was the insufficient
adhesion between the deposited fluoropolymers and the substrates. For this
purpose novel gradient copolymer films were presented in Chapter 10. They
were inspired by the numerous gradient structures in the natural world and
were initially made to overcome the adhesion problems. With this approach,
excellent adhesion of the fluoropolymer films was achieved even for 10µm films,
which are usually required for the electret application. Coupled with the in-situ
mass spectrometry approach demonstrated in Chapter 4, this gradient concept
was furthermore successfully transferred to the nanoscale, to film thicknesses
below 30 nm. This allowed enhancements in many application fields, which were
demonstrated in Chapter 10. The films enabled completely new physical and
chemical properties that cannot be achieved with materials currently in use.
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12. Outlook

The in-situ QMS extension, reported in Chapter 4, which is currently installed
at the reactor, will be separated from the reactor as a next step and rebuilt
as an independent, easy to connect, mobile device. This will allow the other
iCVD systems at the Chair for Multicomponent Materials to use this approach
for studying reaction kinetics and to improve process control. Time-consuming
parameter variations, for example for new monomers, can thus be shortened
considerably. In this way it is possible to easily find the parameters for the most
effective initiator/monomer conversion to minimize the loss of unreacted starting
materials.
For the iCVD PTFE electret films, as shown in Chapter 5, a dependence of the
charge storage properties on the process parameters has been identified. The
process parameters that provide the highest deposition rate do not necessarily
provide the best electret properties. It is recommended to systematically investi-
gate further parameters and to identify the resulting molecular changes in iCVD
PTFE as well as the correlations to the charge storage properties of the iCVD
PTFE electret films. With the iCVD process, this can be specifically tailored
via the deposition parameters. Examples are the crystallinity and the molecular
weight. In the future, this can help to enhance the general understanding of
factors such as crystallinity and molecular weight on charge storage properties in
polymer thin films.
The approach demonstrated in Chapter 6 with the example of PEGDMA to sys-
tematically investigate the influence of functional groups on the charge stability
of the polymer can be extended to many other polymers. The computational
estimation of the electronic states of each functional group can be used to find
potentially promising groups that provide deep-level traps in the band gap of
the repeating units. Here also machine learning approaches would be attractive,
which select the most promising combinations from a large database in order to
find combinations for deep-level trap formation. This could drastically expand
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the basic understanding of the charge storage in electrets in the future. The
approaches to tailor the electret films for the applications in the novel sensors
presented in Chapter 7 raise additional questions that require further investigation.
Especially the long-term stability in an unshielded environment and the direct
influence on the sensor noise have to be examined and demonstrated by further
measurements. Another point that needs further study is the enhanced number
of charges that can be stored in the presented multilayer electrets. Here it is im-
portant to identify whether the charge carriers are trapped at the interface during
the heating process or whether they enter the traps directly during the charging
process in the corona discharge. In addition new experiments and samples could
clarify whether more trap states can be created in thin films with many interfaces.
Also the phase-separated microporous films demonstrated in Chapter 8 as well
as the deposition of iCVD electret films on porous substrates can be used to
enlarge the chargeable surface and increase the surface potential. Actual sensor
measurements are furthermore necessary to investigate how the higher surface
potential and the other approaches described above affect the sensor signal. These
questions were included in the proposal for the continuation of the Collaborative
Research Centre (CRC) 1261 (Project A2) and will be further investigated therein
in the future. The acetylene-like films presented in Chapter 9 could be used in
the future to influence the Peierls transition and thus the resulting band gap.
This would enable a possible band-gap engeneering for organic semiconductors
that were deposited from the vapor phase. The advantages would be, on the
one hand, the possibility to conformally deposit semiconductors from the vapor
phase on large flexible substrates or complex geometries. On the other hand,
iCVD typically polymerizes polymers with a large variety of functional groups,
e.g. barrier layers, via the vinyl groups and the availability of semiconductors
in the same process is a powerful tool for the production of organic devices, as
the films are not exposed to the air during the device fabrication. However, it is
furthermore to be clarified whether the conductivity in these thin films also occurs
via solitons. In addition, measurements of the electrical conductivity before and
after possible doping and the influence of different functional groups on the band
gap created by the Peierls transition have to be investigated in the future.
The nanoscale gradient copolymers demonstrated in Chapter 10 can solve further
existing adhesion problems in many different applications as well as enable the
use of new gradient refractive index (GRIN) lenses in advanced subwavelength
devices or provide new approaches in organic electronics. Since the gradient ideas
found in the natural world, may it be of optical or structural kind, can now be
transferred to the lower nanoscale, these materials may also be suitable for use in
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molecular machines that could use these functions. All in all the demonstrated
results show that the iCVD process provides many new pathways for various
applications and even enables advanced multifunctional thin film materials for
completely new applications.
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Naught, editors. IUPAC Compendium of Chemical Terminology. IUPAC,
Research Triagle Park, NC, jun 2009.

