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Zusammenfassung

Das Verhalten von Polymeren hangt von der Lédngenskala und Zeitskala, auf der sie untersucht werden,
sowie der Temperatur, bei der die Untersuchung stattfindet, ab. Diese Arbeit beschreibt meine
Untersuchungen von Polymeroberflichen mittels Rasterkraftmikroskopie mit heizbaren Spitzen. Mit
diesen Spitzen kann man Oberfldchen im Bereich von Quadrat-Nanometern innerhalb von Sekunden bis zu
Mikrosekunden aufheizen. Ich stelle Experimente zur lokalen Bestimmung von Glaslibergangs- und
Schmelztemperaturen vor. Im Gegensatz zur géngigen Meinung, dass nur dicke Polymerfilme untersucht
werden kdnnen, stelle ich eine neue Methode vor, die es ermdglicht auch Filme mit Dicken unter 100 nm
zu untersuchen. Hierzu wurde zuerst eine Hintergrundmessung auf dem Substrat durchgefiihrt, die dann
von der Messung auf der Polymerprobe abgezogen wurde. Die differentiellen Messungen von
Polystyrolfilmen mit Dicken zwischen 35 nm und 160 nm zeigten charakteristische Signale bei 95 + 1 °C
was in Ubereinstimmung mit der Glasiibergangstemperatur von Polystyrol ist. Driickt man geheizte Spitzen
in Polymerfilme, so kommt es zu plastischer Deformation. Solche nanometer-groBen Deformationen
werden in neuen Konzepten zur hochdichten Datenspeicherung verwendet. Ein geeignetes
Speichermedium fiir diese Systeme muss sich leicht eindriicken lassen, also weich sein, gleichzeitig aber
auch langzeitstabil, also hart sein. Zur Entwicklung eines solchen Speichermediums wurde hier ein neuer
Ansatz untersucht: Vergleichsweise weiches Polystryrol wurde mit einer diinnen, aber sehr harten Schicht
bestehend aus plasma-polymerisiertem Norbornen geschiitzt. Die erhaltenen zweischichtigen Filme
wurden dann hinsichtlich ihrer Stabilitdt gegenliber Oberflachenabnutzung und ihrer Verformbarkeit
untersucht. Es konnte gezeigt werden, dass die zweischichtigen Systeme die stabile Oberfliche des
Plasmapolymers mit der leichten Verformbarkeit des Polystyrols verbinden und deswegen sehr gute
Speichermedien darstellen. AuBerdem wurde die Glaslibergangstemperatur der Filme auf einer Zeitskala
von 10 ps gemessen und ein Wert von ca. 220 °C bestimmt. Die Erhéhung dieser fir das Polymer
charakteristischen Temperatur ist ein Resultat der kurzen Zeitskala mit der das Polymer untersucht wird

und spiegelt das Zeit-Temperatur-Superpositionsprinzip wider.

Heizbare Spitzen wurden auch zur Charakterisierung von mit Silberazid gefiillten Nanokapseln verwendet.
Diese Methode erlaubte es mit einer Substanzmenge von wenigen Nanogramm die
Zersetzungstemperatur der Nanokapseln zwischen 180°C und 225°C zu bestimmen, was in guter
Ubereinstimmung mit der Literatur ist. Die Untersuchung von kleinen Mengen war notwendig, da nur
wenig Material zur Verfligung stand. Bei Verwendung grolRerer Mengen kénnte das entstehende Silber zur
Kontamination oder sogar zur Beschadigung der Messinstrumente fiihren. Neben der Bestimmung von
temperaturabhangigen Materialparametern habe ich heizbare Spitzen zur gezielten thermischen
Zersetzung von Pentacen-Precursoren eingesetzt. Ziel war es nanoskopische leitfahige Strukturen zu
erzeugen. Hierbei ist die Schichtdicke des Precursor-Materials entscheidend fiir eine vollstindige

thermische Umsetzung.



Ein weiterer Schwerpunkt war die Untersuchung von redox-aktiven Polymerfilmen - Poly-10-(4-
vinylbenzyl)-10H-phenothiazin (PVBPT) - zur Datenspeicherung. Hierbei wurde lokal die elektrische
Leitfahigkeit durch Anlegen einer Spannung zwischen Spitze und Oberflache verdndert. Die so erzeugten
Strukturen waren langzeitstabil (> 16 h). Es konnte gezeigt werden, dass die Anwesenheit von Wasser

essentiel fur das elektrische Oxidieren von PVBPT war.



Abstract

The behaviour of a polymer depends strongly on the length- and time scale as well as on the temperature
at which it is probed. In this work, | describe investigations of polymer surfaces using scanning probe
microscopy with heatable probes. With these probes, surfaces can be heated within seconds down to
microseconds. | introduce experiments for the local and fast determination of glass transition and melting
temperatures. | developed a method which allows the determination of glass transition and melting
temperatures on films with thicknesses below 100 nm: A background measurement on the substrate was
performed. The resulting curve was subtracted from the measurement on the polymer film. The
differential measurement on polystyrene films with thicknesses between 35 nm and 160 nm showed
characteristic signals at 95 = 1 °C, in accordance with the glass transition of polystyrene. Pressing heated
probes into polymer films causes plastic deformation. Nanometer sized deformations are currently
investigated in novel concepts for high density data storage. A suitable medium for such a storage system
has to be easily indentable on one hand, but on the other hand it also has to be very stable towards
surface induced wear. For developing such a medium | investigated a new approach: A comparably soft
material, namely polystyrene, was protected with a thin but very hard layer made of plasma polymerized
norbornene. The resulting bilayered media were tested for surface stability and deformability. | showed
that the bilayered material combines the deformability of polystyrene with the surface stability of the
plasma polymer, and that the material therefore is a very good storage medium. In addition we
investigated the glass transition temperature of polystyrene at timescales of 10 ps and found it to be
approx. 220 °C. The increase of this characteristic temperature of the polymer results from the short time

at which the polymer was probed and reflects the well-known time-temperature superposition principle.

Heatable probes were also used for the characterization of silverazide filled nanocapsules. The use of
heatable probes allowed determining the decomposition temperature of the capsules from few
nanograms of material. The measured decomposition temperatures ranged from 180 °C to 225 °C, in
accordance with literature values. The investigation of small amounts of sample was necessary due to the
limited availability of the material. Furthermore, investigating larger amounts of the capsules using
conventional thermal gravimetric analysis could lead to contamination or even damage of the instrument.
Besides the analysis of material parameters | used the heatable probes for the local thermal
decomposition of pentacene precursor material in order to form nanoscale conductive structures. Here,

the thickness of the precursor layer was important for complete thermal decomposition.

Another aspect of my work was the investigation of redox active polymers - Poly-10-(4-vinylbenzyl)-10H-
phenothiazine (PVBPT)- for data storage. Data is stored by changing the local conductivity of the material
by applying a voltage between tip and surface. The generated structures were stable for more than 16 h. It

was shown that the presence of water is essential for succesfull patterning.
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1. Motivation

1. Motivation

“It is my feeling that Time ripens all things; with Time all things are revealed; Time is the father of

truth.” (Francois Rabelais).

As already stated by Francois Rabelais (*1494 — 71553), a major French renaissance writer, doctor,
humanist and scholar, time is an important parameter “to reveal things”. Furthermore, the observed
“truth” often depends strongly on time. The time dependence of experienced truth is well-known
from daily life. For example, entering a swimming pool is an easy to do experiment to reveal the

importance of timescales.

a) b)

?fi i H/i?iﬁ
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Figure 1: Importance of different time- and length scales on the interactions between a human body and a
water filled swimming pool: a) “Hardness” of water and amount of water splashed depend on the time scale
of entering. b) Size of water splash depends on the length scale of the contact are between human and water

surface upon entering. c) The felt properties on entering depend on the length scale of depth of water.

Upon entering a pool slowly, the water has all time necessary to rearrange by flowing around the
body, so one feels a very soft medium (Figure 1a, right). Upon jumping from a 10 m diving board, i.e.
entering the pool very fast, the water does not have enough time to rearrange in a similar way, so one
feels a harder medium (Figure 1a, left). Taking the size of the water splash caused by the bodys
impact as a measure reveals that the amount of splashed water scales not only with the timescale,
but also with the length scale, i.e. the contact area between body and water surface and the
technique of entering (Figure 1b). A sporty header (Kopfsprung) will cause a much smaller splash
than a less elegant belly flopper (Bauchplatscher) (Figure 1b). The water splash is caused by two
different mechanisms. The primary mechanism is the displacement of water by the entering body.
The primary splash scales with the contact area between body and water. In Olympic diving, the
athletes minimize this splash by entering the water with minimal contact area, thus hands first and

body stretched out. The other mechanism causing the secondary splash is the void in the water
3



1. Motivation

caused by the diver who drags air with him into the water. When the walls of this void collapse, the
water enters violently in the void and is catapulted out in the air. Another effect which has to be
considered is cavitation at the fast entering body can cause water to evaporate due to the sudden
change in pressure. This collapse of the formed cavities then causes the splash. This secondary splash
scales with the time-scale i.e. with the speed at which the diver enters the water and with the depth
he dives into the water. Higher speeds and higher reached depth cause a bigger splash. In order to
reduce the secondary splash, athletes open their arms immediately after entering the water and roll
their body to the side. Thus, they reduce their speed and the depth they reach. Furthermore, the

opening of the arms destroys the walls of the formed void and allows gentler entering of water.

The simple entering of a swimming pool shows that the properties of a material have to be probed at
different timescales for a complete understanding. Results from one specific timescale will not be
reproducible at other timescales. In fact, the well-known time-temperature superposition principle

describes shifts in experimental results when changing the timescale.

The same is true for changes in length scales. Although for a wide range of macroscopic length scales
the same mechanisms and principles can be applied, the behavior of a material may change when the
length scale is reduced to the nanometer regime or below. When changing the length scale of an
experiment to length scales of few nanometers and below, we change the amount of sample probed
down to few or even single molecules. Not only is the length scale in lateral direction of importance,
but also the length scale in vertical direction. The importance of the vertical length scale can again be
demonstrated by diving into a swimming pool. Upon jumping into a deep pool, one feels only the
properties of water, whereas jumping into a very shallow pool will reveal that one now probes the
properties of the pools ground (Figure 1d). In the same way, when the thickness of a sample is
reduced to few nanometers, the substrate will have a different influence on the measurement than

for samples with thicknesses of several um.

| investigated the influence of time- and length-scale effects by studying thin polymeric films with
scanning probe microscopy (SPM). SPM has become a standard technique for surface investigations
since its invention in 1986 [1] and is introduced in detail in chapter 2. In all SPM techniques, a surface
is probed with an ultrasharp tip mounted at the end of a cantilever. Interactions between this tip and
the sample surface lead to changes in the cantilevers deflection. In order to study the thermo-
mechanical behavior of thin films, | used heatable SPM probes. These probes have a heater element

integrated in the cantilever which is used to heat the tip.
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Heatable probes can be used to analyze surfaces on the 10 nm length scale of their radius. Softening,
melting or glass transition temperatures can be determined locally with a resolution in the range of
the probe size [2]. In chapter 4, | discuss a method which is based on measuring the probes deflection
upon heating. When the probe temperature exceeds the softening, melting or glass transition
temperature of the sample, the probe sinks into the sample which is detected as a change of
deflection. | will refer to this method as nano-thermal analysis (nTA). Investigating films with
thicknesses of several 100 nm using nTA works well, but for films with thicknesses of only several 10
nm nTA investigations often fail or show results differing from the results on thicker films. Two effects
have to be considered: First, when a film becomes thinner and thinner, we start to probe the
properties of the substrate instead of the film properties. Second, due to the much better heat
conductivity of silicon or gold substrates compared to the heat conductivity of the polymeric
materials under investigation, the substrate provides an effective heat sink. The question is therefore
whether it is possible to extract softening, melting or glass transition temperatures of thin films from

heatable probe experiments.

In chapter 4 | investigated two approaches to gain information about the glass transition temperature
of thin polymer films. First, | improved the literature known approach by subtracting deflection
curves recorded on the substrate from the deflection curves recoded on thin films, thus removing the
substrate’s and the cantilever’s influence on the measured deflection. Second, | used changes in the
adhesion between probe and sample surface instead of changes in the deflection of the probe in
order to determine softening, melting or glass transition temperatures. Heatable probes can be used

to modify the topography of a polymeric surface [3-6].

However, the heatable probe should be able to thermally initiate chemical reactions on the small
length scale of the probe. | investigated the use of this local initiation of chemical reactions for the
formation of elevated structures in chapter 5. A precursor material should react locally from a good
soluble precursor into a less soluble product. | focused on organic precursor material which was
locally decomposed forming an organic conductor. By consecutive washing with a solvent, the
precursor should be removed, while the product stays on the substrate forming freestanding,
elevated structures. The thickness of the layer is the crucial length scale in the process. In order to
achieve a complete reaction of the precursor into the conductor, the decomposition temperature of
the precursor has to be reached across the whole film from the probe-surface contact to the
precursor substrate interface. In addition, the probes temperature must not exceed the

decomposition, melting or sublimation temperature of the formed material. Upon exceeding these
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temperatures, the formed structures would be destroyed immediately at the surface. In order to
reach the decomposition temperature of the precursor while not exceeding the decomposition
temperature of the conductor, the temperature difference between probe temperature and
temperature at the film-substrate interface should be as small as possible. As we know from above,

this results in the use of very thin samples with thicknesses of tens of nanometers.

The question, whether small amounts of sample with probed areas and thicknesses in the size of few
or even a single molecule behave in the same way than a bulk of material, is not only of scientific
interest. A commercial interest arises from the need of miniaturization of mechanical and electronic
products. This is especially true for devices featuring some sort of data storage, like most mobile
phones, notebooks and MP3 players. Today’s hard drives have storage capacities of around 650
Gbit/in? (100 Gbit/cm?3). The length scale of one bit is therefore approximately a square with 100 nm
side length (10000 nm?). Increasing the data density by a factor of ten, thus aiming at 10 Tbit/in?
(1550 Gbit/cm?) reduces the length scale of one bit by about one order of magnitude to squares with
8 nm side length (64 nm?). One option to achieve such small bit sizes is to use an ultra-sharp tip to
indent a storage medium mechanically, thus constructing a nanometer sized punch card. Therefore
scanning probe microscopy experiments are a convenient method to probe the suitability of a
material for nanoscale mechanical data storage. Another important factor is the time scale required
for data storage application. Modern Serial ATA Ports used for hard disks can transfer data at rates of
up to 6 Ghit/s. At these rates, each bit has to be written in less than 2 picoseconds. Although
parallelization of the writing/reading process can increase this timescale by several orders of

magnitude it will still be very, thus requiring fast experiments to determine a material suitability.

Nanomechanical devices using probes similar to those used in SPM to manipulate surfaces on length
scales of few nanometers are currently investigated as new data storage systems [7-9]. The probes
can be actuated very fast due to their small masses which allow short time scale experiments. Aside
from altering the topography of a surface [10-13], SPM based data storage can also relay on altering
other properties like the polarization of a ferroelectric material [14-16] or the conductivity of redox
active polymers [17-19]. Altering the topography of a surface is easy to understand: The probe is used
to punch small indents into a storage material, like it was done in the punch cards used in early
computer technology. In chapter 6 | developed a new kind of storage medium for indentation based
data storage based on the following considerations. The force needed to indent the storage material
depends on the material, the size of the probe and the speed of indentation. The force needed to

indent a material can be estimated from the material’s yield strength Y. The yield strength Y is defined
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as the stress at which a material begins to deform plastically. Exemplarily, polystyrene shows a yield
strength (as determined from a second time scale experiment and macroscopic indentation) of 70
MPa. As calculated above the indents for data storage should be smaller than 64 nm2. Assuming this
to be the contact area during the indentation, a force of 40 nN is sufficient to cause plastic
indentation. To reduce the needed force for indentation, heatable probes can be used. When the
probes temperature is close or above the materials melting or glass transition temperature, the yield
strength of the material will vanish, thus reducing the force needed. At a first glance, this indicates
that such indentation should be quite easy, as the needed forces can be easily achieved. However, the
simple calculation is based on parameters obtained by macroscopic experiments which probe the
material at the centimeter length scale and a second time scale. SPM based data storage is a
microscopic technique, manipulating the surface at a nanometer length scale and a millisecond to

microsecond time scale. Therefore, deviations from the macroscopic behavior are expected.

The next important issue arises from the expected life time of the written indents. The written
indents representing the bits should be stable and detectable for years. In topography based SPM
data storage the data is read by scanning a probe over the surface and recording the topography. It is
therefore important to investigate, what happens to the surface of the storage medium, when it is
scanned copious times. For polymers, it is known that scanning them copious times with an SPM
probe can lead to surface wear [9, 20-24]. The exact mechanism of this nanoscale wear is still
debated in literature [22, 25]. The importance of surface wear for data storage based on indents
becomes obvious upon calculating the expected indent depth. For full plastic indentation and a
spherical probe, the radius a of an indent should scale with the radius R of the probe and the depth d

of the indent:

a=+/2Rd (Eq 1)

To achieve a data density of 10 TBit/in2, the indents must have radii g below 4.5 nm. Typical SPM
probes have radii R around 10 nm. Taking an indent radius a of 4.5 nm and a probe radius R of 10 nm
in account to calculate the depth of this indent using (Eq 1), results in an indent depth d of ~1nm.
Unwanted surface wear, which modifies the topography by more than 1 nm in height, makes it
impossible to read the written indents reliably, thus causing a loss or modification of the stored data.
Therefore, regardless of its exact mechanism, surface wear is a decisive factor for a SPM based data
storage medium. In conclusion, the storage medium has to be resistive towards nanoscale wear

(nano-wear).



1. Motivation

Increasing the crosslinking density of a polymer was shown to increase its nano-wear resistivity [22].
Crosslinked polymers were therefore proposed as storage media [26, 27]. The downside of this
approach is that crosslinked polymers usually show higher vyield strengths and softening
temperatures, therefore more force or higher temperatures have to be applied to cause an indent.
These higher forces and temperatures may lead to an increased wear of the tip. Tip wear has to be
avoided as it leads to a change of the tip radius during the devices life time, so the size of the written
indents as well as the resolution for read back changes. Another proposed medium are “Diels-Alder”
polymers which fragment upon heating and recombine upon cooling [28]. Thus, at room temperature
they are wear resistive. At elevated temperatures, they fragment and can be indented easily.
However, the generated fragments of lower molecular weight can be volatile, thus causing a slow loss
of polymer, which reduces its life time. As reaction rates depend on temperature, such materials need

high temperatures to react at the fast rates required for storage applications.

