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Abstract

Cryo atomic force microscopy (AFM) is a relatively new method that offers
great possibilities to investigate soft materials, e.g. polymers, soft engineering
materials, nanoliquids or biological materials for medical and pharmaceutical
industry. In this master thesis results of AFM measurements done under cryo
conditions are compared with those done at room temperature (RT) to point
out new opportunities in material characterization.

To show the differences between RT-AFM and cryo-AFM on the one hand
a Dimension™ 3100 (Veeco Instruments, Santa Barbara, CA, USA) and on
the other hand the specially designed AFM “Snotra” (Nano Scan Technology,
Moscow, Russia) embedded in an ultramicrotome Leica EM FC6 (Leica Mi-
crosystems, Vienna, Austria) were used. The new cryo-application allows to
do measurements immediately after sectioning the sample in the frozen state.
Compared to known AFM devices it does not use a cantilever scanning the
surface and a laser detection system, but it uses a quartz tuning fork to build
a self-sensing and -actuating probe instead.

One crucial influence on the quality of sample surfaces and, as a consequence,
measurements is sample preparation by ultramicrotomy. By comparing block
faces after sectioning, done at room temperature and under cryo conditions
in liquid nitrogen vapor atmosphere, it is easy to see how the quality of the
surfaces and therefore the image is improved with the cryo technique.
Results are discussed by looking at experiments done with the two elastomeric
block copolymers PA6/SAN and PA6/ABS to give a resume on the capaci-
ties of the device and the current state of the art in the ongoing development
process. To complement, transmission electron microscopy (TEM) images are
added because TEM is nowadays the most widely spread technique concerning
the investigation of soft polymer blends. In addition a collection of other sam-
ple experiments is given to show the full potential of the new cryo-AFM device.
This includes also three dimensional reconstructions done at room temperature

as well as under cryo conditions.



Kurzfassung

Kryo-Rasterkraftmikroskopie (oder auch Atomkraftmikroskopie, AFM) ist ei-
ne relativ neue Methode, die es erlaubt weiche Materialien, wie z.B. Polymere,
weiche Werkstoffe, Nanoliquids oder biologische Proben fiir die medizinische
und pharmazeutische Industrie, zu untersuchen. In dieser Masterarbeit werden
die Ergebnisse, durchgefiithrt am AFM einerseits im Kryo-Bereich und ande-
rerseits bei Raumtemperatur (RT), verglichen um die neuen Moglichkeiten in
der Materialcharakterisierung hervorzuheben.

Um die Unterschiede zwischen RT-AFM und Kryo-AFM aufzuzeigen, wur-
den einerseits ein Dimension™ 3100 (Veeco Instruments, Santa Barbara, CA,
USA) und andererseits das eigens entwickelte Gerdt “Snotra” (Nano Scan
Technology, Moskau, Russland), eingebettet in ein Ultramikrotom Leica EM
FC6 (Leica Microsystems, Wien, Osterreich), verwendet. Die neue Kryo- An-
wendung erlaubt Messungen sofort nach dem Schneiden der Probe im gefrore-
nen Zustand. Verglichen mit bekannten AFM-Geréten verwendet dieses keinen
Cantilever, welcher die Oberfliche scannt, und kein Laser-Detektionssystem,
sondern benutzt stattdessen eine Quarz-tuning fork, die als eigensténdig be-
triebener und detektierender Sensor agiert.

Einen entscheidenden Einfluss auf die Qualitéit der Probenoberflichen und, als
Konsequenz, der Messungen hat die Probenprédparation am Ultramikrotom.
Vergleicht man das Probenstiick nach dem Schnitt einmal bei Raumtempe-
ratur und ein weiteres Mal unter Kryo-Bedingungen in der Atmosphére von
Dampf aus fliissigem Stickstoff, so kann man leicht sehen, wie die Qualitat der
Oberflachen und damit das Bild durch die Kryo-Technologie verbessert wird.

Ergebnisse werden anhand von gegeniibergestellten Experimenten an den zwei
elastomeren Block-Copolymeren PA6/SAN und PA6/ABS diskutiert um die
Kapazititen des Gerites und den aktuellen Stand der Technik im laufenden
Entwicklungsprozess aufzuzeigen. Ergéanzend sind Bilder aus der Transmissions-
elektronen- Mikroskopie (TEM) beigefiigt, weil TEM heutzutage die weitver-
breitetste Technik beziiglich der Untersuchung von weichen Polymermischun-
gen ist. Zusétzlich wird eine Sammlung aus Experimenten mit anderen Proben
priasentiert um das gesamte Potential des neuen Kryo-AFM Gerites aufzuzei-
gen. Dies beinhaltet auch dreidimensionale Rekonstruktionen gemessen bei

Raumtemperatur und auch unter Kryo-Bedingungen.
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1 Introduction

1 Introduction

Nowadays investigation of soft materials of different types, such as polymers,
soft engineering materials, nanoliquids etc., has to concentrate on the study
of internal microstructures. These soft and sometimes hydrated materials can
only be understood properly by knowing the bulk morphology which can be
considered as the main factor that determines their properties. Looking at bi-
ological materials for medical and pharmaceutical industry the very same is
necessary. So not only material scientists but also industry is strongly inter-
ested in a three dimensional investigation of soft materials concerning mor-
phological, analytical and structural analysis.