[87] J. M. G. Cowie. Polymer Stereochemistry. In Polym. Chem. Phys. Mod.
Mater., chapter 6, pages 123–139. Blackie Academic & Professional, London,
UK, 2nd edition, 1991.

[88] J. M. G. Cowie. Introduction. In Polym. Chem. Phys. Mod. Mater.,
chapter 1, pages 1–25. Blackie Academic & Professional, London, UK, 2nd
edition, 1991.

[89] S. K. Biswas and K. Vijayan. Friction and wear of PTFE — a review. Wear,
158(1-2):193–211, oct 1992.

[90] F. Abbasi, H. Mirzadeh, and A.-A. Katbab. Modification of polysiloxane
polymers for biomedical applications: a review. Polym. Int., 50(12):1279–
1287, dec 2001.

[91] D. N. Saheb and J. P. Jog. Natural fiber polymer composites: A review.
Adv. Polym. Technol., 18(4):351–363, 1999.

[92] R Andrews and M.C Weisenberger. Carbon nanotube polymer composites.
Curr. Opin. Solid State Mater. Sci., 8(1):31–37, jan 2004.

[93] C Hanisch, A Kulkarni, V. Zaporojtchenko, and F. Faupel. Polymer-metal
nanocomposites with 2-dimensional Au nanoparticle arrays for sensoric
applications. J. Phys. Conf. Ser., 100(5):052043, mar 2008.

[94] J. Li and J.-K. Kim. Percolation threshold of conducting polymer composites
containing 3D randomly distributed graphite nanoplatelets. Compos. Sci.
Technol., 67(10):2114–2120, aug 2007.

[95] G. Odian. Introduction. In Princ. Polym., pages 1–38. John Wiley & Sons,
Inc., Hoboken, NJ, USA, 1st edition, jan 2004.

[96] G. Odian. Radical Chain Polymerization. In Princ. Polym., chapter 3,
pages 198–349. John Wiley & Sons, Inc., Hoboken, NJ, USA, 1st edition,
jan 2004.



154 Bibliography

[97] G. Odian. Step Polymerization. In Princ. Polym., chapter 2, pages 39–197.
John Wiley & Sons, Inc., Hoboken, NJ, USA, 1st edition, jan 2004.

[98] P. D. Coates, S. E. Barnes, M. G. Sibley, E. C. Brown, H. G. M. Edwards,
and I. J. Scowen. In-process vibrational spectroscopy and ultrasound
measurements in polymer melt extrusion. Polymer (Guildf)., 44(19):5937–
5949, sep 2003.

[99] N. S. Sangaj and V. C. Malshe. Permeability of polymers in protective
organic coatings. Prog. Org. Coatings, 50(1):28–39, jun 2004.

[100] S. R. Forrest and M. E. Thompson. Introduction: Organic Electronics and
Optoelectronics. Chem. Rev., 107(4):923–925, apr 2007.