In order to develop a new medium which combines sufficient nano-wear resistivity with properties
allowing indentation at low probe forces and temperatures, | investigated a new concept, separating
the needed properties in different layers of a stacked structure (chapter 6): A sublayer providing good
indentation properties covered by a protection layer which provides resistivity against tip induced
surface wear The advantage of this approach is that the materials governing indentation and nano-
wear resistivity can be optimized independently. Materials which are easy to indent but lack a
sufficient nano-wear resistivity can be enhanced by simply adding a second layer. This yields in a

broader variety of suitable storage materials.

Upon designing such a bilayered system another length scale issue turns up. For a bilayered material,
the critical length scale is the thickness of the wear resistive layer. The thickness of the protection
layer influences the force exerted on the sublayer. In addition, for indentation with a heatable probe
the thickness of the protection layer influences the temperature reached in the sublayer. A short
calculation illustrates the influence of the protection layers thickness on the temperature reached at
the sublayer. In a first approximation we consider the thermal conductivity of sublayer and cover
layer to be roughly the same. The temperature should than scale approximately linear with distance
from the heated probe into the film [29]. The temperature AT, at the interface between protection
layer and sublayer can then be calculated from the temperature AT, at the probe surface contact,

the radius of the probe R and the thickness of the protection layer drotection USINg
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ATlnt = L
R+d

Protection

j ® ATProbe (Eq 2)

Equation (2) predicts that for a protection layer with a thickness of the same length scale as the
probes radius, the temperature at the interface between sublayer and cover layer would be half of
the temperature reached at the probe-surface contact. For a typical SPM probe with a radius R of 10
nm, a protective layer with a thickness of just 10 nm will cause a bisection of the temperature at the
deformable layer compared to the probe temperature. In order to keep the probes temperature (and
the force need to be applied) as low as possible, the wear resistive cover layer has to be as thin as

possible.

Now the question is, how thin, yet homogenous and wear resistive layers can be deposited and how
their wear resistivity can be probed. In chapter 3 will show an overview about suitable preparation
methods for thin films and the advantages and disadvantages of different materials from literature. A
SPM based nanowear test [22, 24, 25] which | used to characterize the resistivity of such films on
small length scales is introduced in chapter 2. During the development of the stacked material it
turned out, that the wear observed for different materials and stacks originates from different
mechanisms (chapter 6). To characterize the bilayered materials indentation properties at times of
microseconds, my stacks were then investigated in cooperation with the IBM Research Laboratory
(Zurich, Ruschlikon, Switzerland). For the testing, the stacks were used as media in a
thermomechanical SPM based storage device [11]. A detailed description of the Millipede device is

given in chapter 6.

SPM probes can be used to modify the conductivity of redox active polymers locally by applying a
voltage between probe and sample [17]. A suitable medium for conductive SPM based data storage
needs to show a distinct conductivity contrast between the two oxidation states and the switching
between both states must be fast and reliable. In addition, like for all SPM based data storage
concepts, the material must be resistive towards probe induced surface wear. In cooperation with
Prof. Ono (Tohuku University, Sendai, Japan) and Prof. Gutmann (Universitat Duisburg-Essen, Essen,

Germany) | investigated new redox active polymers for their surface stability (chapter 7)

The redox behavior of a polymer can be investigated by measuring current-voltage characteristics (I-V
curves). Like with the thermomechanical properties, | investigated, whether the electrochemical
properties change, when we reduce the length and time scale down to the size of a SPM probe and

the fast times needed for fast data transfer (chapter 7). Furthermore, | investigated whether the
9
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electrochemical processes measured in solution are comparable with the processes in a solid film. For
the redox active polymer, the thickness of the film influences the electron conductivity. If the film is
too thick, then it acts as an isolator which makes it impossible to induce redox reaction electrically. In
order to achieve a suitable medium for conductive-SPM (c-SPM) based data storage, the material has
to be characterized in terms of its redox behavior, the conductivity contrast between the oxidation

states and its wear resistivity.

Small, heatable probes can be actuated, heated or cooled at very fast time scales due to the small
masses involved. When such a probe is vibrated, its resonance frequency will be very sensitive to
changes of the probes properties. Therefore, vibrating probes are investigated and used as promising
nanosensor systems [30]. The use of a vibrating probe as an ultrasensitive balance for example allows
to measure weights down to the attogram regime [31]. As the probes are heatable, they can be used
to detect mass changes of a sample placed on them in dependence of the probes temperature. Thus,
the heatable probes can be used to reduce the mass scale of the well-established technique of
thermogravimetric analysis (TGA) to smaller sample amounts of nanograms or below (nano-TGA)
[32]. For nano-TGA only nanograms of material are needed making it an ideal method for samples
which are not available in sufficient amounts for conventional TGA or which react to dangerous
products. Furthermore, the heatable probes are comparably cheap and can therefore be disposed
after the experiment, so they can be used for analyzing samples which react violently upon heating
and could therefore cause damage or contamination of the instrument. The question is again,
whether the amount of sample influences the result, i.e. whether the result of a nano-TGA

experiment is the same as the result of a conventional TGA experiment.

| compared the results of nano-TGA experiments both with nano-TA experiments and conventional
TGA measurements on nanocapsules filled with a gas generating agent (chapter 8). These
“nanobombs” should explode upon heating, thus allowing the release of additional encapsulated
material. For a controlled release, it is important to know the decomposition temperature and to
explore the release mechanism. For a release application, it makes a clear difference, how exactly the
release takes place. Three mechanisms are conceivable: First, the generated gas could lead to an
explosion of the capsule distributing its content completely at the moment of rupture. Second, the
generated gas could cause a shell rupture from which the content leaks out. Third, the generated gas
could just increases the shell size like blowing a balloon, thus allowing the content to diffuse through
the weakened capsules shell. Such differences in the mechanism of release are important as they

have big influence on the timescale of content release from the capsule (Explosion = fast release,
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Diffusion = slow release). Nano-TGA was a suitable method for the thermal analysis of these
nanocapsules, as there was only a small amount available and the residues of the gas generating
agent might lead to contamination of instruments. Although the number of capsules measured in a
nano-TGA experiment is small, the result is still an average decomposition temperature of all capsules
present on the probe. To determine the decomposition temperature of single capsules, | used the nTA
method on single capsules dropcoated from solution. Thus | was not only able to compare the
average decomposition temperature measured with nano-TGA with the average decomposition
temperature measured with TGA experiments but also with the decomposition temperature of

several single capsule.
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2. Fundamentals

In the fundamentals chapter | want to present briefly the fundamental principles of scanning probe
microscopy (SPM) and plasma polymerization as | used these methods mainly in my thesis. Besides
the physical and chemical principles behind both methods | will also explain briefly the technical
realization in the laboratory. Furthermore I'll give several examples for applications which are realized

with SPM and plasma polymerization.

2.1 Scanning Probe Microscopy imaging

One of the most versatile senses of a human is the tactile sense. It allows us to gain a variety of
different information about a surface with a single touch. While our eyes just provide us an image of
the surface and its color, with our tactile sense we can feel the surface’s structure, temperature, and
many other properties. Scanning probe microscopy (Figure 2) uses an ultrasharp probe to scan a
surface thus recording the topography and other surface properties like the softness, electrical or

thermal conductivity, or surface potentials [33-36].

Laser

=
Photodiode

Piezo for z -
movement

Sample on stage for
X, y - movement

Figure 2: Working principle of a SFM in contact mode. A sharp tip mounted on a cantilever is used as a probe.
This probe is raster scanned across a surface. Topographic changes lead to changes in the deflection of the
cantilever. The deflection is monitored using a laser beam deflected by the cantilever (optical lever principal).
To keep the deflection of the cantilever, and therefore the force between tip and surface, constant, a
feedback loop adjusts the z position of the cantilever. Thus, a topographic image of the surface can be

recorded using the z piezo position to gain the height at each tip position.

Scanning probe microscopy (SPM), also called scanning force microscopy (SFM) or atomic force
microscopy (AFM) was first described in 1986 by Binnig, Gerber and Quate [1]. They described the
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scanning force microscope to be “a combination of the principles of the scanning tunneling
microscope and the stylus profilometer”[1]. Like a human running his finger over a surface to feel its
properties, the probe, an atomic sharp tip mounted on a cantilever, is raster scanned across the
surface in the x and y plane. As the signal in SPM is caused by interactions between the tip and the
surface, the contact area between them limits the resolution. Surface features which are smaller than
the contact area cannot be imaged correctly. As the contact area depends strongly on the radius of
the tip, the resolution of a scanning probe microscope depends strongly on this tip radius. Using tips
with a single atom apex allows atomic resolution and has been successfully demonstrated in ultra-
high vacuum [37], and in liquids [38]. The interaction between the tip and the surface is monitored
using a laser beam reflected by the cantilever on to a photodiode (Figure 2). For small cantilever
deflections the cantilever can be considered as a spring with a linear dependence of the acting force F

with the deflection Az. The proportionality is given by the spring constant k:

F=keAz (Eq 3)

Every change in interaction between tip and surface results in a deflection of the cantilever, e.g.
changes in the topography of the sample induces changes in the cantilever’s deflection. Feedback
loops are used to adjust the z position of the probe to bring the deflection back to the initial value.
The z-movement of the probe is than a measure for the topography of the sample. To allow precise
movements in all direction as well as precise scanning with nm resolution, usually piezos are used for
both raster scanning in x,y-direction as well as for changing the z position of the cantilever (Figure 2).
The topography mapping can be combined with the simultaneous measurement of other properties.
For example, using conductive tips and cantilevers, applying a voltage between tip and sample and
recording the current flow allows the local mapping of conductivity [35]. Using cantilevers with
integrated joule heaters and monitoring their resistance while applying a constant heating voltage
allows the local mapping of thermal conductivity. Other measurements modes allow the local
mapping of mechanical properties, surface potentials, friction etc. Instead of mapping properties
while raster scanning the probe across the surface, it can be used for investigating the sample at a
fixed position. For example, force distance curves (F-D curves) can be recorded. These F-D curves can

be used to characterize mechanical properties, like adhesion and elastic moduli of the surface [39].
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2.1.1 Operation modes in SPM

Contact mode

In the contact mode, where the tip is in constant contact with the surface, usually the force between
tip and surface is kept constant by the feedback (constant force mode). Topographical differences of
the surface cause a change of cantilever deflection, thus the position of the laser spot on the photo
diode changes (Figure 2). This change is measured by the instrument. According to the spring
equation (Eq 3), a change in deflection represents a change of the contact force, thus the feedback
loop moves the cantilever in z direction until the force is at the chosen value again. By recording this
z-movement while raster scanning the probe across the sample surface a topographic image of the
surface is recorded (Figure 2). This intuitive approach works at ambient conditions as well as in liquids
on a wide variety of samples. However, there are certain disadvantages of the contact mode. The
friction between tip and sample surface can lead to damage of tip or sample. On hard samples,
usually the tip wears off during the measurements, which leads to errors in the determination of the
size of surface structures due to changing tip radii [40]. On soft samples, even when measuring with
the minimum possible load, the forces can be high enough to destroy surface structures and causing a
considerable wear of the surface [41]. Samples, which consists of material only loosely bound to the
substrate, like proteins on a silicon wafer, can hardly be measured in this mode, because the tip acts
like a molecular broom, pushing the proteins together, thus forming agglomerates [20]. Such wear
makes it difficult to distinguish between intrinsic features of the surface and artifacts induced by the
scanning tip. The lateral forces causing the wear are hard to control as they are not contributing to
the vertical deflection of the cantilever and are thus not monitored by the feedback system. However,
it is possible to monitor these lateral forces using other operational modes, e.g. in friction force

microscopy (FFM).
Intermittent contact mode

Using dynamic operation modes, commonly known as “tapping mode” or “intermittent contact
mode” solves most of the wear issues of contact mode experiments [33]. The cantilever is vibrated
vertically close to its resonance frequency [42] using a piezo actuator. The motion of the cantilever
can be described as harmonic oscillator. As long as the cantilever is far away from the surface it can

be described in analogy to the spring equation:
Fo(2)=ke(z-2y) (Eq 4)
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Here, F, is the force acting on the cantilever, k is the cantilever’s spring constant, z the deflection and
2o is the cantilever’s rest position. As the tip approaches the surface other forces begin to influence
the cantilever. Long-range interactions of van-der Waals type, electrostatics, capillary forces due to a
thin water layer formed on almost every surface in ambient conditions, and finally, when the tip
touches the surface, deformation of sample and tip [33] influence the cantilevers vibration. All these
forces lead to a dampening of the cantilever’s amplitude of the cantilever upon surface approach.
Therefore, the amplitude of this vibration is commonly detected and used to determine the z-position
of the cantilever and thus to gain the topographic information. Close to the surface, the movement of
the cantilever can then be described as a dampened harmonic oscillator. The dependence of the
amplitude A(w) of the dampened harmonic oscillator on the excitation frequency can be determined
using the steady state solution of the damped harmonic oscillator and ends up with the Lorentzian

expression [33]:

Al®) = Fo/ne“
(G027

The amplitude A(w) of the cantilever is here calculated from the acting force F,, the effective mass

b (Eq 5)

mes of the cantilever, the angular resonance frequency w and the free angular resonance frequency
wy. Q is the “quality factor” of the vibrating cantilever. The quality factor Q of the vibrating cantilever
guantifies the energy dissipation per oscillation cycle, and is therefore a measure for the dampening
of the harmonic oscillator. The Q factor can be explained as the energy stored in the oscillator divided
by the energy lost in each oscillation cycles. Therefore, lower Q factors indicate a stronger dampening
of the oscillator. Of course, not only interactions between sample and probe influence the Q-factor.
The measurement environment, especially the surrounding “medium”, e.g. UHV, vacuum, air or
liquids influence the Q-factor. More viscous media like liquids lead to lower Q factors, while

measuring in vacuum results in higher Q factors.

The Q factor influences the sensitivity of the amplitude towards changes in the resonance frequency.
As in intermittent contact mode in air, the amplitude is usually monitored for the instrument’s
feedback on changing forces between probe and sample, the Q-factor is important for the feedback
speed of a scanning probe microscope operated in intermittent contact mode. The feedback speed

determines the maximum possible scanning speed.
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For the amplitude modulated (AM) feedback, the cantilever is excited with a constant operation
frequency wq,, Which is left of the free resonant frequency w, (Figure 3) [33]. Upon interactions with
the surface, the resonance frequency is shifted to higher values for repulsive forces or to lower values
for attractive forces. As the amplitude depends strongly on the resonant frequency (Eq 5), a change in
amplitude appears. Upon changes of the amplitude, the z-position of the probe is altered to adjust
the amplitude to the initially set value (amplitude setpoint). The operating frequency is chosen to be
left of the free resonant frequency to be sensitive towards small changes of the amplitude. When the
probe would be operated at its free resonant frequency, small changes of the resonant frequency

caused by external forces would cause almost no change in amplitude (Figure 3).

attractive & i — _ repulsive

Amplitude

Mop! (DO

Driving frequency

Figure 3: Resonance curve of the harmonic oscillator vibrating freely (red curve) and under the influence of
attractive (blue) and repulsive (green) forces. When the cantilever is vibrated at a operation frequency wg,
left of the free resonance frequency w, the amplitude at wg, changes under the influence of external forces,

e.g. interactions between the vibrating probe and the sample surface [33].

Due to the short contact time between the tip and the surface, damaging of soft samples is drastically
reduced using this intermittent contact mode. In addition, using the amplitude modulation in the
regime of the short ranged interaction forces, meaning the tip touches the surface in every cycle,
offers an intriguing second way to gain additional information about the scanned surface: Monitoring
the phase shift between the excitation (known from the driving signal of the piezo) and the generated
oscillation of the cantilever gives insight in the local mechanical properties of the sample (phase

imaging) [33]. Different material or surface properties lead to different phase shifts.
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2.2 Mechanical interaction between probe and surface

2.2.1 Force-distance curves

In addition to the above explained phase imaging, other SPM experiments can be performed to
analyze the mechanical behavior of the sample surface or to probe interactions between the sample
surface and the SPM tip. The first experiment is the recording and analysis of force-distance curves
[39]. For the recording of the force distance curve, either the sample or the tip (depending on the
used instrument) is moved up and down, and the resulting deflection of the cantilever is measured.

This measurement results in a plot of cantilever deflection Z; versus piezo height Z, (Figure 4).

Elastic/Plastic Deformation?

=

— Attractive or Repulsive forces?
Cantilever Cantilever
deflection Piezo deflection
Piez
.......... +— LF1820 Approach i & «— Approach
— Retract B R | tre
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Piezo
piezo height Tip - sample separation

Figure 4: Schematic of a standard force measurement (force distance curve, FD-curve). The cantilever
deflection Z. is plotted against the piezo height Z,. The drawn curve would result from contact between SPM
tip and a non-deformable surface. Attractive and repulsive forces and the behavior of the surface influence
the shape of the FD-curve. To analyze force-distance curves, the deflection signal is translated into the tip

sample separation or distance D. For a non-deformable surface D can be calculated using D = Z¢+ Z, [39].

On a hard, non-deformable sample, the tip approaches the surface, as the piezo extends, without any
change in deflection, until it comes into the range of attractive or repulsive forces acting between tip
and sample surface. Attractive forces may lead to a sudden “snap into contact” when the tip is close
enough to the surface (indicated by the dashed red curve in Figure 4), while long range repulsive
forces may lead to a bending of the cantilever despite the fact that there is no contact between tip
and surface (solid red line in Figure 4). After the tip is in contact with the non-deformable surface, the
deflection signal scales linearly with the piezo extension as the complete movement of the piezo is
transduced into cantilever deflection.
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Upon retraction of the cantilever, attractive forces, for example adhesion or water menisci between
the probe and the surface, can lead to a bending of the cantilever below its natural shape. When the
restoring force of the cantilever resulting from its spring behavior exceeds the attractive force, a
sudden snap out (blue line in Figure 4) from the tip position on the surface into its rest position
occurs. In order to analyze the recorded data, the curves have to be transformed in a way that the
cantilever deflection is plotted against the separation between tip and sample, the distance D. For a
hard surface this can be done by assuming that D = Z¢ + Z, [39]. For measurements on deformable
samples it is mandatory to perform a calibration experiment on a non-deformable sample in order to
determine only the cantilever deflection upon piezo movement. On a deformable sample, upon
increasing the piezo height the sample is deformed in addition to a change in cantilever deflection. By
using the previously determined behavior of the cantilever, the contributions of cantilever deflection
and sample deformation can be separated. The spring constant of the cantilever has to be known in
order to translate the cantilever deflection into the force applied on the probe using the spring
equation (Eq 3). A rough value is provided by the cantilever manufacturer, but the given values can
have errors of more than 100%. For exact spring constants, | used the thermal tune method [43]. This
approach computes the spring constant of the cantilever by fitting thermal vibrations of the
cantilever. The fit just assumes one degree of freedom of the vibrating cantilever and is therefore not
absolute precise. However, the error is around 20 % which is much better than the spring constant

range provided by the manufacturer [43].