At present transmission electron microscopy (TEM) is the most widely spread
technique used for the investigation of such samples, e.g. polymer blends and
composites. Further, most of our knowledge about cellular and polymer ultra-
and microstructures is largely derived from TEM analysis.

In order to obtain this information using a TEM, first ultrathin sections have
to be prepared. A routinely used preparation technique is ultramicrotomy op-
erating at room temperature or under cryo conditions. Many soft polymers
usually have a glass transition temperature T, significantly below 0 °C and
therefore these materials can be nicely sectioned by cryo-ultramicrotomy [1].
At adequate temperature ultramicrotomy permits the observation of the ac-
tual structure of a bulk material without causing changes of the microstructural
properties of the samples [2].

After preparing ultrathin sections for TEM and placing them on a grid, they
are ready for investigation with the microscope. TEM can be done at room
temperature as well as under cryo conditions depending on what is best and
required for each individual case. To prevent the section of a sample from
undergoing structural changes caused by of heating between preparation and
investigation, the whole procedure can also be done completely under cryo

conditions.
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TEM is well established and offers the best resolution available as well as in-
formation about crystallinity and chemical composition using electron diffrac-
tion, energy-dispersive X-ray spectroscopy (EDXS) analysis, electron energy-
loss spectroscopy (EELS), energy filtered TEM (EFTEM) etc. This analytical
interpretation can be done in a quantitative way to characterize the investi-
gated section. In addition one can do tilt series of the section and a subsequent
reconstruction in order to obtain a three dimensional view of the sample. With-
out tilting one gets the usual two dimensional projection which is provided by
the microscope.

Image contrast is formed by electron scattering and most of the biomacro-
molecules as well as polymers mainly consist of light elements which scatter
the electrons rather weakly. Consequently TEM images do not provide good
image contrast. This can be improved by staining the sample but also does
not allow to show all details of the structures of the samples because most of
the protein macromolecule and polymer chains have low or selective stainabil-
ity. In addition there exist indications that the staining process could change
the native morphology of elastomers due to chemical reactions between side
groups of polymer chains with the staining agent [3]. Image contrast can also
be improved by applying higher voltages, but especially soft samples react very
sensitively on beam damage [4], [2].

Conventinal AFM is also well established and offers possibilities of sample
investigation operating in vacuum, ambient conditions or even aqueous or
gaseous phase without needing special sample preparation like ultrathin sec-
tions or conductive surfaces of the samples. AFM is a surface characterization
technique allowing in first case to investigate the topography of the sample
surface quantitatively and does not suffer from projection or beam damage
issues. In addition one can get at the same time information about mechanical
properties through the detection of phase shifts. One can distinguish qualita-
tively between areas of different stiffness on the sample surface [5].

For AFM investigations the surface of the sample has to be really flat because
the scanner is usually limited to a few microns of difference in height. Addition-
ally the surface also has to be clean. Dust and other particles on the surface
can influence the measurement to the point of interruption or even damage
of the probe. Sample preparation for gaining such flat surfaces is done, like
for TEM, with an ultramicrotome, but with the difference that for AFM not
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the section but the remaining block face gets scanned which is much less de-
formable because the whole bulk stabilizes it.

AFM gives a three dimensional topography information of a single surface but
no information about the internal three dimensional structure of the sample
bulk. This was the motivation behind the idea of combining an AFM with
an ultramicrotome which gives the possibility to obtain information about the
location, architecture and mechanical properties of samples via tomography.
By cutting a section off the block face, scanning afterwards the block face with
AFM and again sectioning and scanning again, this procedure allows investiga-
tion of local changes within the sample and provides the whole microstructure
in general when computing afterwards a three dimensional reconstruction of
the area. Such a combination is already available on the market working under
ambient condition at room temperature. It can be applied for serial section
tomography of a wide range of biological and polymer materials, but only for
hard samples that can be sectioned at room temperature without getting de-
stroyed by compression and deformation [6].