[101] J. Zasadzinski, R. Viswanathan, L. Madsen, J. Garnaes, and D. Schwartz.
Langmuir-Blodgett films. Science (80-. )., 263(5154):1726–1733, mar 1994.

[102] A. Ulman. Formation and Structure of Self-Assembled Monolayers. Chem.
Rev., 96(4):1533–1554, jan 1996.
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Appendix A

A simplified approach to describe the exponen-

tial charge decay in electrets

Assuming a perpendicular geometry the current density (~j) simplifies to

j = −dσ
dt
. (1)

The symbol σ represents the surface charge of the electret. Using Ohm’s law
(~j = G~Ei) in equation 1 the equation

−dσ
dt

= GEi (2)

is obtained. The symbols G and Ei represent the electrical conductivity and the
electric field, respectively. The large air gap approximation Ei = σ

ε0εr
yields

−dσ
dt

= G
σ

ε0εr
. (3)

With 1
τ

= G
ε0εr

−dσ
dt

=
1

τ
σ (4)

The symbol τ represents the time constant. The solution of this differential
equation is

σ = σ0 exp

(
−t
τ

)
. (5)
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Appendix B

Response time of butterfly valve

The following figures show the response time of the valve used for different flows
and process pressures. Figure 1a and Figure 1b show the time from sending the
controller signal to the correct process pressure for 40 Pa (Figure 1a) and for 50 Pa
(Figure 1b). Figure 1c and Figure 1d show that in case of a flow interruption
during a continuous flow process, the pressure in the reactor is kept constant.
The process is then continued as a batch process. Due to the fast response time,
switching takes place within a few seconds.
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Figure 1: Response time of butterfly valve. (a) Response time of the butterfly
valve at 40 Pa for 1 sccm, 2 sccm and 10 sccm process flow. (b) Response time
of the butterfly valve at 50 Pa for 1 sccm, 2 sccm and 10 sccm process flow. (c)
Response time of the butterfly valve at 40 Pa for 1 sccm, 2 sccm and 10 sccm
process flow during flow interruption. (d) Response time of the butterfly valve at
50 Pa for 1 sccm, 2 sccm and 10 sccm process flow during flow interruption.



Appendix C

Chemicals for polymer thin film deposition

The following table shows a detailed list of the chemicals used for the polymer
thin film deposition via initiated chemical vapor deposition (iCVD) within the
framework of this work.
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Appendix D

In-situ mass spectrometry reference spectra and

fingerprinting

In chapter 4 the extension of the iCVD process by in-situ mass spectrometry
is reported. Here the reference spectra are shown (D1) and further information
about fingerprinting of the data (D2).
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D1: Reference spectra for in-situ mass spectrom-

etry

The reference spectra can be used for fingerprinting in a vapor mixture or for the
determination of the reaction kinetics.
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Figure 2: Reference mass spectra of some of the vapors and gases used for
iCVD . (a) Tert-butyl peroxide (TBPO). (b) Perfluorobutanesulfonyl fluoride (PF-
BSF). (c) 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3). (d) 1H,1H,2H,2H-
perfluorooctyl acrylate (C6PFA). (e) Nitrogen (N2). (f) Hexafluoropropylene
oxide (HFPO).
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D2: Outline of the script used for fingerprinting

Prior to the measurement, the individual normalized reference spectra of the
respective components (e.g. co-monomer 1, co-monomer 2 and initiator) are
loaded from a database (e.g. a matrix). If the chemical is not yet available in the
database, it has to be recorded, normalized and then saved in the database prior
to the measurement. Some reference lists are also available, e.g. online. The
individual normalized reference spectra involved are then loaded into the program.
In addition, the currently measured mass spectrum of the reactor atmosphere is
transferred to the program or a previously recorded mass spectrum of the reactor
atmosphere is loaded as for a post-deposition analysis. This mass spectrum is
then also normalized. Next, a mass peak list (p) of the resulting fragments is
generated from the vector containing the m/z values (mz) as separation unit and
the respective signal intensity (I) of the mass spectrometer. With Matlab this
can, e.g. be achieved by using

p = mspeaks(mz,I);