The interactions between the sample and the probe scale with the contact area between them. This
contact area changes when the probe deforms the sample surfaces. On an ideally elastic material, the
probe will deform the sample upon approach to a certain depth. Upon withdrawal this depth will be
completely restored, thus the contact area change during withdrawal shows the same behavior than
during approach. Therefore the forces acting between probe and sample should be the same for
approach and retract and the curve recorded on approach should overlap the curve recorded on
retract. For samples, which are not ideally elastic and thus shows some plastic deformation during
the approach, the sample’s surface will not regain its original shape during retract of the probe. Thus,
the contact area change during retract differs from the contact area change during approach and thus
the forces on retract and approach are different. This force difference leads to a non-overlapping of
approach and retract curves. As most samples show a mixed behavior the curves on them do not

overlap [39].
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Neglecting plastic deformation, the contact area between the probe and the sample can be related to
the samples Youngs modulus E. There are different theories which are usually used to describe the
relations between the load on the probe Fy, the Youngs modulus E of the sample, the samples
deformation d and the contact radius a. The simplest theory is the well-known Hertz theory. Hertz
[44] theory can only be applied to systems where the adhesion is expected to be much smaller than
the applied loads, because the adhesion work W per unit area is neglected [39]. The other two
theories were derived by Johnson-Kendall-Roberts (JKR) [45] and Derjaguin-Miller-Toporov (DMT)
[46]. Both theories are approximations and differ in the way they account for adhesion. DMT
accounts for adhesion outside the contact area, JKR accounts for adhesion in the contact area.
Therefore, JKR theory is used for large probes and soft samples with expected high adhesion and DMT
is used for small probes and stiff samples with expected small adhesion [39]. With a known probe
radius R, both JKR and DMT theory allow calculating the adhesion W from the jump-off contact. An

overview over all three models is given in Table 1.

Table 1: Relation between contact radius a, deformation d and adhesion force F,4 for spherical tips on an
elastic deformable flat surface. R is the probe radius, v is Poisson’s ratio of the sample, E theYoungs modulus

of the sample, Fy the applied load on the probe and W is the adhesion work per unit area [39].
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Upon plastic deformation, the recorded curve will deviate at a given load from the behavior predicted
by the three models. This point is the yielding point. At this load, the probe exerts a pressure on the
sample which exceeds the sample’s yielding strength Y. The pressure can be calculated from the
applied load and the contact area at this point. As before, the yielding point is reached, elastic

behavior is observed, the contact area at the yielding point can be determined with one of the
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models introduced above. Thus, the yielding strength Y of materials can be probed on the length

scale of the probe radius R.

The degree of plastic deformation, thus the permanent deformation d,.,, can be calculated from the
retract curve. It equals the distance between the two intercepts of the retract curve with a line at
Fy=0. Using the FD-Curves for plastic indentation of a sample surface is of interest, as very high
pressures are achieved under the tip even for small forces. The reason for the high pressures is the
small contact area between tip and surface. The time scales of such SPM experiments can be very
short, as the approach and retract of the tip using a piezo or even electrostatic excitation is very fast.
For example, the stress on the material during a nano-indention experiment is so high, that the same
stress would lead to failure of the material in a macroscopic experiment, but causes no damage in an
SPM experiment. Therefore SPM techniques allow probing at conditions which are not accessible

otherwise.

2.2.2 Nano-wear test

The behavior of a surface upon copious interaction with a sliding contact is an important surface
property not only for SPM based devices like storage systems, but also for other nanoscale devices
that rely on moving contacts like nano electronic mechanical systems (NEMS). For such applications,
the surface must not change upon interaction with the sliding contact, as this change will lead to a
different, unpredicted behavior. This change upon interaction with a sliding contact is referred to as
wear. As the contact is in the nanometer regime, | will call the induced changes nano-wear. This nano-
wear can be quantified with the change in the root mean square (RMS) roughness or the height of a
defined surface area upon a defined interaction with a sliding object. The change in RMS roughness
or height is then a measure for the nano-wear resistivity of the surface, i.e. the surface’s ability to
withstand nano-wear. A surface with bad wear resistivity will show changes even after a single
contact with the sliding object. To probe the mechanical property of wear resistivity of a surface on a
nanometer scale, SPM based nanoscale wear tests are used. For these nano-wear tests, a defined
area is scanned a defined number of times with a defined load with the SPM probe. Then images of
the scanned area before and after the test are analyzed and compared [22-25, 47-54]. The crucial

parameters for this test are the applied load on and the moving speed of the probe.

Hard, inert materials like Si-wafers are not altered in any way (Figure 5). Very soft materials show a
massive change in topography, the so called tear wear, where vast amounts of material are removed

from the tested area and pile up as rims on the left and right side in fast scan direction of the
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cantilever. This mode is for example observed for polyisoprene-b-polysytrene (MW = 24 kg/mol) [22].
Other polymers exhibit “rippling” wear: regular structures of elevated and decreased height
compared to the reference area around are formed perpendicular to the fast scan direction [22]. The
wavy structures observed for rippling wear often show a very regular and characteristic “wave
length” that depends on the exact scan parameters, the molecular weight and the structure,

especially the crosslinking density, of the polymer [22].

no wear

tear / pile-up wear

rippling wear

reference areai test area ! reference area

Figure 5: Schematic height profiles through an image recorded after a SPM nanowear test resulting from
different wear mechanisms. The tested area is in the center, the non-tested areas on the left and right serve
as a reference. a) no wear, as observed on hard materials. b) tear or pile-up wear: material is removed from
the tested area and piles up at the rims, as observed on very soft materials. c) rippling wear: the material on

the surface is rearranged forming more or less regular, wavy structures, as observed on most polymers.

SPM based nano-wear can originate from different mechanisms. One of the first proposed
mechanisms for the observed nano-wear on proteins adsorbed on mica was proposed in 1992 by Lea
et.al. [20]. They described wavy structures found after scanning adsorbed proteins in contact mode.
These rippling structures were explained with the “molecular broom” effect: The moving probe
accumulates proteins in front of it in moving direction, sweeping them together. When enough
material is piled, the SPM feedback detects the obstacle, moving the tip upwards (Figure 2). Then the
process starts again. For polymers, Leung and Goh reported in the same year the formation of lumps
of entangled polymer chains [24] during the nano-wear experiment, which they described with a
“Stick-Slip” mechanism. The moving probe drags and piles up entangled polymer chains until the
probe jumps over the accumulated material. The effect may be enhanced due to the entanglement of
polymer chains, as the chains in direct contact with the probe and the entangled chains will be
dragged along together. The size of the formed lumps and the distance between them will depend
strongly on the molecular weight of the chains, the applied load, and the feedback parameters.

Consecutive scanning the same area leads to accumulation of material in a regular pattern. As in this
22



2. Fundamentals

wear mode no material is removed or added from or to the patterned region, the average height of

worn and non-worn regions should remain the same [55].

The second widely acknowledged theory is based on crack-propagation: Elkaakour et. al. explained
the formation of lumps by the stress inside the polymer film which is released by the propagation of
cracks inside [23] the film. The cracks propagate in front of the moving probe, thus leading to an
increase in topography. Again, when the formed lumps reach a certain size, they are detected by the
instruments feedback system, and the probe is moved upwards over the obstacle. Consecutive
scanning of the same area increases the size of the lumps and leads again to the formation of regular
patterns. The third theory assumes delamination of the film from its substrate, which is closely
related to the crack-propagation model. The polymer film delaminates at its interface with the
support [55], which leads to the formation of the observed wavy structures. Both mechanisms, crack
propagation and delamination, lead to an increased height in the areas showing nano-wear [55]. For
delamination, the height difference between worn and non-worn areas should scale linearly with the
amplitude of the ripple “waves”. However, this linear scaling can only be found for patterns, which
can be described with a sinusoidal wave, and assuming that the thickness of the layer itself does not
change during delamination [55]. If sinusoidal waves are observed in the tested area and the
thickness of the layer is constant, then linear scaling indicates delamination, and non-linear scaling

indicates crack propagation according to Schmidt et.al [55].

2.3 Thermo-mechanical interaction between probe and surface

Using heatable probes in SPM allow additional experiments for surface characterization. Heatable
probes can be realized by including a joule heater in the cantilever of the probe. The joule heater is
positioned above the tip. Joule heaters can be integrated in silicon cantilevers by using highly doped,
thus conductive, silicon for the cantilever itself and less doped silicon for the heater area. Following
Joule’s first law, the produced heat Q is proportional to the square current / flowing through the

heater multiplied with its resistance R:
Quxl’eR (Eq 6)

The fundamental formula to describe Joule heating is to relate the power P converted from electrical
to thermal energy with the voltage drop V across the heater and the current / going through the

heater. Ohms law can then be used to relate the power P to the resistance R of the heater:
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P=IV=12R=V?/R (Eq 7)

From (Eq 7) we expect a quadratic relation between the temperature of a Joule heater and the
applied voltage. For probes manufactured from silicon it is important to note that their resistivity will
change with temperature. Thus, it is important to measure the resistivity of the probe during heating

in order to be able to relate the applied voltage to a certain temperature.

The tip is fabricated beneath the heater area, so it transfers the heat locally to the sample surface
thus allowing investigating thermal properties of the sample very locally. However, it is important to
note, that not all heating power generated by the Joule heater is transferred to the tip. Part of the
heat is dissipated into the cantilever itself and the surrounding medium (air/liquid). Therefore,
heatable probes have to be calibrated in order to know precisely at which heating voltage which tip
temperature is reached (details on the calibration process are described in the experimental chapter
3.5.2). Furthermore, some of the generated heat can also be transferred via the medium from the
heater to the surface. Thus, the surface beneath the probe gets heated, even when it is not touched
directly by tip. Calculations by King et.al. showed that~20% of the generated heat is dissipated in the
surrounding air (mainly above the cantilever), the main fraction is transferred via the gap between
cantilever legs and sample to the sample surface [56]. Only 0.1 % of the heat is transferred via the tip
[29, 56]. For some experiments this heat path via the air is unwanted. The heat transfer via air can be
avoided by performing the experiments in vacuum. As in vacuum less heat is dissipated in the
surrounding the temperature of the heater at a given voltage may differ from the temperature at the
same voltage in air. Therefore, the probes have to be calibrated in the same environment, in which

the experiment will be performed.

With heatable probes the local melting, softening or glass transition temperatures of polymers can be
determined. For the temperature determination, the probe is placed on the sample surface with
switched off SPM feedbacks. The probes temperature is ramped up and the deflection of the probe is
monitored. Once the melting, softening or glass transition temperature of the sample is reached, the
elastic modulus and the yield strength of the sample decreases or even vanishes. As the force applied
on the probe stays constant, the probe can move deeper into the material. Thus, the measured

deflection of the cantilever decreases.

The heatable probes allow probing of the thermal conductivity of a sample with high spatial
resolution [2, 29, 36]. The probe is heated with a constant voltage and is raster scanned across the
surface. A change in the thermal conductivity of the surface leads to a change in the amount of heat
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transferred from the heater into the sample. This change in transferred heat causes a change of the
heaters temperature, thus a change of the heaters resistivity [57]. By monitoring the heaters
resistivity the thermal conductivity of the sample is probed. The same idea can be used for thermal
height sensing. The distance between probe and sample influences the heat transferred between
them. Upon decreasing distance more heat is transferred, the heaters temperature drops and its
resistivity increases. Therefore the resistivity of the heater is used to monitor the probes position.
This height sensing is very accurate even at high tip speeds of more than 500um/s according to
Somnath et.al [57]. In SPM based applications with multiple cantilevers operated at the same time or
with limited space for the detection system the thermal height sensing is used. For example, in IBMs
SPM based data storage system, the “Millipede”, written indents are read out via thermal height

sensing [11].

Heatable probes allow very local manipulation of surfaces in different ways. A probe heated above
the softening temperature of the surface, can indent the material with low force, thus patterning the
surface. This method is, for example, exploited in thermomechanical data storage [58]. The heatable
probes can thermally decompose sample material in order to remove material in a very controlled
way, for example as first step in nano-lithography [4]. Also other chemical reactions could be initiated
locally on a surface. Another method using heatable probes for surface manipulation is an advanced
dip pen nanolithography method. The control of the probes temperature allows better control of
feature sizes in this modified dip — pen nanolithography. When the tip is heated, the material
deposited on the probes tip can flow to the substrate forming structures. The temperature influences

the flow rate of the material and therefore the size of the “written” features [6].

Aside from the use in SPM, the heatable cantilevers can be used as nano-mechanical sensors. For
sensing applications, the cantilever is vibrated and its resonant frequency is monitored. Upon changes

of the cantilevers mass, its resonant frequency changes as well according to:

k 1 1
AmM=| — |o| — ——
m (47[) ( f12 f22 J (a8)

The mass difference Am on a vibrating cantilever can be calculated from the change in resonant
frequency. Here, f; and f, are the resonant frequencies of the cantilever before and after the mass
change. k is the spring constant of the probe. By placing a sample on the probe and monitoring the

resonant frequency during heating, mass losses due to thermal decomposition can be detected [32].
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24 Electrical analysis and modification of polymer surfaces

SPM tips can be utilized to locally probe the conductivity of a sample by applying a voltage between
probe and sample and detecting the flowing current [34, 35]. This is done by grounding either probe
or sample and applying a potential to the other one. The flowing current is amplified using very
sensitive low-noise current amplifiers and recorded. Due to the sensitivity of the amplifiers it is
commonly necessary to shield the setup from external electric fields induced for example by other
lab equipment, fluorescent lamps or even the normal power grid. Most conductive SPM (c-SPM)
experiments are done in contact mode. The microscopes feedback keeps the force acting between
probe and sample constant, thus electrostatic interactions do not change the applied force. This is
important, because, as introduced (chapter 2.2), a change in force will lead to a change in contact
area. The ohmic resistance R between the probe and the tip changes with changing contact area A:

R=p°I—A (Eq9)

In this equation, /is the length of the conductor and p is the conductor’s specific electric resistance.

The conductive scanning probe microscopy was used by Murrell et al in 1993 to detect local tunneling
currents on SiO, gate films [59] and was later established as a standard characterization technique for
semiconductor devices. c-SPM is commonly used for the analysis of organic electronic structures like

carbon nanotubes [60] and different materials for organic solar cells.

For c-SPM measurement the probe and the sample substrate need to be conductive. Therefore,
cantilever and tip are usually coated with high conductive materials like gold, platinum, iridium or
alloys of noble metals. Tips are often coated with platinum-iridium, owing to the hardness and
corrosion resistance. Even probes made completely from noble metals are commercially available.
Good conductivity of tip and cantilever is necessary because due to the small contact area between
probe and tip a high contact resistivity is expected (Eq 9). As polymers usually have a lower
conductivity compared to metals, the polymer films need to be thin, as the resistance scales with the
length (Eq 9). Thin polymer films are particular important because we cannot apply high voltages. The
resistivity of the conductive cantilevers would otherwise lead to the joule heating (chapter 2.3) and
the evaporation of the conductive coating. Here again, a platinum-iridium coating is very suitable

because it exhibits a high melting point.
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Mainly two experiments are performed using c-SPM. The first is imaging of the local conductivity.
While the tip scans the surface in contact mode like in conventional SPM the flowing current is
detected. Thus conductivity and topography images of the surface are recorded at the same time. The
second experiment is to probe the sample at a given location regarding its current-voltage
characteristics by recording local current voltage characteristics (“I-V-curves”) on an area in the size of
the tip apex. For such an experiment, the tip is placed on the point of interest. Then the voltage is

ramped from minimum -10 V to maximum +10 V and the current is recorded.

For modification of the sample surface, the conductive probe can induce electrochemical reactions in
a sample very locally by applying a voltage. Redox active polymers and organic molecules like rose
Bengal can change their oxidation state by applying a voltage. For molecules like rose Bengal, this
change of the oxidation state, changes their conductive properties. The local change of conductivity
in such materials can be used for data storage applications based on c-SPM. For polymer films made
from polyaniline (PANI) and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) successful patterning of

small structures using c-SPM was recently demonstrated [17, 19, 61].

2.5 Plasma polymerisation

Plasma polymerization or plasma deposition is used in industry to deposit thin films because the
method allows high yield and high throughput processes. A radio frequency (RF) generator provides
the energy for forming plasma at low pressure in a glass reactor. The monomer precursor is a gas in
the reactor. The current flowing through this gas cause an electrical gas discharge. The energy set free
by the gas discharge fragments the monomer thus forming radicals. These radicals recombine with
each other, thus polymerization is started. Usually, the recombination happens preferred at surfaces,
for example the reactors walls or solid substrates placed in the reactor. The recombination of radicals
and fragments on the substrate surface leads to a coating of the substrate with a homogenous,
polymeric coating of variable thickness. The disadvantage of the plasma polymerization process is
that the chemical reactions in the plasma are highly complex and not specific, therefore the resulting
polymers are not well defined [62]. Due to the radicals involved in the process, the polymers are
usually not uniform in the molecular weight distribution, they are highly branched and highly
crosslinked [62]. The advantage of the plasma polymerization besides high yield and high throughout
rates is the fact that the formed polymers are usually nano-wear resistive because of their high
crosslinking, which hinders the mechanisms responsible for wear (chapter 2.2.2). The high
crosslinking density makes them very stable towards solvents. Finally, they are usually bond firmly to
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the substrate and do not exhibit holes, even for ultra thin layers. All these properties make them

interesting for usage as protection layers.

The exact properties of a film deposited by plasma polymerization depend strongly on deposition
parameters. One of the most important parameters is the power of the RF source. Higher plasma
powers lead to more fragmentation of the monomers and thus to more radicals in the plasma. More
radicals in the plasma lead to a higher grade of polymerization and crosslinking [63]. It is important to
keep in mind that fragmentation is not limited to the monomers. Also already formed polymer chains
can be fragmented again. This fragmentation of bigger molecules (“sputtering”) is exploited for
example in plasma cleaning. During the plasma process, fragmentation and recombination compete
against each other. Therefore, the plasma is often used in pulsed mode. In pulsed mode a short
energy pulse (ty,), usually in the length of tens of microseconds, is followed by a short time without
energy input (t.). The radicals formed during the plasma recombine during the time without plasma.
Thus, the ty time reduces the sputter rates and increases the deposition rates. Of course, the grade
of polymerization and crosslinking depends on the pulse mode and pulse durations as well.
Therefore, the mode of operation (continuous or pulsed) and the timing of t,, and t,s times
influences the properties of the film. Furthermore the exact position of the substrate in the sample
influences the deposited film. Finally, additional gases beside the monomer can be present in the
reactor. For example gases like helium or oxygen increase the fragmentation rate. Additive gases like
oxygen can be incorporated into the deposited film allowing a further tuning of its properties. The

thickness of the film can be adjusted by the deposition time.