Because of that a new AFM device combined with an ultramicrotome should
be developed to operate not only at room temperature but also at cryo tem-
peratures. Thereby the AFM is mounted directly in the cryogenic chamber of
the ultramicrotome and stable measurements are possible for soft materials
because any structural changes are avoided as the whole structure is stabi-
lized by cold. Cooling is done by pumping liquid nitrogen into the chamber of
the microtome and operation is done in the nitrogen vapor atmosphere. This
device allows direct in-situ observation of the block face surface, three dimen-
sional reconstruction, and collection of sections to make TEM investigations
afterwards. One additional advantage is the possibility of operating in a wide
range of temperatures (from -185 °C to 100 °C), because the cryogenic chamber
may be also heated up. This can be used for studies of thermotropic structural
changes and influence of temperature on mechanical properties accompanying
melting, crystallization, or glass transition of polymers.

Of course this assembly has special requirements since a conventional AFM
detection system using a laser and a photodiode to detect deflections of the
cantilever is not suitable. The laser may lead to temperature changes on the
sample surface and therefore ice contamination. This problem can be solved

by replacing the cantilever with a quartz tuning fork with a sharp tip attached
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to it building a self-sensing and -actuating probe.

The aim was to develop the described cryo-AFM combined with an ultrami-
crotome and to optimize its design and parameters to get satisfactory noise
and resolution performance. This allows now the comprehensive analysis of
soft and hydrated polymers such as elastomers and rubbers, thermoplastic
and elastomeric composites, soft nanocomposites, nanoliquids, pharmaceutical
substances, and biological objects with the new measurement methodology to
resolve the ultrastructure of the samples without any change of structure due
to temperature changes between sectioning and measuring. Besides scanning
a single block face surface, tomography can be done as well. In order to com-
plement this technique, TEM can help to interpret the results for instance by
elemental information.

During the work for this thesis it was a continuous developing and optimizing
process on the device and the thesis itself tries to point out the advantages
of the cryo-AFM technique with a view to investigation of soft materials and
analysis of the results. Quality improvement of sectioning is also shown by com-
parison of section and block face preparation at room temperature and under

cryo conditions respectively. The results are supplemented by TEM images.
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2 Methods and Materials

This chapter gives a short overview of methods and materials used during the
progression of this thesis. It starts with atomic force microscopy and afterwards
includes ultramicrotomy, ending up with a short introduction to each of the

two main samples used for analysis later on.

2.1 Room Temperature Atomic Force

Microscopy

2.1.1 Principles and Modes

Atomic force microscopy (AFM) is only one type of scanning probe microscopy
(SPM) and can be separated in a broad area of different modes and techniques.
It is based on the interaction of forces between a tiny tip and the surface of
a specimen. Invented by Binnig et. al. in 1986 [7], we nowadays distinguish
between contact, intermittent-contact (tapping) and non-contact mode (see
section 2.1.1.1 to 2.1.1.3). Until the tip gets in contact with the sample, the
force is attractive and in contact mode repulsive forces are measured between
the tip and the sample. One gets images that are related to the surface to-
pography, because the tip-to-sample force is proportional to the local electron
density of the top surface atoms [8].

Using an AFM, the sample surface gets scanned by a probe consisting of a
cantilever with a sharp tip on its end. Spring constant values of the cantilevers
usually lie between 0.01 N m~! and 50 N m~! for commercially microfabricated
Si and SizN, probes, where soft ones are used for contact mode and more rigid
ones are preferred for tapping mode because of the need to withdraw the tip

from the sample after each tap. Due to the forces between sample and tip
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mentioned before, which could be either attractive or repulsive, the cantilever
starts to bend in contact mode or its oscillation amplitude gets damped in the
tapping mode. This is monitored by an optical system. A laser is measuring
the deflection and torsion of the cantilever by reflecting its light from the beam
focused on the back side of the tip to a four-quadrant photodetector. One can
either move the sample or the cantilever, controlled by a piezoelectric drive in
the horizontal plane and by a feedback mechanism for the vertical motion, to
scan the surface [5]. Figure 2.1 shows the described assembly thereby using a

scanner to move the sample.

\

Cantilever

Figure 2.1: Assembly of an AFM where the sample is moved and the cantilever
is fixed. [Fig. from [9]]

We should not forget to mention two of the most important facts why AFM
became so important: First it is able to operate in different environments like
e.g. vacuum or ambient conditions and second there is no need for conductive
surfaces, which makes the method attractive for applications where these con-
ditions are necessary. Atomic resolution may only be reached under vacuum
conditions but you still get excellent images up to atomic resolution in air or
even in liquid or gaseous phases. Combining these facts it gets obvious that
AFM can play an important role in investigating insulators such as polymers
and biological samples.