This is shown for example in Figure 3. After the mass peak list has been
generated for the reference spectra and the measured spectra, the individual
contributions of the reference spectra are located in the measured spectrum using,
e.g. for Matlab

C1 = ismember (X,Y);

which compares the data in X with the data in Y or by scanning each data
entry, e.g. with a for loop. The proportion of the individual components in the
overall spectrum can now be written to new variables and a value indicating the
respective proportion [Mi] in the vapor phase can then be calculated.
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Figure 3: Example of mspeaks applied to the mass spectrometry data in Matlab.



Appendix E

Complex impedance and complex relative per-

mittivity

The relation between complex impedance (Z∗) and complex relative permittivity
(ε∗r) is based on the Maxwell equation

~∇× ~H = ~jf +
∂ ~D

∂~t
. (6)

It is first assumed that a perfect dielectric is considered (~jf = 0). The symbols
~H, ~jf and ~D represent the magnetic field strength, free current density and

displacement field, respectively. With ~D = D̂ exp(iωt) the equation

~∇× ~H = iω ~D (7)

results. D̂ and ω are the amplitude and the angular frequency. Now ~D is
considered as a secondary calculation. The general relation is

~D = ε0
~E + ~P . (8)

The symbols ε0 and ~Ei are the vacuum permittivity and the electric field. The
polarization ~P can be replaced by ~P = ε0χ

∗ ~E. The symbol χ∗ represents the
complex electric susceptibility. This leads to

~D = ε0
~E(1 + χ∗) (9)

and thus
~D = ε0ε

∗
r
~Ei. (10)
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The symbol ε∗r is the complex relative permittivity. Inserting into equation 7
results in

~∇× ~H = iωε0ε
∗
r
~E. (11)

The expression is equal to the displacement current ~jD = σ∗ ~E. This yields the
equation

σ∗ = iωε0ε
∗
r. (12)

σ∗ represents the complex electrical conductivity. For the material Ohm’s law
~j∗D = σ∗ ~E∗i and equation 12 result in

~j∗D = iωε0ε
∗
r
~E∗i . (13)

With ~j∗ = I∗

A
and ~E∗i = V ∗

xf
the equation

ε∗r =
I∗xf

iωε0AV ∗
(14)

results after rearranging. The symbols I∗, A, V ∗ and xf respresent the complex
current, the surface area, the complex voltage and the thickness of the measured
sample, respectively. Z∗ = V ∗

I∗
results in

ε∗r =
xf

iωε0AZ∗
. (15)

With the introduction of the geometry factor (C0 = Aε0
xf

) the equation

ε∗r = (iωC0Z
∗)−1. (16)

results.



Appendix F

Electrets and Entropy

The description of charge storage in electrets or, in general, the electrical charging
of polymers often turns out to be difficult from a theoretical point of view. On
the one hand, quantum mechanical calculations are necessary, since the electronic
structure of the functional groups must be taken into account. On the other
hand, periodic boundary conditions, as in the case of crystalline solids, cannot be
used because polymers are amorphous or at most partially crystalline systems.
However, it has been shown that the macroscopic view must also be taken into
account. While in quantum mechanical calculations often only short organic
chains can be calculated, it is also the chain arrangement in its ”macroscopic”
complexity that can have an effect on the charge storage properties. This includes
the overall arrangement of the individual chains. This has not been possible to
consider in the calculations via quantum mechanical approaches so far. Here a
combination of the microscopic and macroscopic properties is suggested in order
to consider them in the description. The entropy of the system serves as the
starting point. First it is assumed that in the equation for the free energy,

F = U − TS, (17)

the internal energy (U) can be neglected and therefore F is only determined by
temperature (T ) and entropy (S). For S the description according to Boltzmann
is used, which is

S = kB ln(P ). (18)

This equation links the macroscopic system with the micro states or the possible
microscopic configurations. The symbols kB and P represent the Boltzmann
constant and the probability density, respectively. This results in