Especially plasma polymers deposited from hexamethyldisiloxane (HMDSO) are used as wear resistive
protection layers [64-66], because they form hard, silicon-oxide (SiO,) like surfaces [65]. Due to this
oxygen containing surface structure, they form hydrophilic surfaces. More hydrophobic surfaces can
be realized by adding small hydrocarbons like methane to the process, thus using a mixed precursor
gas of HMDSO and methane. This gas mixture results in films with surface properties similar to
diamond like carbon (DLC) films. However, coatings made from HDMSO and hydrocarbons exhibit a
higher stability at elevated temperatures than pure DLC and do not absorb visible light [66]. They are

reported to have less intrinsic stress than pure DLC, which leads to crack-free coatings [66].

Hydrophobic plasma polymers made from oxygen-free precursors are used in the automotive
industry to create water repellent glasses for windshields and car windows [67]. In textile industry
they are used to increase the contact angle of textiles and fibers up to 142° with water, using 1,2-

butadiene as a precursor [68]. In electronics, metallic conductors [64] and passive electronic
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components [69] are coated with thin plasma polymer layers for isolation and anti-corrosion
purposes. Silver optics are coated to enhance their properties and protect them against
environmental influences [70]. In food packaging, plasma polymers are used to reduce the
permeability of transparent PET foils with respect to oxygen, water and CO, thus helping to keep the
packed food fresh for a longer time [71]. More exotic applications involve the protection of metallic
archeological objects against humidity, oxygen and H,S with ultrathin, invisible blocking layers
deposited from methane and propane [72]. Here, the advantage of the plasma polymer is the fact,

that the appearance of the object is not changed in color or structure.
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3. Experimental

3.1 Substrate preparation

Silicon substrates were prepared using the following routine: Silicon wafers (Siltronic AG)(N-doped,
[100]) were cut into 2.5 cm x 2.5cm pieces and were cleaned by washing with ethanol and MilliQ-
water. After drying with an air gun, the wafer pieces were cleaned for 5 minutes in a plasma cleaner
(PDC-002, Harrick Plasma. Ithaca, NY 14850, USA). To avoid contamination of the wafer pieces, they
were stored in glass vessels after cleaning. For thermomechanical data storage experiments highly
doped silicon wafers provided by IBM were used as substrates, as these highly doped wafers allow
enough conductivity for electrostatic excitation of cantilevers. The highly doped wafers were treated

as described above

For highly conductive silicon based substrates, wafers were cut into pieces of 1 cm x 1 cm size and
were cleaned using ethanol, isopropanol and MilliQ-water. Consecutively, they were sputtered with 4

nm chrome followed by 40 nm of gold. The chrome layer served as an adhesion layer.

Conductive glass substrates were prepared by thoroughly cleaning glass slides in DCM, acetone,
Alconox® and MilliQ water. On the dried glass slides a 3 nm thick layer of Cr as an adhesion promoter
was deposited by thermal evaporation. On this layer 100 nm Au were deposited using again thermal

evaporation.

3.2 Thin film preparation

3.2.1 Spincoating

To prepare thin films two different techniques were used. Thicker films ranging from 20 nm to 100 nm
were prepared using spincoating of conventional polymerized polymers which were either
synthesized in house or provided by commercial suppliers. Spincoating is a commonly used coating
process [73]. A solution of the polymer is dropped on the substrate, which is mounted on a rotor.
Upon rotating, excess solution is flung from the substrate, thus a thin and smooth film forms. The
film’s thickness depends on the evaporation of solvent, thus on temperature, air humidity, on the
concentration of the solution and the rotation speed. Controlling these parameters, films with

different thicknesses can be made from exactly the same polymer [73].
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Single polystyrene films

Polystyrene (125.630 MW, synthesized in house) was used as sample material, because the properties
of polystyrene are well known from literature. The thickness of the films was adjusted via the
concentration of the spincoating solution and the spincoating rotation speed. For the spincoating of
thicker films 0.36 g of PS in 15 ml toluene were used. For the thinner films, 0.1014 g PS were solved in
15 ml toluene. Different accelerations and final rotation speeds led to a variety of PS film thicknesses
for both solutions. The thickness of the films was then determined by measuring profiles across a
scratch induced with a sharp needle. Acceleration, rotation speed and the resulting thicknesses for

both concentration sets are summarized in Table 2.

Table 2: Experimental parameters for PS films with different thicknesses spincoated on Si-wafers

Concentration 0.36 g PSin 15 ml toluene 0.10 g PSin 15 ml toluene
Sample name PED PS1 | PEDPS2 | PED PS3 | PED PS5 | PEDPS6 | PEDPS7
Rotation speed [RPM] 2000 1000 500 2000 2000 500
Acceleration [Rounds/s?] 2000 2000 250 2000 1000 250
Thickness [nm] 163 218 318 35 40 63

Polystyrene films for bilayered stacks

Polystyrene (125.630 MW, synthesized in house) was dissolved in toluene yielding in a 2 weight-%
solution. Using a syringe, 1-2 ml PS solutions were dropped on the wafer piece, covering it totally.
Then the spin coater was ramped up to 2000 RPM at an acceleration of 5000 RPM/s’. The rotation
was left at 2000 RPM for 100 s. After the spin coating process the thickness of the PS layer was
measured by means of profilometry and X-Ray reflectivity XRR. This spin coating procedure resulted in

PS film thickness ranging from 100 to 120 nm.
Redox-active polymers

To investigate the electrical switchable polymer poly-10-(4-vinylbenzyl)-10H-phenothiazine (PVBPT), it
was spin coated on conductive substrates. The PVBPT (13400 g/mol) was spincoated from dry DCM (5
g/l and 10 g/I solution were used for different film thicknesses) at 1000 rpm for 60s. Afterwards the
substrates were annealed first in DCM vapor at 50 °C and then in vacuum at 100 °C to improve the

smoothness and the surface coverage of the PVBPT film.
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13,6-N-Sulfinylacetamidopentacene

The 13,6-N-Sulfinylacetamidopentacene (97%, Sigma-Aldrich) films were prepared either on cleaned
silicon wafer (Siltronic AG)(N-doped, [100]) pieces, or on silicon wafers covered with sputtered gold.
For the spincoating 0.015 g of 13,6-N-Sulfinylacetamidopentacene (97%, Sigma-Aldrich) was dissolved
in 2 ml chloroform. The spincoater was then ramped to a speed of 1000 RPM within one second.
After 120 s, the spincoating was finished. The prepared films were stored in the fridge to avoid

decomposition of the precursor.

Oligo (p-phenylenevinylene)

The preparation of the spincoating solution was not as straightforward as for the pentacene
precursor. The 1,4-bis((E)-4-((Z)-styryl)styryl)benzene did not dissolve completely in toluene or
chloroform, even not upon heating. Super sonication at elevated temperatures led to precipitation.
Most probably a high amount of the cttc material had changed into an all trans conformation due to
longer storing, which explains while it was not completely dissolving. Super sonication seems to assist
the structural rearrangement. Hot filtration of the material could help solving this issue but turned
out to be difficult because less than 100 mg of material were available. Therefore we used the better

soluble 1,4-bis((E)-4-((Z)-4-(2-methylbutoxy)styryl)styryl)benzene for patterning experiments.

The 1,4-bis((E)-4-((Z)-4-(2-methylbutoxy)styryl)styryl)benzene was dissolved in chloroform. 12 mg of it
dissolved in 2 ml chloroform were filtrated through a 0.1 um syringe filters before spincoating. A thin

film was prepared by spincoating at 5000 RPM with an acceleration of 1000 RPM/s for 30 s.

3.2.2 Plasma polymerization

| used a plasma reactor (Figure 6) in order to deposit films with thicknesses from 5 nm to 100 nm on
different substrates. The plasma reactor itself is a glass tube with 10 cm diameter and surrounded by
a coil antenna, which is attached to a radiofrequency source (Coaxial Power Systems Ltd, Eastbourne,
England), via a homemade matching system [74-76]. In addition, a homemade pulse generator can be

used to generate pulsed plasma with adjustable t,, and t.; times of the plasma.

The radiofrequency source can be adjusted in power between 0 W and 150 W. The power of the
plasma has a great influence on the properties of the deposited films. The plasma power determines
the fragmentation of the monomer molecules. Adjusting the t,, and t,; times influences the film

properties due to a different ratio between sputtering and recombination rate.
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Figure 6 Schematic sketch of a plasma reactor consisting of 10 cm diameter glass tube surrounded by a coil
antenna and attached to a high vacuum pump. Using a tripod glass holder, the substrates can be brought into

the reactor perpendicular to the gas flow.

Thin films of plasma polymerized norbornene were deposited on Si wafers and PS covered Si wafers.
The monomer used was norbornene (Sigma-Aldrich, 99% purity, bp. 65 °C, vapor pressure 52 mbar at
25 ° [77]). In the first step, the reactor was cleaned using a plasma of 250 mbar partial pressure O,
and 250 mbar He, which was ignited with 150 W RF power. During the cleaning plasma, the attached
vacuum pump was operated at full power. Oxygen-helium plasma shows strong sputtering and should
remove organic residues from the reactor. Due to the continuous gas flow, compounds removed from
the reactor walls were removed from the whole system or trapped in the liquid nitrogen cooling traps
attached ahead of the vacuum pump. The cleaning is of importance as the reactor is used by several
researchers using different monomers. In the second step, the sample was placed on a glass tripod
holder (Figure 6) in the reactor. In order to get comparable films, the sample was always placed on
the same position in the last third of the glass tube. The reaction chamber was then evacuated to less
than 0.009 mbar. In order to avoid that large amounts of monomer condense in the cooling trap, the
pumping efficiency was reduced to 20% via a throttle valve prior to adding the monomer into the
reactor. The norbornene monomer pressure in the reactor was adjusted to 0.05 mbar. Although
norbornene is a solid at room temperature, its vapor pressure is sufficient to achieve this pressure
without additional heating. After the monomer pressure was stable at 0.05 mbar, the power source
was started. To deposit films with different properties, the deposition was carried out with plasma
powers varying between 50 and 150 W. We deposited films in pulsed mode (standard: t,, =20 ms,
tosr =50 ms) and in continuous mode (t,s =0 ms), too. These conditions were already used to
successfully deposit other plasma polymerized materials in this reactor [22, 65, 74-76]. For
depositions, the RF source was ramped within seconds to the final power. In pre-experiments, the

correct matching parameters were determined, to keep the reflected power as low as possible during
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the depositions, in order to avoid damage of the RF source. Norbornene plasma ignites at about 40 W
and has a pale violet to white color. During the plasma deposition reaction, the pressure increased
from 0.06 to 0.09 mbar. After the plasma reaction the pressure returned to the initial value of 0.05
mbar. As higher plasma power lead to more fragmentation of the monomer and more radicals in the

plasma, films deposited at higher plasma power were typically higher crosslinked [78], [79].
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Figure 7 a) Thickness and roughness of ppNb films deposited in pulsed mode at 50 W are plotted against the
deposition time. The average deposition rates were 10nm/min. The resulting RMS roughnesses were in the
range of 0.4 nm calculated from a 1um x 1um square. b) Thickness of ppNb films deposited in continuous
mode at 50 W are plotted against the deposition time. The average deposition rates were 10nm/s. The

resulting RMS roughnesses were in the range of 0.4 nm calculated from a 1um x 1um square.

For the deposition on Si wafers we operated the plasma in pulsed mode (t,,= 20 ms, tos= 50 ms). For
the deposition on PS layers additionally continuous mode plasma (t.; = 0) was used. By using different
deposition times to deposit ppNb on test samples, we determined the deposition rates for both cases
in order to be able to produce films with the desired thickness on the samples for the nanowear and
indentation tests (Figure 7). For the pulsed mode deposition of ppNb on Si-wafers, the deposition
rates were in the order of 10 nm/min (Figure 7). In the case of a PS surface and t,; = 0 we estimated a
deposition rate of~10 nm/s (Figure 7). For ultra-thin films, this results in deposition times of less than
one second. The difference in the deposition rates arises from the amount of monomers formed
during the course of the deposition. In continuous plasma of one second duration, radicals are
formed for one second, whereas in pulsed mode plasma of one second duration, radicals are formed
only for 285 ps. The plasma in pulsed mode has just a quarter of the plasma duration compared to
continuous mode. On a silicon wafer it was not possible to deposit films using continuous plasma,

indicating that on silicon wafers the sputter rates of the plasma exceeded the deposition rate. In
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pulsed mode the deposition rates are increased, because in the ty,; time only deposition and
recombination can take place, while in the t,, time, recombination and deposition compete with
fragmentation and sputtering. Regardless of the deposition mode, the roughness of the films as
determined as RMS values from 1 um x 1pum squares recorded with 512 lines and 512 pixels/line

where all well below 1 nm (Figure 7).

3.3 Nanocapsule preparation

The nanocapsules were synthesized by A. Hamberger using inverse miniemulsion and interfacial
polyaddtion [80]. In short: Precipitation in the confinement of an inverse miniemulsion was followed
by interfacial polyaddition to form the polymeric shell. This preparation resulted in capsules with
diameters around~ 500nm. As explosive silver salts the insoluble silver azide was used. Silver azide is
a primary explosive that decomposes between 160 °C and 260 °C forming nitrogen and metallic silver
[81]. Further details of the synthesis can be found in [82]. The capsule synthesis via polymerization at
the agueous/organic interface of the droplets in the emulsion has been reported by other groups as

well and is commonly used for the synthesis of capsules [83, 84].

For the nano thermogravimetric analysis, the miniemulsion of silver azide containing nanocapsules
was freeze dried. First step was freezing the solution in liquid nitrogen and second step was
evaporation of the solvent at -60 °C and 0.001 mbar for 24h. The freeze dried capsules were then
placed on top of the cantilever using a nanomanipulator. For the analysis of single capsules and the
visualization of the shell rupture mechanism, the capsules were drop-coated from cyclohexane on top

of silicon wafers. Subsequently, the coated wafers were dried under ambient conditions

34 Layer thickness and surface hydrophobicity

Profilometry:

In order to measure the thickness of the single PS, norbornene films or stacks of pp-norbornene
covered PS, profiles across scratches made by a sharp needle were recorded (KLA-Tencor P-16+,
Milpitas, USA). The films thicknesses were calculated as the mean value of the height difference
between scratch and films surface on 6 different positions. The thickness of the ppNb layer which was
deposited on top of a PS layer was calculated by subtracting the measured thickness of the

polystyrene film from the thickness of the bilayer. The standard deviation in the measurement of the
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thickness reaches up to 5 nm. Therefore the thickness of thin films (< 10 nm) could not be measured

precisely.
X-ray reflectivity measurements:

X-Ray Reflectivity (XRR) measurements were performed for determining the thickness of thin layers
and of different layers in the bilayered materials. For this purpose, 1 x 1 cm” sized samples were
analyzed in a Seifert XTD 3003 TT X-ray diffraction system (Seifert, Ahrensburg, Germany). The
diffractometer was operated in reflectivity mode with a multilayer mirror as a monochromator at a
fixed wavelength of A = 1.54 A. The beam size was 1000 x 100 pm?” (horizontal x vertical) having a
resolution in g, = 6 x 102 + 2 x 10 A™. The reflectivity curves (Figure 8) were analyzed with respect to
the thickness of the films (dg;y,) arising from the width (Aq) of the Kiessig fringes by

Qe = 27 (Eq 10)

Aq

As in a two layered systems we have three interfaces (substrate-PS, PS-ppNb, ppNb-air), the Kiessig

fringes form a complex beating pattern, with two distinct distances (Figure 8).
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Figure 8: XRR data of blank spincoated PS film (a) and two samples covered with different thick protection
layers (b,c). For the stacks shown here, the ppNb was deposited in continuous mode at a plasma power of
150 W. The normalized data of the blank film and the 6.5 nm ppNb protected film are multiplied with 10000
and 100 in order to show all data in one diagram. The black lines represent fits based on Parrat’s formalism.

Fitting and measurement are in good agreement.
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The short distance corresponds to the thick PS layer, the long distance to the thin ppNB layer (Eq 10).
For an exact determination of the layer’s thickness and the interfacial roughness, Parrat based fits
[85, 86] were used. The fits also resulted in values for the roughness of the films surfaces and the
roughness of the interfaces between silicon wafer and PS as well as the one of the interface between
PS and ppNb. In the fit function the thickness of both layers, substrate roughness, PS/ppNb interfacial
roughness and the ppNB surface roughness were used as fitting parameters. The electron density of
the materials was fitted as well. The surface roughness determined by XRR cannot be compared
directly to the roughness determined using SPM. This is due to differences in the probed areas: The
area probed using XRR is the size of the beam, which is 1000 um x 100 um. This area is much larger
than the 1 um x 1 um area investigated with SPM. Furthermore, the SPM tip has a finite size and thus

a different sensitivity towards surface features than the X-Ray beam.

The thicknesses of the plasma deposited norbornene were as low as 6.5 nm (Figure 8). For the
investigations we used the stacks with the two thinnest protection layers (6.5 nm and 13.7 nm) as
larger thicknesses of the protection layer could have a negative influence on the indentation

properties of the stack.

Hydrophobicity

| investigated the hydrophobicity of plasma polymerized norbornene (ppNb) via static contact angle
measurements (OCA35, DataPhysics Instruments Gmbh, Filderstadt). The samples were probed using
milli-Q water. For all ppNb films we found a static contact angle with MilliQ-water between 80° and
90° which did not change within one month. These contact angles are comparable for contact angles
found for PS (88°) [87] or films made from conventional synthesized poly-norbornene (75° - 100°)

[88].

3.5 Scanning probe microscopy experiments

3.5.1 Scanning probe microscopes and cantilevers

For imaging | used a Dimension 3100 (D3100) equipped with a Nanoscope llla controller (Veeco
Instruments, Mannheim, Germany) or a Dimension 3100CL (D3100Cl) equipped with a Nanoscope IV
controller (Veeco instruments, Mannheim, Germany). The D3100 Cl has a closed loop scanner and is

therefore more precise as the piezo position is constantly monitored by additional sensors. Without
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the closed loop the piezoelectric elements can slowly move due to piezo creep thus causing a change

of position during measurements.