F = −TkB ln(P ). (19)
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Different models can now be applied. Assuming a Gaussian chain, the expression

P = P0 exp

(
− 3r2

2R2
c

N

)
(20)

results for P . N , Rc and r are the number of segments, the contour length and
the end-to-end length. A Langevin chain is characterized by

P = P0 exp

(
−L−1

v N
r

Rc

−N ln

(
L−1
v

sinh(L−1
v )

))
. (21)

Lv is given by

Lv = coth
(
r

Rc

)
− Rc

r
. (22)

The Gaussian chain shows a linear relationship between stretch (r/Rc) and force.
This deviates from the observed behavior at large (r/Rc). The Langevin chain
model describes the behavior at small r/Rc exactly like the Gaussian chain model.
It also provides a more accurate description for large r/Rc values. However, only
small r/Rc values can be found in the electrostatic approach, which would justify
the application of the Gaussian chain model. Choosing the Gaussian chain model,
equation 19 becomes equation

F = −TkB ln(P0) +
3kBTNr

2Rc

. (23)

Subsequently,
∂F

∂ r
Rc

= 3kBTN
r

Rc

(24)

provides the force. Assuming that charge carriers have been trapped at the
functional groups of the chain, electrostatic repulsion will occur in different
segments of the chain. The distribution of the possible microscopic configurations
might change and the entropy becomes lower. This can now be used as starting
point for further considerations, in which also the different arrangement of the
chains is considered.



Appendix G

Equations of motions for electret magnetic field

sensor by Lagrangian mechanics

The following is a detailed derivation of the equations of motion for the sensor
shown in Chapter 6. The approach is based on the equations reported by Hawley
and Romanow [306]. For the new sensor shown, which is again schematically
illustrated in Figure 4, the total potential energy (VP ) of the system is first
considered.

εr,G

EE

xG

xE

qE

qG

EG

εr,E

Ri

Magnetostrictive/magnetoactive material

Electret

Air gap

Counterelectrode

Electrode

Figure 4: Schematic illustration of the magnetic field sensor as presented in
Chapter 6.

It consists of the field energy (VF ) and the energy (VM ) stored in the mechanical
components of the system

Vp = VM + VF . (25)

VM is therefore

VM =
1

2
kFx

2
d (26)
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where kF represent the spring constant. VF is consequently

VF =
1

2
ε0εrAxi ~Ei

2
(27)

with the vacuum permittivity (ε0), relative permittivity (εr), area (A), thickness

between the electrodes (xi) and the electric field ( ~Ei). Superposition of the two

fields in the system ( ~EE for the field in the electret and EG for the field in the air
gap) thus gives with ε0εr,G = εair and ε0εr,E = εe

VF =
1

2
εairAxair ~EG

2
+

1

2
εeAxe ~EE

2
. (28)

The electric fields can be determined by the Gaussian law, which is given by

qi =
∮
A
εi ~Ei d ~A. (29)

For the two regions

εairEGA+ εeEEA = qe (30)

and

εairEGA = qG (31)

result. Solving to Ei provides for the electric fields

EG =
qG
Aεair

(32)

and

EE =
qG + qE
Aεe

. (33)

This can be inserted into 28 and results according to 25 in

Vp =
1

2
kF (x0 + x)2 +

xairq
2
G

2εairA
+
xe(qE + qG)2

2εeA
(34)

for the potential energy of the system. During operation, the air gap width
decreases by x0 +x. In addition, an initial value q0 is set for qG, which then varies
by q. This results in the equation

Vp =
1

2
kF (x0 + x)2 +

(xair − x0 − x)(q0 + q)2

2εairA
+
xe(qE + q0 + q)2

2εeA
. (35)
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The total kinetic energy of the system (T ) can be described by

T =
1

2
mẋ2 (36)

and contains the mass (m). The Lagrangian can be calculated according to

L = T − Vp. (37)