For measurements involving the heatable probes, | used an Enviroscope with a Nanoscope llla
controller (Veeco Instruments, Mannheim, Germany) and a Nano-TA2 extender (Anasys Instruments,
Santa Barbara, USA). The Enviroscope uses the same scanner as the Dimension but has an additional
environmental chamber which can be evacuated or flushed with different gases. The instrument has
stage heater allowing for substrate heating. The Nanoscope llla controller does not allow thermal
tune, so the spring constant of the heatable probes could not be determined. As these probes are

already mounted into the holder by the manufacture, they cannot be tuned in another instrument.

Nano-wear experiments were perfomed on a Nanowizard instruments (JPK, Berlin, Germany). This
instrument allowed thermal tune, which was mandatory for nanowear experiments as introduced

above.

c-SPM experiments and spring constant determination of conventional probes were done on a
Multimode Torsion TUNA with a Nanoscope V controller (Veeco Instruments, Mannheim, Germany).
The TUNA module consists of a sensitive low-noise current amplifier and a special SPM head. The
amplifier is mounted directly next to the cantilever holder to allow for a short connection. Thus
external noise is reduced. The microscope can be covered by a glove bag which can be flushed with
dry nitrogen in order to measure without humidity. A heater/cooler scanner allows experiments at
different temperatures. Due to the Nanoscope V controller, thermal tune is possible on this

instrument. For c-SPM measurements | applied the voltage to the sample with the probe grounded.

Beside the AN2-200 heatable probes (Anasys Instruments, Santa Barbara, USA), | used Aluminum
coated OMCL-AC160TS-R3 probes (Olympus, Tokio, Japan) with a resonant frequency in air of 300 *
100 kHz and a spring constant of ~ 26 N/m. The cantilever has a length of 160 um, a width of 40 pm
and a thickness of 3.7 um. The tip has a length of 14 um and a tip radius of 7 nm. For contact mode |
used NanoWorld Cont-W probes (Nanoworld, Neuchatel, Switzerland ). The resonant frequency of
these probes is 13 + 4 kHz, with a spring constant between 0.07 and 0.4. The cantilevers dimensions
are (LxWxT) are 450 um x 50 um x 1 um. The tip has a height of 10 - 15 um and radius below 8 nm.
For c-SPM | used CSC17/Ti-Pt probes (Mikromasch, Tallinn, Estonia). These probes are made from
silicon coated with a 10 nm Pt layer on a 20 nm Ti sublayer. They have resonant frequencies of 12 + 3
kHz and spring constants ranging from 0.05 N/m to 0.3 N/m. The cantilevers dimensions (LxWxT) are
460um x 50 um x 1 um. The tip has a height of 20 um -25 um and a radius after coating of 40 nm.

39



3. Experimental

3.5.2 Heatable probes and heatable probe calibration

The heatable probes | used in my work were AN2-200 cantilevers (Figure 9) (Anasys Instruments,
Santa Barbara, USA). The horseshoe-shaped cantilevers are batch fabricated from doped silicon. The
heater area is composed of lower doped silicon (darker grey shadow in Figure 9 surrounding the
white tip) and thus acts as joule heater due to a higher resistance than the cantilever legs. The AN2-
200 cantilever have a length of ~ 200 um, thickness of 2 um, spring constants from 0.5 to 3 N/m and
resonant frequencies between 55 kHz and 80 kHz. They have a tip for SPM based imaging with a
radius below 30 nm and can be used for contact and intermittent contact (tapping) mode. The
temperature of the tip is controlled using a Nano-TA2 extender (Anasys Instruments, Santa Barbara,
USA) which is connected to the cantilever to provide the heating voltage and to the deflection output
of the scanning probe microscope for deflection recording. The extender provides a precise

temperature control and capability of recording the cantilever deflection.

Figure 9: Scanning electron microscope image of a heatable probe (AN2-200, Anasys Instruments, Santa

Barbara, USA).

The temperature of a Joule heater depends on the applied voltage. Therefore each cantilever has to
be calibrated in terms of voltage-temperature dependence. This calibration is done by recording
voltage deflection curves on samples with known melting temperature (Ty) (Figure 10). The samples |
used for calibration were 1 mm thick disks of polycaprolactone (PCL) (Ty = 55°C), polyethylene (PE)
(Tm = 116°C) and polyethyleneterephtalate (PET) (Ty = 235°C) glued on steel disks. To record these
curves, the cantilever is positioned at a fixed position on the surface with the tip in contact with the
surface. Then, the feedback which keeps the cantilevers deflection constant is switched off by

reducing integral and proportional gain to zero. Heating leads to an increase of the cantilever’s
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deflection (Figure 10) due to thermal expansion and bending of the cantilever, and thermal expansion
of sample and possibly the substrate. When the tip reaches the melting temperature of the sample,
the E-modulus of the sample below the tip vanishes, thus the tip sinks into the material causing the
deflection of the cantilever to decrease. This decrease in deflection marks the voltage at which the
melting temperature of the sample is reached. A quadratic fit function provided by the manufacture
allows generating a calibration curve by fitting data points consisting of the recorded voltage and the
known melting temperature of the calibration samples. This calibration of the tip is precise (error~ 1
°C) for temperatures between room temperature and 350 °C according to the manufacturer. The
recording of the voltage-deflection curves was controlled with the “Nano-TA studio” software (Anasys
Instruments, Santa Barbara, USA). With the “Nano-TA studio” software the calibration files for further

measurements were generated.
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Figure 10: Calibration of a heatable cantilever using three polymers with known melting temperature Ty, The
exact voltage at which the decrease occurs is determined by drawing tangents at parts of the curve left and

right of the melting point. The intersection of both tangents marks the voltage at which the polymers melit.

Note, that the heatable tip was retracted from the surface before cooling it to room temperature.
This retract prevented the tip from being trapped in the sample material as this will freeze
immediately upon cooling. This trapping could destroy the tip or cantilever upon retracting.
Furthermore, upon retracting, sample material can stick to the tip, changing its radius. To melt or
burn away any residual material, the tip was cleaned after each experiment by heating it with the
maximal possible heating voltage of 10 V. As the heated area of the cantilever is much bigger than the

size of the tip, heat flow between cantilever and surface can not only occur through the tip, but also
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through the air gap. Thus, to avoid heat flow between cantilever and surface through the air gap, |

usually performed nTA experiments at reduced pressure around 2 mbar.

3.5.3 Nano-wear experiment

In order to measure the roughness and to test tip induced nano-wear, | performed SPM based nano-
wear experiments. For the experiments | used soft contact cantilevers (NanoWorld, CONT, nominal
spring constant 0.2 N/m). The spring constant of each cantilever was determined using the thermal
tune method [43]. The surface nano-wear tests [22] were performed following this routine: An area
of 3 um x 3 um was scanned 100 times at a velocity of 50 um/s and an applied load of 10 nN. For the
redox active polymers | performed additional experiments with an applied load of 5 nN. Afterwards
the tested area was imaged at a scan size of 5 um x 5 um. For the analysis of the images the free
software “Gwyddion” was used. By analyzing the root mean square roughness (on an area of 1 umx 1
um) of the tested area we quantify the mechanical nano-wear stability of the film in terms of change
in roughness during the experiment. For the analysis of changes in the mean hight of the surface
between the worn area and the non worn reference area around it, the images were carefully
flattened. Then, the average height of 1 um x 1um squares inside and outside the patterned areas
was determined. The arithmetic average height inside and outside as well as the standard deviation
was then calculated. The height determination is prone to several errors, both from the measurement
and the image analysis, which should be considered: First, it cannot be excluded that the tip is not
able to measure the exact topography between the ripples, because it does not penetrate deep
enough between two bundles. Second, the tip can get blunt during the patterning process. | checked
this blunting by imaging several tips before and after the nano-wear experiment, and did not find a
distinct change of the tip radius. Third, the measured height difference depends strongly on the exact
method of height determination and the flattening process during image processing. Here, | used
“Gwyddion” software for analysis. First, | applied a high order flatting function. Second | determined

the average height of 1 um squares inside and outside the tested area.

3.5.4 Thermal investigations

Thin polystyrene films

For thermal investigations, the samples were mounted in the chamber of the Enviroscope. The AN2-
200 cantilevers were temperature calibrated under reduced pressure and under ambient conditions,
as experiments under both conditions were planned. The temperature deflection curves were

recorded in the same way as the calibration curves and were analyzed using the “Nano-TA studio”
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software. The heating rates were usually 1°C/s. Before measuring a series of FD-curves on the PS
samples, FD curves were recorded at the given temperature on silicon in order to determine the
deflection sensitivity at this temperature. These calibration measurements were used in the force

analysis software for the calculation of the adhesion.

Nanocapsules

All SFM analysis experiments with the nanocapsules were conducted in the Enviroscope with AN2-
200 heatable cantilevers. The Enviroscope’s chamber was evacuated to a pressure of 2 mbar using an
external oil pump. The reduced pressure provided a higher Q-factor of the cantilever. The absence of

oxygen prevented the decomposition of the polymeric shell by burning, too.

For the nanothermal gravimetric analysis, the resonance frequency was determined before and after
loading, using the autotune capability provided the Enviroscope software (V 5.31, Bruker, Mannheim).
After loading the cantilever with the nanocapsules it was mounted in the instrument and the
resonance frequency was determined. Then the temperature was ramped in steps of 5 K from 140 °C
to 250 °C, the expected decomposition temperature range of the silverazide. At each temperature the

resonance frequency was determined with an accuracy of 0.015 Hz.

All images were recorded in contact mode with minimum possible force to localize single capsules.
After a single capsule was localized, the heatable cantilever was positioned central on top of the
capsule. Then, the SPM feedback was switched off and a temperature ramp was performed. The
deflection during heating was recorded. After the ramp was finished, the feedback was switched on

again, and the capsule was imaged again.

3.5.5 Patterning using heat

13,6-N-Sulfinylacetamidopentacene

The patterning experiments and the imaging of the structures were conducted in the Enviroscope
scanning force microscope. The Enviroscope’s chamber was evacuated to a pressure of 2 mbar using
an external oil pump. Due to the absence of oxygen, side reactions of the precursor with oxygen were
hindered. In addition, the formed gaseous products were removed, so neither back reactions nor
contamination of tip, sample or instrument are expected. The same instrument and tip was used to
image the samples after the patterning step and after the removal of precursor. The conductivity

measurements were performed in the Multimode TUNA TR. Therefore, the samples were marked
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with crosses by scratching with a needle in order to have structures visible in the optical microscope
for localization. The patterning was done by scanning squares with the tip at an elevated
temperature. Afterwards the squares were imaged. Then the tip was retracted and the sample table
was removed from the instrument. The sample was then washed with chloroform while still mounted
on the table. The washing was done by dripping chloroform from a syringe onto the tilted sample.
After drying, the table was placed back in the instrument. The removal of the whole table instead of
just the sample allowed finding the location of patterning again on other instruments or after the

washing.

Oligo (p-phenylenevinylene)

The SPM investigations were performed as described above. In addition, in the beginning | used the
nano-TA method to investigate the temperature behavior of the material. Furthermore we used the
lift mode ability to pattern the surface by applying heat via the tip but without direct contact
between tip and surface. To do so, the instrument was operated in the lift mode. It was programmed
to output a voltage of 5 V which was used to trigger an external switch. This switch was used to apply

the heating voltage to the cantilever only when the cantilever was in lift mode.

3.5.6 Patterning using voltage

PVBPT films spincoated on gold coated glass substrate were investigated using a Multimode TUNA TR
scanning probe microscope (Veeco, St. Barbara, CA, USA), which is equipped with a sensitive current
amplifier. For a rough control of the environment, the whole SPM was covered with a “glove bag”.
Flushing the glove bag with dry nitrogen or using a gas mixing system to mix dry and humidified
nitrogen, the humidity during the measurement can be controlled. The instrument can be equipped
with a heatable stage to allow experiments at elevated temperature or to remove physisorbed water

from the sample surface, by heating the sample above 100 °C to evaporate the water.

The cantilevers for the measurement were silicon cantilevers coated with a Ti-Pt alloy (CSC-17/Ti-Pt,
p-masch, Talinn, Estonia, nominal spring constant 0.15 N/m) and the measurements were conducted
in normal contact mode. Most of the writing and reading experiments were conducted under
ambient conditions. Only experiments regarding the humidity were conducted using the glove bag. In
order to write electrically, a DC bias was applied to the sample, while the tip was grounded. The
current flowing through the tip was measured. The general writing voltage V\ was 10 V, the general

reading voltage Vi was -6 V. A typical patterning test experiment was similar to the nanowear test.
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First, | patterned areas of 3 um x 3um with a speed of 0.3 um/s. To proove that the pattering was

successful | zoomed out to a 5 um x um area and imaged the flowing current.

However, the SPM does not show zero current, i.e. 0 pA, when we do not apply any voltage, which is
counter-intuitive. Instead, it showed a constant signal of ~ 500 fA. The same is true for all applied

voltages higher than OV.

In some cases reading with Vi = -6V led to a very noisy image with strong coupling between
topography and conductivity signal. In these cases, lowering Vi to -5 V, which is still sufficient to

image the differences in conductivity, led to good images of topography and current

3.6 Scanning electron microscopy experiments

The nanocapsules on top of an AN2-200 heatable cantilever were additionally investigated using
scanning electron microscopy (SEM). After loading, one of the cantilevers was mounted inside a
scanning electron microscope (LEO EM1530 Gemini, Zeiss, Oberkochen, Germany) measurement
chamber. SEM images were taken before and after the micromechanical cantilever was heated to
300°C for 5 min. During the heating the shutter of the electron emitter was closed to avoid damage of

the electron source due to changes in pressure or generated metallic silver.
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4. Thermomechanical investigations of single layers

Heatable SPM probes can be used for probing the thermal properties of a material with high spatial
resolution. The local probing of thermal properties can be utilized for example, for the identification
of different domains in polymer blends by determining the melting, softening or glass transition
temperature of each domain. In such a nanoscale experiment time- and length scale effects have to
be considered. The thickness of a material may influence the results of an experiment due to an
increasing influence of the substrate for thinner films. In the experiments presented in this chapter,
the main difference from macroscopic experiments is the length scale. Usually, samples with
thicknesses of several 100 nm or above are investigated. Here, | will present investigations of samples

with thicknesses below 100 nm.

4.1 Deflection based probing

Effects influencing the deflection

The conventional experiment to determine temperatures at which the mechanical behaviour of a
polymer changes (glass transition, melting or softening temperature) with a heatable probe is to
record temperature-deflection curves (TD-curves). For the analysis of TD-curves, it is necessary to
understand how the deflection signal is caused. There are three effects that add to the deflection
signal: The thermal expansion of the cantilever, the thermal expansion of sample, and the indentation
of the sample. In addition, a temperature increase can lead to an increase in deflection because the
cantilever is bent due to bimetallic behaviour. The thermal expansion of the sample leads to an
increase in deflection as the cantilever is pushed upwards. Indentation of the sample causes a
decrease of deflection as the tip sinks into the sample causing the cantilever to move downwards. In
the simple case of a bare silicon sample, only thermal expansion of sample and cantilever occur, so

we expect a steadily increasing deflection signal.

For a polystyrene film, the thermal expansion of the PS and the possible indentation of the PS by the
tip add additional contributions to the observed deflection. The indentation of PS should scale with
changes of the E-modulus according to the Hertz model, because tip radius and applied force should
not change during the experiment (the applied force could change a little during the experiment

because of thermal expansion and bending of the cantilever). The E-modulus of PS changes with
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temperature [89]. During the glass transition (Figure 11), the E-modulus decreases with temperature

until ~ 100 °C, where the rubber plateau is reached.

10+
J—n—n__

8
©
e 64
L TRy
o =
o \.

4 \'\

2 —

T T T T T T T T T T v 1
60 80 100 120 140 160 180 200
Temperature [°C]

Figure 11: The logarithm of the E modulus of PS plotted against the temperature. The E-modulus was
determined from measuring the stress and strain after 10 s of constant straining (stress relaxation

experiment). Data is taken from [89]

The PS | used here was ataktic and therefore amorphous, the rubber plateau is short and passes into
a regime of further softening at temperatures above 150 °C. Of course, thermal expansion and
bending of the cantilever as well as thermal expansion of the probe will also occur when the tip sinks
into the sample, so the effects might overlap, thus the recorded deflection will represent the sum of

all discussed effects.
TD-curves on silicon and thick PS films

TD-curves recorded on bare silicon (Figure 12 left) showed a steady increase in deflection. However,
thermal expansion of the silicon should scale roughly linear with temperature. The recorded TD-
curves showed a non linear correlation between temperature and deflection. The non linear
behaviour is due to bending of the cantilever upon heating. The behaviour of the cantilever on silicon
is well reproducible, all curves showed the same behaviour independent of the position at which they
were recorded. The slope of all TD-curves recorded on silicon is always positive, which matches the
expectations as no indentation should occur. Three regimes can be distinguished. In the beginning
(regime 1), the TD-curves have a slope of 0.042 + 0.001 V/K. At the transition to regime Il, the slope
reduces to 0.0041 + 0.0006 V/K. In regime Il the slope is again increased to 0.0160 + 0.0004 V/K.
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Curves recorded on 163 nm PS (Figure 12 right) showed a single decrease at 126 + 1 °C. The
temperature was determined as the intersection of linear fits of the linear increase before and the
linear decrease after the inflection point of the TD-curve (indicated as black dotted lines in Figure 12
right). The temperature of 126 °C matches neither the expected glasses transition nor the softening
regime, as this temperature is in the middle of the rubber plateau. Furthermore, from the behaviour
of the E-modulus (Figure 11), two regimes with decreasing deflection should be observed, which | did
not. If no indentation occurs, then the slope of TD-curves recorded on PS should be higher in regime |
than the slopes of TD curves recorded on silicon, because the thermal expansion coefficient of PS (5-
7*10°K " at 20°C) is bigger than the thermal expansion coefficient of silicon (2.6¥10°K™ at 20 °C).
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Figure 12: Left: Temperature-deflection curves recorded on bare silicon. Right: Temperature-deflection curves
recorded on a 163 nm thick PS film. The deflection signal was shifted by adding +1 V, +2 V, +3 V, ... for

different positions for better visualisation.

The slopes of the TD-curves on 163 nm PS in regime were 0.038 + 0.008 V/°C, thus lower than the
slopes of TD curves recorded on silicon (0.042 + 0.001 V/°C). The best explanation for the lower slopes
is that PS is indeed indented due to the lowering of E-modulus. The negative slope in regime Il
corresponds to the tip sinking into the surface. In regime lll the slopes of the TS-curves recorded on
PS are 0.0191 + 0.0003 V/°C, thus higher than the slopes of TD-Curves recorded on silicon (0.0160
V/C). In regime lIl the higher thermal expansion of PS leads to a higher slope of the TD-curves. This
finding indicates that the heatable tip did not penetrate completely through the PS film, but that it is
still resting on PS, because otherwise the slope of the TD-curves recorded on silicon should not differ
from the slopes of TD-curves recorded on PS. This argument is strengthens by calculations of the
expected deflection decrease for a complete penetration of the film. For a 163 nm thick PS film the

deflection decrease should be 1.8 V for a complete penetration (the cantilever’s deflection sensitivity
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was 90 + 2 nm/V as obtained from FD curves). The observed deflection decrease on the TD-curves on

163 nm PSis 0.6 V, corresponding to an indent of only ~54nm.

TD curves on thinner PS films

The question is now, how the TD-curves change, when the PS film gets even thinner. For thinner films,
the signal attributed to the polymer film, i.e. the tip sinking into PS, is proportional to the film

thickness.
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Figure 13: TD-curves recorded on PS with different film thicknesses. 163 nm thick PS and pure silicon are

showed for comparison. The PS film curves are shifted by +1V, +2V, +3 V, ... for better visualisation.

TD-curves recorded on the 35 nm, 40 nm and 63 nm thick PS films did not show a distinct decrease in
deflection (Figure 13). | analysed the slopes of PS curves and compared them with the slopes of
curves recorded on silicon. In the beginning (Figure 13, regime |), the slopes of all TD curves recorded
on PS were lower than for the curves recorded on silicon: TD curves recorded on silicon showed a
slope of 0.042 + 0.0001 V/K, TD curves on 35 nm PS had a slope of 0.038 + 0.0008 V/K, on 40 nm PS
the slope was 0.038 + 0.0005 V/K, on 63 nm PS it was 0.038 + 0.003 V/K and, for comparison, on 163
nm PS the slope was 0.038 + 0.0008 V/K. Thus, the deflection changes in regime | (Figure 13) were
independent of the film thickness. The smaller deflection increase for all PS films indicates that for all
PS films deformation must have taken place. In regime Il, only for the 163 nm thick PS film a decrease
in deflection was observed, indicating that for the thinner films no further deformation is possible.
The question is now, whether this means, that the tip has penetrated through the thinner films and is

thus resting on the silicon substrate. To check this possibility, | compared the slopes in regime Ill. If
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the tip is resting on the silicon substrate, then the slopes in regime lll must be independent from the
film’s thicknesses. The slope of TD curves recorded on silicon in regime Il was 0.0160 + 0.0004 V/K.
For 35 nm PS film the slope was 0.0163 + 0.0004 V/K, for 40 nm PS the slope was
0.0169 £ 0.0002 V/K, for 63 nm PS the slope was 0.0170+0.0003 V/K, for comparison again for 163 nm
the slope was 0.0191 + 0.0003 V/°C. All TD curves recorded on PS films showed a higher slope in
regime Il than the TD-curves on silicon. Therefore, | assume that a thin PS layer is still present
beneath the tip. The dependance of the slope with the PS film thickness can be explained in two
ways: First, the thermal expansion coefficient of PS is higher than the thermal expansion coefficient
of silicon, thus the slopes of the curves recorded on PS are higher than the slopes of curves recorded
on silicon. For thicker PS films, the remaining PS layer under the tip is thicker, therefore more
expansion is observed. Second, the temperature reached in the PS and in the cantilever can depend
on the PS thickness, as the silicon substrate serves as an effective heat sink. A higher temperature
reached in the cantilever may lead to more bending, explaining the higher slopes observed on thicker
PS films. Finite element simulation of a heatable probe in contact with a substrate by Haeberle et.al
[36] predicts, that the temperature at the tip surface contact depends strongly on the substrate.
Good heat conducting substrates like silicon lead to a drastic reduction of the reached temperature

than bad heat conductors like glass according to their simulations (Figure 14).

Silicon Silicon

Silicon

Figure 14: Finite element simulation of probe heated to 400 °C with a probe radius of 10 nm in contact with a
bad thermal conductor (glass) and a good thermal conductor (silicon). The probe is surrounded by air. The

images is taken from [36].

The different temperatures at the contact on different substrate do not mean, that the temperature
of the heater is changed, which would be detected by a changing heater resistance and thus
compensated by the instrument. It means that a steeper thermal gradient in the tip occurs as
indicated by the isolines in Figure 14. A similar dependence of the temperature reached in a polymer

film on the substrate would mean that for thin polymer films a different temperature at the tip
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polymer contact and in the polymer is expected than on thick films. The effect is of course depending
on the ratio of heat conductivity between the material and the substrate. PS (A = 0.17 W/mK is a bad
heat conductor compared to silicon (A = 148 W/mK), so the expected temperature change in contact

temperature with film thickness will not be as high as for the direct comparison of glass and silicon.
New approach: Separation of cantilever effects from sample effects

Both thermal effects caused in the cantilever and in the sample influence the recorded deflection. In
the conventional approach, , the heat induced changes in sample behavior are more prominent than
expansion and bending of the cantilever. However, when reducing the thickness of the sample, the
expansion and bending of the cantilever becomes more dominant. Therefore, | expanded the
conventional analysis of TD-curves by removing the cantilever’s influence from the recorded TD-

curves. The result is a differential TD-curve (dTD-curve) (Figure 15).
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Figure 15: Difference between averaged TD-curves on 163 nm PS and on pure silicon. The jumps are caused

by artefacts in the averaged TD-curve of silicon.

In order to separate the influence of the cantilever’s thermal expansion and bending from the
influence of PS indentation, | averaged TD-curves recorded on silicon and on PS with the same
cantilever. The resulting silicon curve should include only deflection signals caused by expanding and
bending of the cantilever. The PS curve includes deflection signals from the cantilever as well as
expansion and indentation of the sample. In the next step | subtracted the silicon curve from the PS
curve. The resulting curve is then only the changes of deflection caused by sample expansion or
indentation (Figure 15).
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The curve resulting from subtracting the TD curves on silicon from the TD-curves on 163 nm PS
(shows four different regimes. In the beginning, the deflection decreases due to a decrease of the E-
modulus (Regime 1). At 95 + 1 °C, the deflection decreases is reduced, as the rubber plateau of PS is
reached (Regime Il). At 126 + 1 °C the deflection decreases again, as the PS is further softened and
the E-modulus decreases again (Regime Ill). At temperatures above 160 + 1 °C (Regime 1V), the

deflection increases again, due to thermal expansion of PS and bending of the cantilever.

Determination of T and melting regime of thin PS films

In order to determine glass transition temperatures and melting regimes for the thinner film |
separated indentation of the PS film from cantilever expansion and bending again by subtracting the

averaged TD-curve of silicon form the averaged TD-curves recorded on the PS film (Figure 16)
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Figure 16: Difference between the averaged TD curves recorded on PS films 35 nm, 40 nm, 63 nm and 163 nm
thickness and the averaged TD curves recorded on Silicon. The jumps observed in all differences are causes by
artefacts in the averaged TD-curve of silicon and appear therefore at the same temperature for all film

thicknesses.

Regime |

From room temperature until 95 + 1 °C (Figure 16, Regime 1), all curves show now a negative slope,
indicating, that the initial slope for curves recorded on PS were gentler than the slope of curves
recorded on silicon. These negative slopes show that deformation of the PS takes place. The depth

reached in Regime | can be calculated, as the deflection sensitivity (90 * 2 nm/V) of the cantilever was
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determined. For the 35 nm thick PS film the initial deflection decreased by 0.17 V (~15 nm) at a
temperature of 95 °C. For the 40 nm PS film the deflection decreased by 0.33 V {30 nm) at 95 °C. For
the 63 nm PS film the deflection decreased by 0.2 V at 95 °C (~19 nm deformation). Finally, the 163
nm thick PS film showed a deflection decrease of 0.29 V (~26 nm) at 95 °C. Despite their different
thicknesses all films were deformed by 15 nm to 30 nm. The variation of deformation observed may
be caused by small differences in the initial force with which the tip was placed on the surface.
However, the depth reached here was always lower than the film thickness, so in regime | there must

still be PS present under the tip.

Regime ll

At 95 £ 1 °C all curves show a sudden reduction of the slope (Figure 16, Regime Il). This temperature
was again determined as the intersection of linear fits of the curve before and after the change of
slope. This temperature of 95 + 1°C is close to the expected T of PS. Therefore we can explain the
reduction of slope observed for all PS films with the behavior of the E-modulus upon reaching the
rubber plateau of PS. PS is in the rubber state, so the E-Modulus stays almost constant with increasing

temperature. According to the Hertz model, then the indentation depth should stay constant.

However, there is a difference in the curves recorded on 35 nm, 40 nm and 63 nm thick PS films
compared to the curve recorded on 163 nm thick PS. The 35 nm, 40 nm and 63 nm thick films were
not further indented or even expanded slightly, while the 163 nm thick film showed further, although
little, indentation. | attribute the different behavior for the thin and the thick film in the rubber
regime to the different thicknesses of the PS layer left beneath the top. For the thinner films only very
few layers of PS molecules (the mean square radius of gyration of PS molecules with a molecular
weight around 100.000 has been reported to be ~9 nm [90, 91]) remain under the tip. For the 163 nm
film, more PS is still present under the tip. For SPM based indentation experiments probing Youngs
modulus it is suggested that the maximum indentation depths should not exceed 10 % of the films
thickness in order to avoid contributions from the substrate [92]. The substrate contributions are
explained with a complete compression of thin films, thus they act like the stiff substrate [93]. The
same explanation can hold for the TD curves in regime Il. Upon increasing temperature here, the
applied force increases slightly due to thermal expansion, while the E-modulus drops slightly. The 163
nm PS film is therefore further compressed or even indented. For the thinner films, where only a few
molecules are left beneath the tip, further compression is difficult. On the one hand, the molecules

can already be completely compressed; on the other hand one molecule could stick to the tip and
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one to the silicon substrate because of their adhesion, so the tip will not be able to penetrate through

that remaining layer.

Assuming, that the tip rests on a fully compressed layer of PS, the deflection increase observed for

the 35 nm and 40 nm thick PS film can be explained with thermal expansion of the PS.

Regime lll

The dependance of deflection with temperature observed on all PS films after the rubber plateau
depended on the PS film’s thickness (Figure 16, Regime lll). The 163 nm thick film showed another
abrupt change of deflection at 135 + 2 °C. The 63 nm film showed a similar decrease in deflection,
which occurs at 138 + 2 °C. For the 35 nm and 40 nm thick PS films no distinct change in slope could

be determined, instead the deflection increased slightly with temperature due to thermal expansion.

For the 63 nm PS film the deflection reached the maximum decrease of 0.28 V (25 nm deformation)
at 160 £+ 1 °C. Here, this temperature was determined as the temperature corresponding to the
minimum deflection value. The indentation of 25 nm is well below the film’s thickness of 63 nm. The
163 nm thick PS film showed the maximum decrease of 1.06 V (95 nm) at 160 * 1 °C. This indentation
depth is well below the films thickness, indicating that a considerable amount of PS is present
between tip and silicon substrate. The decrease in deflection observed for the two thicker films can
be attributed to the decrease of E-modulus after the rubber plateau. As the E-modulus drops, the tip
can further indent the film according to Hertz-model. For the two thinner films, this further
indentation is not possible because only few molecules are left between probe and substrate which
cannot move. It is again possible, that for the thin films the temperature reached beneath the tip
differ from the temperatures reached for the thick film, due to the dissipation of heat in the silicon

substrate.

Regime IV

Here, all curves showed again positive slopes, indicating that the curves recorded on PS had steeper
slopes than the curves recorded on silicon. The first distinct feature of the curves in regime 1V is that
the slopes seem to scale with film thickness. Linear fits of the curves in regime IV revealed slopes of
0.00075 * 0.00002 V/K for the 35 nm, 0.0015 *+ 0.0001 V/K for the 40 nm, 0.0016 + 0.0001 V/K for
63 nm and 0.0044 + 0.0002 V/K for the 163 nm PS film. As the slope of the curve in the end increases
with the thickness of the PS layer | attribute the increase of deflection in regime IV to the thermal

expansion of residual PS under the tip and the isolation effect of the residual PS. For a thicker film a
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thicker residual layer is present (comparing the difference between film thickness and calculated
indentation depth) which also expands more upon heating. In addition, it can be assumed that thicker
PS film isolate the tip and the cantilever better from the substrate than thinner films. Thus, higher
temperatures are reached in the cantilever and thus more or stronger expansion and bending of the

can is expected, which can lead to an increased deflection.

| tried to image the films after heating, in order to check for a permanent indentation. Instead of
indentations | found large elevated circular structures with sizes of up to 100 nm (Figure 18). The
structures were much larger than the size of the probe tip, which had radii of < 30 nm. Although
elevated structures are puzzling at the first glance, there is a good explanation. Before recording the
image, the hot probe has to be retracted from the surface to avoid freezing it into the soft PS. Upon
pulling the hot probe out of the softened PS, the PS is pulled upwards. This deformation of the soft

material is then much larger than the tip size.

Alternative models

The first model | explained in detail assumed, that both changes in the deflection slope are related to
a distinct change in the mechanical properties of the polymers which are detected by different rates
at which the tip penetrates the surfaces (Figure 17 a). However, the curve resulting from subtracting
the silicon background from the curves recorded on PS film can also be explained with two different

models (Figure 17 b and c).

The second model (Figure 17 b)is based on the assumption that the tip can move easily across a
silicon surface, whereas it is slightly attached to the PS surface. Upon thermal expansion, this fixing of
the tip to the PS forces the cantilever to buckle, which is detected as a decrease of deflection. As the
thermal expansion is almost linear, a linear decrease of deflection could be expected. Upon reaching
Te, the polymer softens, thus allowing the tip to move horizontally through the material like a plough.
Therefore, the measured cantilever deflection stays constant. Note, that this interpretation of the
curve will lead to the same glass transition temperature as the first model. At the end of the rubber
plateau, the polymer softens further, thus the tip can now also penetrate the PS vertically which is

detected as the second decrease in deflection
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Figure 17: Three models explaining the observed temperature-deflection curve resulting from subtracting
curves recorded on silicon from curves recorded on PS. a) Distinct changes at the glass transition temperature
and the further softening lead to a change in the rate of tip penetration, thus a change in the observed slope.
b) Buckling of the tip, which is fixed by the PS, causes the first deflection to decrease. After the glass
transition, the tip moves forward through the PS. When the PS further softens, vertical penetration is
possible, thus the deflection decreases again. c) Slow creep of the tip into the polymer causes the first
deflection decrease. After a certain contact area is reached the pressure is reduced below the yield strength
of PS and the tip cannot move deeper. After the glass transition the tip penetrates deeper into the polymer,

thus a second decrease of deflection occurs.

The third model (Figure 17 c) is based on creep. Due to the high pressure beneath the tip, the tip
sinks slowly into the material. The penetration is possibly assisted by increasing applied force due to
thermal expansion of the lever. As with indentation depth the contact are increases, the pressure

decreases and is eventually not sufficient enough to cause additional indentation. Therefore the
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deflection stays constant. When the glass transition is reached, the PS softens and allows further
penetration. This is detected as the second decrease in deflection. This model would result in a TG of
PS of ~135 °C to 145 °C depending on the film thickness. The film thickness dependence and the
deviation from macroscopic experiments can be explained with effective heat dissipation in the
substrate. This heat dissipation leads to an effective temperature in the film which is lower than the

temperature expected from the calibration experiment.

4.2 Adhesion based probing

The heightening of the PS upon retracting the hot tip from the surface indicates that the heated, thus
soft, PS sticks to the tip. Imaging a PS sample on which an array of 15 x 15 (225) FD curves was
recorded while ramping the tip temperature from 25 ° to 190 °C revealed that a certain temperature

is needed for the PS to stick to the tip during withdraw from the surface (Figure 18).

Figure 18: 10 um sized image of PS after recording 225 FD-curves while ramping the tip temperature from 25
°C to 190 °C. The area on which the FD curves were recorded is indicated by the black square. The
temperature increased from top to bottom and from left to right. The structures formed by pulling of PS from
the surface during tip withdrawal can be seen as small white dots which increase in size and height with

temperature.

| tried to analyze this adhesion between the PS and the tip in a second approach to directly measure
glass transition or softening temperatures of PS. When applying a constant force on a SPM cantilever
in contact with a polymer sample, the contact radius of the tip-surface contact should scale with
temperature, due to the fact, that the E-modulus of the polymer changes with temperature (Hertz

model). Changes of the contact area lead to changes in adhesion between tip and sample.
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Exemplarily, the different adhesion between PS and tip at different temperatures leads to changes in
behavior of FD-curves recorded at different temperatures. FD-curves recorded on the same PS sample
at 30 °C and at 150 °C differ strongly in the retraction part (Figure 19). The adhesion is stronger for
the curves recorded at 150 °C than for the curves recorded at room temperature (grey areas in Figure

19).

a) 318 nm PS, 30 °C b) 318 nm PS, 150 °C
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Figure 19: FD curves recorded on 318 nm thick PS sample at a) 30°C and b) 150 °C. The curves recorded at 150

°C show more deformation and more adhesion than the curves recorded at 30 °C

At temperatures like the glass transition or the further softening, where changes in the elastic
modulus occur, changes in adhesion are expected. To identify such temperatures, | recorded arrays of
FD-curves on the samples at defined temperatures. One FD-curve array consisted of 100 FD curves
which were recorded in 10 columns and ten rows which were each separated by 100 nm spacing.
Thus, each FD-curve was recorded on a pristine area of the surface. The array therefore covered an
area of 1 um? on the surface, so statistical information was obtained. As a reference one FD-curve
array was measured on silicon at each temperature. From the force distance curves, the adhesion at
each temperature was calculated using the “Force analysis (FA) software” (Michael Kappl, MPIP
Mainz, Germany). By plotting the calculated adhesion against the measurement temperature,

temperatures at which adhesion changes can be identified.