Thus with 35 and 36 the equation

L =
1

2
mẋ2 − 1

2
kF (x0 + x)2 − (xair − x0 − x)(q0 + q)2

2εairA
− xe(qE + q0 + q)2

2εeA
(38)

results. To include the damping (D) the Rayleigh function is considered, it is
given by

D =
1

2
Rq̇2 +

1

2
cDẋ

2. (39)

The symbols R and cd represent the electrical resistance in the system and
the damping coefficient in the mechanical part, respectively. For the Lagrange
function, which is given by

d

dt

(
∂L

∂ġi

)
− ∂L

∂gi
+
∂DR

∂ġi
= f, (40)

the derivatives are formed in the next step. Deflection (x) and charge (q) are
selected as generalized coordinates (gi). The associated forcing functions are fM
and fV , which represent the force applied to the system and the force exerted
simultaneously by the voltage, respectively. This results in

∂L

∂x
= −kf (x0 + x) +

(q0 + q)2

2εairA
, (41)

∂L

∂q
=

(q + q0)(−xair − x0 − x)

εairA
− xe(qE + 1 + q)

εeA
, (42)

d

dt

(
∂L

∂ẋ

)
= mẍ, (43)

d

dt

(
∂L

∂q̇

)
= 0, (44)

∂D

∂ẋ
= cD (45)
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and
∂D

∂q̇
= Rq̇ (46)

for the derivatives. Inserting this into equation 40 results in

mẍ+ cDẋ+ kF (x0 + x)− (q0 + q)2

2εairA
= fM (47)

Rq̇ +
(q + q0)(xair − x0 − x)

εairA
+
xe(qE + 1 + q)

εeA
= fV (48)

for the equations of motion. By dividing by m in equation 47 and inserting
kF
m

= ω2
0, cd = ζcc and cc = 2

√
kFm the undamped angular frequency (ω0) and

damping ratio (ζ) can be introduced. The symbol cc represents the critical
damping coefficient. The equations of motion as presented in Chapter 6 are
therefore

ẍ+ 2ζω0ẋ+ ω2
0(x0 + x)− (q0 + q)2

2mεairA
=
fM
m

(49)

Rq̇ +
(q + q0)(xair − x0 − x)

εairA
+
xe(qE + 1 + q)

εeA
= fV . (50)



Appendix H

The electronic structure of PV3D3

Based on the unexpected fast decay of the surface potential of charged poly(1,3,5-
trivinyl-1,3,5-trimethylcyclotrisiloxane) (PV3D3) films observed in Chapter 7,
possible causes are discussed here. It was found in Chapter 7 that despite the
good insulating properties already reported by many authors, charge carriers
introduced into the polymer decay relatively fast. What could be the reason for
this? To find an answer, first a look at the orbital levels is provided. This is
obtained by second order Møller–Plesset perturbation theory (MP2) using the
cc-pVDZ basic set. Hexamethylcyclotrisiloxane (D3) is used as a representative.
The results are shown in Figure 5. The distance between HOMO and LUMO band
is sufficiently large, which finally results in the well-known insulating properties of
the PV3D3. Furthermore, compared to benzene, no conjugated system is present
in the cyclotrisiloxane ring, which also does not cause the observed rapid charge
decay. The most probable possibility is therefore that the introduced charge
carriers are localized in shallow traps. These are located close to the mobility
edges and the carriers can be released from these traps by low temperatures and
subsequently enter the next shallow trap. By this thermally activated movement
of the charge carriers, they can be transported through the polymer relatively
easily. The result is the observed fast decay, which leads to a complete discharge
of the film after a few days. Slightly higher temperatures increase the decay rate
even further. The origin of shallow traps can be attributed, among other things,
to disorder in the conformation of the polymer [157].
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Figure 5: Approximation of the electronic structure of V3D3, represented by
hexamethylcyclotrisiloxane (D3). For the calculation second order Møller–Plesset
perturbation theory (MP2) with the correlation-consistent basis set cc-pVDZ was
applied. The gap between HOMO and LUMO band is 14,783 eV.