From the behavior of the elastic modulus with temperature (Figure 11) as well as from the behavior
of the TD-curves (Figure 16) the deformation of PS (applying a constant force) increases with
temperature until T¢ is reached, stays then constant until the end of the rubber plateau and increases
then again upon further softening. As the adhesion should scale with the contact area, the adhesion
should show scale with the lowering of the elastic modulus with temperature. The analysis of FD
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curves recorded at defined temperatures (Figure 20) did not show the expected change at two

different temperatures but only one change.
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Figure 20: Adhesion calculated from arrays of FD-curves recorded at different temperatures on 218 nm and

318 nm thick PS films. Both films show an increase of adhesion above 110 °C.

For thick PS (thickness 218 nm and 318 nm), the calculated adhesion stayed almost constant at 190 +
20 nN from 25 °C until 110 - 130°C where it started to increase. In order to reproducibly determine
the temperature at which the adhesion changes, | used the following procedure: Lines were fitted
through the linear parts in the beginning and in the end of each curve. The temperature, at which the
fits intersect, was then taken as the temperature at which adhesion changed. For the 218 nm thick PS
sample | determined a temperature of 133 + 5 °C, for the 318 nm a temperature of 138 £ 5 °C at
which the deflection changed. However, the temperature at which the adhesion first deviates from
the linear fit of the initial values is lower than the temperatures determined by the intersections. For
the FD-curves on 218 nm and 318 nm PS, the measured adhesion was higher than the initial 190 + 20

nN for all temperatures above 110 °C.

The temperatures of 133 + 5 °C and 138 + 5° correspond well to the second change in deflection
observed in the TD-curves in the previous chapter (Figure 16, regime lIl), which | attributed to further
softening of PS after the rubber plateau. However, the beginning of adhesion increase at 110 °C could
also correspond to the glass transition temperature which is shifted to higher values here due to the
higher attempt frequencies, according to time-temperature-superposition. The frequency at which

the he force distance curves were recorded was only about 1 Hz, so a Tg of 110 °C is within the range
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expected from mechanical spectroscopy. Frequency depending shifts of material properties have
been observed when measuring force distance curves with different speeds and heating the sample
using a heatable stage (bulk heating) [92]. Here, the heat was applied very locally and only for the
short time, during which the probe is in contact with the surface. Therefore, again size effects of the
heated area can arise, especially when the film thickness is in the same range than the tip radius. The
next experiment was therefore to reduce the film thickness and investigate how this reduced film

thickness influences the adhesion between tip and sample.

The same experiment described for thick PS films was repeated on thin films. Again, arrays of FD
curves were recorded on the PS films and on silicon every 10 °C between 30 °C and 180 °C. From this

curves the adhesion was calculated and plotted against the temperature (Figure 21).
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Figure 21: Adhesion calculated from sets of FD curves recorded on 35 nm, 40 nm and 63 nm thick PS films on
Si substrates. The adhesion became stronger at temperatures above 120 °C but the increase is less

pronounced than thicker films.

The adhesion calculated for all thin films increased by~ 200 nN between the initial value and the value
at 180 °C. The increase temperature, determined as intersection of linear fits of the curves in the
beginning and in the end, was 125 + 5 °C. For the 40 nm and 63 nm thick film deviation from the
almost linear part in the beginning took place after 110°C, which is in accordance with the
temperatures measured on the 218 nm and 318 nm. For the 35 nm thin film the fluctuations in the
beginning were stronger than for the other films. The adhesion calculated for the 35 nm thick PS film
(black curve in Figure 21) reached a maximum at 150 °C. Above 150 °C the adhesion stayed almost

constant for the 35 nm PS film, while all other films showed a further increase. | attribute the
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constant adhesion on 35 nm PS above 150 °C to the small film thickness which does not allow further
indentation even at higher temperatures due to the fact that only one to two polymer chains are left
beneath the tip. Upon reaching the maximum possible indentation depth, the contact area and

therefore the adhesion stays constant.

Comparing the adhesion changes on PS films with above 200 nm thickness (Figure 20) and with
thickness below 100 nm (Figure 21) shows, that the expected increase in adhesion is less pronounced
for the thinner films. On the thick films, an increase in adhesion of up to 600 nN was observed, on the
thin films the increase in adhesion was around 200 nN. This is comparable to the results of the
deflection based measurements, where the expected deflection decrease was less pronounced for
thinner films. At a temperature of 95 °C, where the deflection showed a change of slope, the

adhesion did not show a distinct signal, neither on the thin nor on the thicker PS films.

The length scale seems to influence the result of the measurement. There are two questions: Why
and how does the layer thickness influence the measured adhesion and why does the deflection

measurement show changes at temperatures at which the adhesion does not change?

For the thickness dependence of the strength of the adhesion signal, similar considerations than for
the thickness dependence of the deflection signal can be made, when we assume that the changes in
adhesion are mainly based on changes of the contact area. The contact area between the probe and
the PS surface depends on the deformation of the surface by the probe. Upon indenting of the
sample surface, the contact area between surface and probe increases. For the deflection based
approach, thin films cannot be deformed as much as thicker ones, due to less compressibility.
Therefore, the contact area, and the adhesion, increases not as strong on thin films as expected from
experiments on thicker films. The heat distribution and dissipation in the film and in the substrate

influences the amount of heated PS and therefore the deformation and adhesion.

The different behavior at 95 °C, between the deflection and the adhesion based approach, may arise
from the different heating rates and the different pressure development in the two experiments. In
the deflection based approach, the tip is in permanent contact with the sample, and the temperature
is increased steadily. The pressure increases with temperature due to thermal expansion. Although |
conducted the deflection based experiments at comparably fast heating rates of 1 °C/s, the heating
rate in the adhesion based approach is faster: Assuming the sample to have room temperature and
the probing temperature to be 100 °C and a recording rate of 1 Hz for the complete FD curve results
in a heating rate above 75°C/s. From the change in the experimental time-scale it could also be
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concluded, that the change in adhesion measured here can be attributed to the glass transition, while

further softening takes place at even higher temperatures.

In the adhesion based experiments, the tip temperature is constant all the time, but the pressure
increase in the course of the FD-experiment (chapter 2.2.1) due to the tips approach on the surface.
Therefore, the main deformation of the sample, thus the main change in contact area, can be caused
by the increasing load Fy during FD-curve recording, so a change in Youngs modulus due to increased
temperature does not cause much additional contact area. In the deflection based experiment the tip
is in permanent contact with the surface, in the adhesion based experiment, the contact times are
less than one second. Assuming, that the change in the E-Modulus detected by the deflection based
method at 95 °C is slow, we cannot detect it using FD-curves due to the fast timescale of each

experiment.

4.3 Outlook:

In order to investigate whether substrate cooling or mechanical/structural effects cause the different
behavior of thick and thin films, substrate heating could be used to avoid cooling of the thin films. By
keeping substrate and tip temperature equal, local cooling at the tip sample contact area is avoided.
Therefore, the effect of substrate cooling should disappear. Heating the substrate has the
disadvantage that it neglects some of the benefits of the nTA. The very fast nTA experiments, owed to
the small heated volume, allow high heating and cooling rates of the cantilever, thus fast ramping of
the temperature during the experiments. When the substrate has to be heated synchronized, the
temperature changes are slow and comparable long times are needed until the whole system is in
equilibrium. By substrate heating, the sample is not heated locally anymore, so the experiment is
basically changed into a macroscopic experiment. Of course, a high lateral resolution, for example to
identify different domains, would still be possible. Another idea that was not tested in detail is to
deposit the thin films on top of material which is less heat conducting, e.g. Teflon. Preliminary results
of an analysis of thin PS films on Teflon substrates however showed that the behavior of the PS film

did not differ from the behavior on Si-wafer pieces.

Still, these results show that the behavior of thin polymer films, especially under very local stress,
remains still an interesting research field. Especially the substrates effect should be tested using
substrate materials with different heat conductivity and with different thicknesses. Furthermore

other polymers with lower and higher glass transition temperatures or PS with different molecular
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weights should be analyzed in order to examine, whether there is an additional material dependent

effect involved. Of special interest would be to investigate materials which show a clear Tg and Ty,

e.g. isotactic PS, in order to investigate whether the changes in slope observed on the difference

between polymer and substrate curve can be used to determine both temperatures reliable.

4.4

Main findings

Conventional nano-TA, the recording and analysis of TD curves in order to determine
temperatures at which the mechanical behavior of polymer changes fails for films thinner
than 100 nm. By recording reference TD-curves on silicon, thus recording the cantilevers
behavior with temperature, and subtracting this “background” from the TD-curves recorded
on the sample allows the analysis of films with thicknesses below 100 nm. With this method |
determined the glass transition temperature for all investigated PS films to be ~95 °C. For the
thicker films | identified the end of the rubber plateau at ~135 °C. However, assuming a
different model to explain the observed curves could lead to a different temperature

determination. Additional experiments are needed to clarify which model is correct.

For films with thicknesses in the range of few layers of polymer, the observed signals are
weaker of even absent. My explanation is that few polymer chains cannot be deformed or
indented as easily as a bulk material. On thin films much of the heat is transferred to the

substrate and dissipates there because of the better heat conductivity of the substrate.

The slopes of the TD-curves as well as the indentation depth calculated from the observed
deflection decrease proofed that the tip does not penetrate through the film in the course of

the experiment. For thin films, the remaining layer consists of only 1 to 2 polymer chains.

The utilization of changes in adhesion upon heating can be used for detecting softening
temperatures. Due to the fact that the main source of changing adhesion in SPM based
measurements is the change of contact area, the changes in adhesion are based on
deformation of PS. The E-Modulus of PS decreases with temperature, thus stronger
deformation occurs at higher temperatures. The stronger deformation leads to an increased
contact area and therefore to an increase of adhesion. Thin films cannot be deformed as
easily as thick films; therefore the changes in contact area are smaller. Thus, the measured

change in adhesion remains small.
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The adhesion based approach showed, even for the thinnest films | investigated, a change in
deflection at ~ 135 °C. | cannot clearly attribute this adhesion increase to either glass
transition or further softening. The differences to the deflection based measurement can
arise from the different time scales of the experiments and from the different force and

temperature changes during the experiments
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5. Thermal modification of surfaces

On a thick PS film, the heat from the probe radially heats the surrounding material. With time a larger
and larger area is heated. This heated area will be larger than the tip (Figure 22). On a thin film, the
material will be heated radially as well, but the heat will reach the silicon very fast (Figure 22). As
silicon is a much better heat conductor than polymers, most of the heat will then be dissipated in the
silicon. Therefore, the heated area will stay smaller. This small heated area is beneficial for the local
modification of surfaces. The surface modifications and analysis methods | presented so far were

based on mechanical deformation of the samples surface at different temperatures.

Yy

Figure 22: Heat distribution in thick and thin films with lesser heat conductivity (yellow) on a good heat
conductor (green) upon heating with a small probe. For thick films (left image) a large area of material is
heated. For thin films thickness the heated area gets smaller because the heat reaches the substrate, which is

a better heat conductor.

Here, | will now show how the heatable probe can be used to initialize chemical reactions on a
surface. These chemical reactions can be exploited to form structures on the surface. Because of the
good heat conductivity of the substrate most of the heat is not distributed laterally in the film but
vertically into the substrate (Figure 22). Therefore, the volume which is heated by the probe is small,
thus the reaction initiated will take place only very locally. | investigated, how locally initiated
reactions can be exploited for nanoscale thermal lithography and how length or time scale depending

events influence the experiments.
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5.1 Patterning of conductive structures

State of the art

One approach is to use thermoresists, which decompose upon heating into volatile material, forming
the desired structures by controlled removal of material. This method was used by Pires et. al. who
demonstrated three dimensional lithography using a heated SPM tip on a molecular resist by forming
a nanoscale 3d image of the “Matterhorn” (Switzerland) in the used resist [4]. Furthermore, they
showed that structures written in the resist can be transferred into the silicon substrate using reactive

ion etching.
New approach

Another approach is to initiate a reaction in the precursor film which leads to a product with different
solubility. Then the patterning step can be followed by dissolving the residual precursor so that free
standing structures are formed. In addition to just change the surface topography, “functional”
structures, like small conductors can be formed. In order to gain conductive structures | used 13,6-N-

Sulfinylacetamidopentacene (Figure 23) (97%, Sigma-Aldrich) as a precursor.
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Figure 23: Decomposition of the precursor material 13,6-N-Sulfinylacetamidopentacene into pentacene and

N-sulfinylacetamide [94]

13,6-N-Sulfinylacetamidopentacene is commercially available and can be spin coated from
halogenated solvents like chloroform. According to the manufacture [95], thin films of this material
convert into pentacene by heating to 120-200 °C in 5-15 minutes under nitrogen atmosphere (Figure
23). Nitrogen atmosphere is used to avoid side reactions with atmospheric oxygen. This precursor is
used for the fabrication of organic thin film transistors [94]. Pentacene does not solve in chloroform
and is known to form electrically conductive structures. The melting temperature of pentacene is
around 300 °C, the sublimation occurs at 372 °C (Figure 24). Thus, the precursor material can be

thermally decomposed without melting the formed pentacene. Operating the probe below the
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melting temperature of the formed material is important, because otherwise the probe would

penetrate the film causing defects in the structure which is not desired.
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Figure 24: TGA results of 13,6-N-Sulfinylacetamidopentacene. The mass loss with center at 187 °C is the
decomposition of 13,6-N-Sulfinylacetamidopentacene to pentacene and the N-sulfinylacetamide which is
gaseous above 120 °C. The leaving N-sulfinylacetamide causes the mass loss. The mass loss with center at 383
°C is attributed to the sublimation of pentacene. The slow decay afterwards is caused by the slow thermal

decomposition of residual material.

The recorded mass loss with temperature shows two distinct temperatures at which mass loss occur
(Figure 24). Both temperatures were determined as the inflection points of the recorded curve’s
slope. The first mass loss at 187 °C is attributed to the conversion of the 13,6-N-
Sulfinylacetamidopentacene into pentacene. The formed N-sulfinylacetamide is gaseous above 120 °C
and therefore leaves, thus mass is lost. At 380 °C the second mass loss occurs. This is close to the
sublimation temperature expected for pentacene (372 °C), therefore the second mass loss is
attributed to pentacene sublimation. The TGA results showed that operating the probe at
temperatures of 200 °C should lead to a local thermal decomposition of the precursor without
sublimation of the pentacene. A temperature of 200 °C is well below the expected melting
temperature of 300 °C. On the other hand, as the temperature may well drop close to the gold or
silicon surface [36]so a higher temperature might be needed to cause a complete reaction of the
precursor into pentacene across the whole film’s thickness. Assuming a linear scaling of the

temperature with film thickness, (Eq 2) can be rearranged to estimate a suitable film thickness dg:
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AT
dey = Rﬁmbe— R (Eq 11)

Int

With tip radius R = 30 nm, a maximum tip temperature Tp,p. Of 300 °C to avoid melting of pentacene
and a minimum temperature at the interface T,,, of 200°C needed for thermal decomposition of the
precursor, the precursor film should have a thickness dg;,, of ~ 15 nm according to (Eq 11). However,
thicker films may also work, when the patterning step is repeated several times due to the expected
higher thermal conductivity of formed pentacene and due to the loss of N-sulfinylacetamide causing

the film to shrink.

5.1.1 Results and Discussion

For the SPM experiments | spin coated the precursor on to silicon wafers or gold covered silicon
wafers. Gold coated substrates are used in order to be able to measure the local conductivity in

further experiments using conductive SPM.

In a first experiment | characterized the films before and after bulk annealing in order to get
information about the expected changes in film thickness and surface roughness. These
measurements showed that the mean film thickness as determined from measuring the topography
across scratches shrank from ~ 60 nm for the precursor to ~ 45 nm (height loss ~ 25%) for the
pentacene after bulk heating the whole sample to 200° C for 10 min on a heater plate in a glass vessel
flushed with nitrogen. The surface roughness determined from 1 um x 1 pm squares changed from
0.57 nm to 3.14 nm for the pentacene film after the heating. The increased roughness may be caused
by the leaving gaseous N-sulfinylacetamide. The leaving N-sulfinylacetamide causes shrinkage of the
film and can lead to the formation of cavities inside the film. The formed pentacene can form -
stacked layers, because they are energetic favorable. The rearrangement of molecules in the film is

another reason for increased surface roughness.
Temperature dependence on patterning

To compare the macroscopic results gained from bulk heating | patterned four 4 um x 4 um squares in
the vicinity of a mechanical made scratch into a pentacene-precursor film (Figure 25) on silicon. The
films thickness was ~ 40 nm determined from profiles across the scratch. All squares were patterned
using the same tip in contact mode at a velocity of 0.5 Hz (probe velocity 4 um/s) and the minimal
possible force. The patterns were written at 500 °C, 400° C, 300 °C and 200 °C respectively. Around
the patterns, a lot of residual material is visible forming numerous elevated small structures. Such
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lumps have not been observed in the bulk experiment. The lumps are most probably N-
sulfinylacetamide. As this material is gaseous above 120 °C and in the bulk experiment the whole
surface is above this 120 °C it cannot condense on the surface and is removed in the nitrogen stream.
During the patterning with the hot probe, the surface is only heated very locally so the escaping N-

sulfinylacetamide condenses on the cold surface around the patterned area.
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Figure 25: Top: Pentacene precursor film after patterning 4 um squares at 500 °C, 400 °C, 300 °C and 200 °C.
Formed N-sulfinylacetamide material can be seen on the SPM image as small bright dots of elevated height
On the left, the precursor was removed mechanically by scratching with a needle. Bottom: Profiles through

the patterned areas and the scratch.

The depth of the patterns scales with the patterning temperature. The depth of the patterns is 1515
nm (200 °C), 30+5 nm (300 °C), 355 nm (400 °C), and 355 nm (500 °C). For the two temperatures
above the sublimation temperature of pentacene (372 °C), there is only residual material left, which is

expected due to the sublimation of pentacene. The different depth of the pattern written at 200 °C
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and 300 °C can be explained by two effects: First, the temperature will decrease with distance from
the tip, especially close to the interface to the good head conducting silicon. Therefore, the first
explanation is that for a probe temperature of 300 °C, the whole precursor film reaches the
decomposition temperature and forms pentacene. For the lower temperature of 200 °C, only the first
molecule layers decompose, while the molecules close to the substrate stay. Therefore the height loss
is less pronounced. The second explanation is that with increasing temperature, the probe induced
wear increases, for example due to a lowered Youngs modulus. As 300 °C is close to the expected
melting temperature of pentacene, an increased removal of material from the patterned area is
expected. The latter explanation, increased wear due to higher temperature, is supported by the fact
that the rims formed to the left and right of the patterned area are more pronounced for the area
patterned at 300 °C. Another hint, that wear induced by the moving probe alters the resulting
thickness is the fact that for all patterning temperatures the resulting height loss is above the

expected 25 % | calculated for the bulk experiment.

The RMS roughness inside the pattern area increases with the patterning temperature. | determined
the RMS roughness from 4 um x 4 um squares inside the patterned area. For comparison |
determined the roughness for the non patterned film from the lower left corner. The non patterned
film showed a RMS roughness of 1.2 nm. For patterning at 200 °C the roughness was 4.0 nm, for 300
°C 8.8 nm, for 400 °C 6.2 nm and for 500 °C the roughness was 9.6 nm. The RMS roughness measured
after bulk annealing at room temperature was 3.14 nm, so only the roughness of the pattern formed
at 200 °Cis in the same range. Patterning at higher temperatures lead to much higher roughness. This
higher roughness is caused by sublimation of material above 300 °C and the increased surface wear

induced by the probe.

Contact time dependence of patterning

The contact time between the tip and a given area depends on the tip velocity and the operation
mode. For contact time shorter than the time needed to reach thermal equilibrium between tip and
surface, tip temperatures higher than the desired surface temperature have to be used. All previous
experiments with the heatable probes were performed in contact mode. However, here surface wear
might play a role so patterning in intermittent contact mode might lead to better results. In
intermittent contact mode, the contact time between probe and surface is further reduced, as the
contact time is only 10 to 30 % of the oscillation period under usual working conditions [96].
Therefore, higher probe temperatures may be needed to reach the necessary decomposition

temperature throughout the film. | used a probe temperature of 500 °C, which lead to almost
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complete removal of both precursor and formed pentacene in contact mode and used different
patterning speeds and operation modes on a 60 nm thick precursor film (Figure 26) on a gold coated
silicon wafer in order to perform conductivity measurements later. The patterned areas were chosen
to be large 10 um x 10 um squares in order to locate them easily under a optical microscope (Figure

26). This helps to find the exact position after mounting the sample into another microscope for

conductivity measurements.

Figure 26: Topography image and conductivity image after patterning the 60 nm pentacene precursor film on
a 40 nm gold layer. Patterning was done with a tip temperature of 500 °C at different conditions. Area 1:
Patterning in contact mode, tip velocity 0.5 Hz tip (10 um/s), single pass. Area 2: Patterning in tapping mode,
tip velocity 1 Hz (20 um/s), five passes. Area 3: Patterning in tapping mode, tip velocity 0.1 Hz (2 um/s), five
passes times. Area 4: Patterning in contact mode, tip velocity 0.1 Hz (2 um/s)5 passes. Only the areas
patterned in contact mode show a change in topography and conductivity. Again, residual material is found in

the surroundings of the patterned areas.

The first result of this experiment was that patterning in intermittent contact mode was not
successful, regardless of the speed (Figure 26). At the positions where intermittent contact patterning
was used, the topography did not change, neither showing the expected deepened squares nor the
surrounding residual materials. Consecutive patterning in intermittent contact mode, i.e. 5 times
scanning the same area did not lead to decomposition, too. The squares patterned in contact mode

are clearly visible.

The failure of patterning in tapping mode can be explained with the short contact times between tip
and sample. The temperature that has to be reached for decomposition is 186 °C. Assuming a sample

surface at room temperature (25 °C), a temperature difference of~ 160 °C has to be caused during the

73



5. Thermal modification of surfaces

probe surface contact. The probes resonant frequency is~70 kHz. Each oscillation period has a length
of~ 14 s, the contact time is then between 1.4 and 4.2 ps. This contact time is even shorter than the
contact time of 10 ps used for the indentation experiments in SPM bases thermomechanical data
storage (chapter 6). Furthermore, in thermomechanical data storage the tip is pulled into the surface,
thus a larger contact area and a better contact is formed, which then leads to a better heat transfer.
In intermittent contact mode, the contact forces are much lower, leading to smaller contact areas.
Through a smaller contact area less heat is transferred, thus the film cannot reach the required

decomposition temperature.

Patterning in contact mode worked as expected (Figure 26). The changes in topography and
conductivity depended on the speed of the tip and the number of consecutive scanning. The height in
the patterned area was reduced by 20 + 5 nm for scanning at 0.5 Hz for once (pattern 1) and by 30 £ 5
nm for scanning at 0.1 Hz for five times (pattern 4) (heights determined from profiles averaged across
the width of the squares). The RMS roughness inside pattern 1 was 9.2 nm, in pattern 4 the
roughness was 4.5 nm. Outside the patterned areas and away from the residual material, the
roughness was 3.8 nm. The RMS roughness values were determined from 7.5 um x 7.5 pum squares. In
this experiment, the films were not completely removed due to decomposition of the precursor
followed by sublimation of the formed pentacene as one could expect from TGA and the first set of
experiments. Even for the copious time scanning at a low tip speed of 2 um/s, the films thickness was
reduced by only ~ 50%. This different behavior between the two experiments may be based on the
different substrates: Gold is an even better heat conductor than silicon (thermal conductivity of gold:
310 W/mK), so following Haeberle et al the temperature gradient in the probes tip and the film

should be even steeper (Figure 14), thus the temperatures reached in the film might be lower here.

Conductivity measurements of patterned areas

Both patterns made in contact mode (Figure 26) showed the same maximal current flow of 10 nA
during conductivity measurements (9 V applied bias). This is the upper limit of the current amplifier.
The average current in pattern 1 (0.5 Hz, 1 time) was 1.2 nA, in pattern 5 (0.1 Hz, 5 times) the average
measured current was 3.3 nA. The less or even non conducting stripes in pattern 1 are the same areas
in which less or no change in height was observed. These stripes may be caused by measurement
artifacts caused by the high tip velocity, for example short periods in which the probe was retracted

from the surface.
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Both patterns show, independent of their thickness, the same maximum current of 10 nA, however
pattern 4 (slower scan speed) showed larger areas with this maximum current. The maximum current
of 10 nA is based on the upper limit of the amplifier. Therefore, | cannot exclude that the different
conductivity is caused by tunnelling through the remaining pentacene/precursor layer. Tunnelling
should scale exponential with the probe-substrate distance, but for measurements results in the

saturation of the amplifier no dependence can be determined.

Following these results | consecutive washed films with patterns prepared using contact mode with
chloroform in order to release free standing pillars. Although the patterning process itself seemed to
work, | could not demonstrate the consecutive removal of the precursor successfully. All attempts to
remove the precursor releasing free standing structures failed, as in all cases the patterned areas
were removed, too. Experiments with the bulk annealed films showed, that these films seemed to be

stable upon washing with chloroform.

First, due to the short timescales of the experiment and the small contact area between tip and
sample, there might not be enough heat transferred between the tip and the sample to convert all
precursor material from the surface to the interface. | reduced the film thickness down to 20 nm
which is in the range of the calculated maximal film thickness, but patterns on these thin films were
removed completely, too. As already discussed the thermal conductivity of the silicon is much better
than the thermal conductivity of the precursor or the pentacene, thus a tremendous cooling via the
substrate is expected (Figure 14). These effects add up, thus the temperature down in the layer is
insufficient to cause decomposition. Therefore residues of precursor material remain beneath the
formed pentacene layer. This thin precursor layer will be dissolved in the solvent and the formed
pentacene will be washed away as there is no bonding between pentacene and the silicon wafer.
These considerations indicate two possible solutions: Even thinner precursor films and/or the

utilization of a heatable stage.

Second, although pentacene should not solve very well in chloroform, the patterned areas are in the
size of few square micrometers with a thickness of few tens of nanometer, so the amount of material
is very small. Small amounts of pentacene might be dissolved in the huge excess of solvent used to
wash away the precursor. This issue can be solved by using cooled chloroform or chloroform solution
saturated with pentacene itself. However, using chloroform cooled in the fridge and chloroform
saturated by stirring it with pentacene for 30 minutes followed by filtration led to a complete removal

of the film, too.
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Third, even in the case of pentacene formation across the whole thickness of the film, the adhesion
between pentacene and the surface might be so weak, that the pentacene is just physically washed
away without being dissolved. The first approach | tried investigated different substrates, as the
different surface properties might lead to better adhesion of formed pentacene on the surface. |
tested mica and silicon wafers (i.e. SiO, surfaces), although those surfaces would not allow direct c-
SPM measurements. Also on these surfaces the removal of only the precursor could not be
demonstrated. HOPG was tested as a substrate as well, but the spincoating of the precursor did not

result in homogenous films.

5.1.2 Outlook

| want to present two other approaches which could lead to a successful demonstration of
freestanding structures, which did not fit into the scope of my PhD but should be addressed in the
future. The first idea is to place the samples on top of a heatable sample stage and heat this stage to
a temperature close to the decomposition temperature of the precursor. By this substrate heating,
the temperature difference between sample temperature and decomposition temperature becomes
smaller, thus less heat needs to be transferred from the heated tip to the sample in order to achieve a
complete decomposition of all precursor molecules in the patterned area. This should avoid precursor

residues beneath the formed pentacene.

In order to prepare this experiment, a second TGA experiment with the precursor was performed. In
this long term experiment the temperature was ramped quickly to 100 °C and was then kept constant
for 240 minutes. In consecutive steps, the temperate was ramped by steps of 10 °C and each
temperature was kept constant for 240 minutes. The final temperature was set to 140 °C. The total
mass loss was about 20 %, comparable with the mass los observed in the first step of the fast
experiment. For a temperature of 100 °C a mass loss of about 5% was observed during the 240
minutes. As the patterning experiment will take much less than 240 minutes, a substrate temperature
of 100 °C should not lead to considerable decomposition of the precursor, but should help to reach a

complete decomposition in the patterned area induced by the heatable tip.

| also started experiments using a bilayered approach: A thick sublayer spincast from aqueous
PEDOT:PSS solution covered by a thin pentacene-precursor layer on top of it. PEDOT:PSS films are
conductive, thus conductivity measurements should be possible. The formed pentacene should
attach better to other organic materials than to silicon or gold. And last, the PEDOT:PSS layer can act

as thermal isolation layer, avoiding the cooling of the patterned area via the substrate. Patterning of
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structures into these bilayers was performed successfully at 200 °C and tip speeds of 2 um/s in

contact mode. However, the removing step has not been tested successfully up to now. Therefore this

approach should be fully tested in the future.

5.2

Main findings

Patterning of the pentacene precursor 13,6-N-Sulfinylacetamidopentacene was in principal
successful. Topography and conductivity differences between patterned and non-patterned

areas were observed.

The amount of decomposed precursor material depends strongly on the contact time

between hot tip and surface.

The consecutive removal of residual precursor led to a removal of the patterned areas.
Therefore, the goal to yield freestanding conductive structures was not achieved until now.
Main reasons for the unsuccessful removal step are remaining precursor beneath the formed
pentacene, solution of pentacene in the solvent excess and low adhesion between pentacene

and substrate.

For the OPV material, the melting point and the temperature needed for rearrangement are
in the same range, so contact mode patterning destroyed the surface. Lift mode was
investigated as a promising technique, but patterning in lift mode could not be demonstrated

successfully.
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6. Thermomechanical investigations on bilayers

Ultra high density data storage [97, 98] or nanoscale lithography [3] based on SPM attracted most
attention in the recent past [9, 99, 100]. The basis for thermomechanical probe data storage as well
as for thermomechanical probe nanolithography is nano-embossing. The information or structures
are engraved into a deformable medium — typically a polymer - using a hot scanning probe
microscope (SPM) tip of nanometer scale radius and applying a defined load. The yield strength of the
polymer is locally exceeded and permanent indents are created. The lateral size of the contact is set
by the required data storage densities of about 10 Tbit/in?, which translates into indent geometries of
less than 5 nm radius. To achieve an indent depth of several nm, the tip’ s apex radius should be~ 5
nm according to (Eq 1).Having a contact area of smaller than 64 nm? (for a density of 10 TBit/in?)
requires minute forces of 10 nN to produce contact pressures higher than 100 MPa, exceeding the
yield stress of common polymers, e.g. PS. However, due to the short contact times a shift to higher

values is expected.

a) IBM Millipede storage concept b) Writing

Cantilever array on CMOS chip

c) Reading

Storage medium on
MEMS scanner

Figure 27: Concept of the IBM Millipede SPM based data storage device (Modified from

http://www.zurich.ibm.com/st/storage/concept.html [101]). a) Array of cantilevers operated in parallel to

emboss and read data into a medium mounted in an X-Y scanner. The array increases data transfer rates due

to high parallelization. b) Writing data with heated tip. c) Reading data using thermal height sensing.

In the “Millipede approach” (Figure 27), the SPM tip is pulled into the material using electrostatic
excitation, thus applying a voltage between the tip and a conductive substrate beneath the polymer.
This substrate is made from highly doped silicon. Simultaneously, a joule resistor above the tip is
heated by applying a heating voltage. The tip reaches the desired temperature almost immediately,
and is pulled into the surface by the electrostatic forces, embossing a single indent in the polymer
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(Figure 27 b). One of this writing impulses consisting of a heating and an excitation voltage pulse has
a duration of a few microseconds. In order to achieve acceptable data transfer rates, arrays of
cantilevers are used (Figure 27 a). In the most recent device an array of 64 x 64 cantilevers, in sum

4096, are operated in parallel [12].

To read back the written information in SPM based data storage, the surface is scanned using the
same tips used for writing. This scanning is done with the tip in contact to the surface. As a feedback
the changes in resistivity of a heating element, which result from changes in its temperature due to
the different heat transfer rates, when changing the distance between surface and heater (thermal
height sensing as described in chapter 2.3) is used[57] (Figure 27 c). Thermal height sensing is used
because sensing the deflection of the cantilever using the optical lever principle would require a laser
and a photodiode for every cantilever in the array which would make the whole device more
complex, big and expensive. Cantilevers with integrated Joule heaters for writing and height sensing

can be manufactured with existing technology from silicon based electronics production.

6.1 Advantages of bilayered materials

To keep the forces and temperatures needed to indent the medium as low as possible, a soft medium
which indents easily at low temperatures would be required. Using low forces and temperatures
would keep tip wear as low as possible to guarantee that the size of the indents and the precision of
reading would not change during the life time of a SPM based storage device. Concerning these
aspects, for example, polystyrene (PS) films should be suitable storage media, owing to the low glass
transition temperature T of PS of 100°C. A tip temperature of 100 °C is easily achieved, and indenting
the PS at temperatures higher than 100 °C should be possible at low forces. Because of the short time
scales of the indenting, the glass transition temperatures may be shifted to considerably higher
temperatures. PS is hydrophobic which is desirable as the water films formed on hydrophilic materials
can lead to increased tip wear [102]. On the other hand, on soft materials, like PS, scanning in contact
mode (Figure 28a) leads to the formation of ripples [22, 103], which are detrimental for all sorts of
applications, but especially for data storage. Furthermore, surface rippling is strongly temperature
dependent following an exponential activation law [104]. Any topography information that is written
in the polymer layer would be lost after several read-back scans of the same area (Figure 28b). Also,

when the heated, thus soft PS sticks to the tip upon retracting, undesired structures are formed.
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To prevent such effects, high crosslinking of the storage medium was proposed and explored [105].
However, a high cross-link density of the polymer leads to an inevitable high-temperature shift and
broadening of the glass transition and to an increase of the elastic modulus of the polymer, which
makes the writing process more difficult and can lead to an increased tip wear. From an SPM based
data storage perspective, the conflicting requirements of high surface toughness and ease of writing

are difficult to reconcile in homogeneous polymers [106]

plasma deposited layer

Figure 28: Bilayered material for data storage application. Upper row: Reading, Lower row: Writing

These difficulties can be potentially avoided by resorting to a bilayered material consisting of an easy
to indent storage layer and a protective coating (Figure 28). Assuming that macroscopic principles can
be applied [107], the properties of the coating can be tailored in a way that the plastic deformation
required for permanent data storage nucleates in the substrate polymer, close to the interface to the
coating. The coating can be optimized for reading purposes, i.e. to minimize friction and to carry the
loading force during read-back scans without causing plastic deformation of the system (Figure 28 c,
e, g). The coating can also be optimized to be hydrophobic, whereas the sublayer can then be made
from a hydrophilic material, should a different hydrophilicity of sublayer and protection layer be
required. In addition, for the sublayer cross-linking is no longer required, which means that the
polymer for the sublayer can be chosen from the wealth of (commercially) available polymers. The
sublayer properties can be optimized to find the best combination of softness, glass transition

temperature and retention capabilities of stored data[108].

Summarized, the coating needs to provide additional functionality, in this specific case increased
resistivity against nanomechanical wear and hydrophobicity [102], but must not alter the mechanical
properties regarding indentation of the sublayer. For data storage application, the protective layer
must have a root mean square roughness of less than 1 nm per um? (Figure 28 ¢ and d) to preserve
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the smoothness of the surface which directly determines the signal to noise ratio for data storage
applications. [28]. The protective layer must not dewet nor delaminate from the sublayer during the
lifetime of the device, which can happen, when the plastic deformation is nucleated at the interface
between two layers [107]. The protective layer needs to be flexible and non-brittle in order to easily
follow the indents embossed into the sublayer and still maintain a closed film. The formation of
cracks or holes in the protection layer would reduce its lifetime significantly [8]. The protection layer
material should not melt or yield during the writing to avoid the formation of holes in the layer. As
the protection layer is still a stable solid during the writing, tip contamination is reduced, as no
melted material is in direct contact with the writing tip. Finally, the thickness of the protection layer
should be as thin as possible in order to allow thermomechanical indentations at low temperatures
and forces (Figure 28 d), i.e. not to change the thermomechanical properties of the sublayer.
Increasing the protection layer thickness (Figure 28 f) is associated with an increase in temperature or
force required to indent into the polymer layer to the same depth. In addition, the lateral size of the
indents become larger thus increasing the minimum possible distance between two indents (Figure
28 f). Further increasing the protection layer thickness (Figure 28 h) would exceed the maximum
applied loads that can be used for thermomechanical loading, rendering indentation of the sublayer
impossible. For the reading, the thickness of the protection layer is less important, as long as the

protection layer keeps its wear resistive properties and stays as a closed film (Figure 28 c, e ,g).

The goal of the joint project was to develop a suitable storage medium for IBM’s SPM based data
storage system “Millipede” [11, 13] in cooperation with the IBM research Laboratory Rischlikon
(Zurich, Switzerland). Plasma polymerization is a convenient way for the deposition of thin and highly
crosslinked, thus wear stable films [22]. Thin plasma polymer layers should not increase the surface
roughness of the sublayer too much. Thus, the use of a thin plasma polymer layer to protect a soft
sublayer made of a spincoated polymer is a promising concept which will be investigated in the
following chapter. We investigated the suitability of such a material for thermomechanical data

storage as well.

6.2 Material preparation and char