During the work on the thesis only tapping mode was used for doing both,
RT-AFM and cryo-AFM, but to complete the introduction, a few words about
the three possible modes should be given:
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2.1.1.1 Contact Mode

In contact mode the tip is in permanent contact with the sample scanning
the decided region. One should be sure not to deform the surface by using
too large forces in order to get the right information about the topography
of the sample. So, for the right interpretation of measurements and images,
it is always better to apply different forces and to compare the results. This
is called the constant-force mode. For soft materials it is necessary to use a
higher lateral force because of the larger penetration of the tip into the sam-
ple but for very high forces one should also be very careful. It may happen
that the image contrast will not contain that much information about topog-
raphy but more information about variations of surface stiffness. Usually this
is because the observed deflection amplitude is larger when the tip interacts
with hard surface regions than with softer ones. This also requires attention
and experience concerning the right interpretation of the results. Usually the
tip-to-sample force in contact mode at ambient conditions is between 10 nN
and 100 nN and can only be classified as low or high by comparison with the

stiffness of a sample under investigation [5].

2.1.1.2 Non-Contact Mode

Non-contact mode uses either amplitude or frequency modulation. So, while
scanning the surface without touching it with the tip, the system recognizes
changes in the topography as changes of the behavior of the cantilever due
to its interaction with the sample. Therefore the cantilever is oscillating at or
close to its resonance frequency and the oscillation amplitude, the phase and
the frequency itself are modified by interaction forces between the tip and the
sample so that force gradients can be detected.

Because we are able to measure frequency with very high sensitivity, we can
use stiff cantilevers that offer stability also very close to the surface. As a re-
sult, this technique was the first at AFM that provided true atomic resolution
in ultra-high vacuum (UHV) conditions [10].

In amplitude modulation the change of the phase of oscillation is the most

important and it is used to discriminate between different types of materials
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on the surface. It can be used also in the tapping mode and it will be discussed

later because it will get very important for measurements done for this thesis.

2.1.1.3 Tapping Mode

The big advantage of tapping mode, in particular while operating with soft
samples, is that one applies much less force because of short, intermittent
contacts that minimize the inelastic deformation of the sample. Force can be
varied by changing the driving amplitude Ay and/or the set-point amplitude
Agp, which are the two most important parameters in this case. The driving
amplitude is the amplitude of the free oscillating cantilever, while set-point
amplitude refers to the damped amplitude during tapping the sample surface.
Logically, by increasing Ay and/or decreasing Asp,, the effective tip-to-sample
force also increases [11].

In case of tapping mode the frequency and phase of the oscillating cantilever
are very sensitive to the tip-to-sample interaction force. One can describe the
vibrating probe as a harmonic oscillator. This description leads to the result
that repulsive tip-to-sample force interactions cause a shift of the resonance
frequency to higher frequencies and attractive forces, on the opposite, decrease
resonance frequency [12]. Therefore the images of shifts in phase and frequency
offer additional information about the sample surface and its properties. More
details concerning phase contrast can be found in section 2.1.4.

As mentioned before in the section about the non-contact mode, the phase im-
ages are very useful. They are often recorded simultaneously with the height
images and also the amplitude images and provide the best contrast of fine
morphological and nanostructural features due to their high sensitivity to sur-
face imperfections. Even local variations of mechanical properties on surfaces
can be detected by looking at the phase image. To distinguish between so
called hard, moderate, and light tapping one calculates the set point ratio rg,

as follows:

(2.1)
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Using high Ay, /A ratios (0.8 to 0.9) will not show much difference in phase
on different components with different grades of stiffness, because the phase
shifts have similar magnitude. This adjustment is called “light tapping” due
to small tip-to-sample force interactions. With decrease of Ag,/Ao, the phase
curves behave differently. At Ag,/A in the 0.3 to 0.8 range, known as “moder-
ate tapping”, one can observe greater differences between different components
concerning the phase shifts. This can be explained either by adhesion between
the tip and the sample caused by increasing of the tip-to-sample contact area
or by viscoelastic effects. Scanning harder materials leads to large positive fre-
quency and phase shifts, both measured with respect to the frequency and
phase of the freely oscillating cantilever, in comparison with scanning soft ma-
terials. This is why phase images are important in investigating samples with
different areas of stiffness. Imaging performed at set point ratios below 0.3 is

known as “hard tapping” [5].

2.1.2 The Feedback System

Concerning the feedback mechanism there is a good description found in (8]
which says that the four-segment photodetector is used by the electronic feed-
back system to do surface imaging. The four segments are linked to each other
to get pairs of vertical segments and horizontal ones. The former are used for
measurement of the cantilever deflections caused by normal tip-sample force,
the latter are used for measurement of the cantilever torsion that exists due to
lateral tip-sample forces. The resulting signal, known also as the error signal, is
the difference between the current value of the normal tip-sample force and its
set-point value which is chosen to adjust the vertical probe-sample separation
and to keep the tip-sample force interaction constant during scanning.

To optimize the choice of the error signal, in order to get a stable image
with maximum noise reduction and minimum instability fluctuations during
scanning, a proportional-integral-derivative (PID) controller is used. The pro-
portional term as well as the integral and the derivative term can be adjusted

by the operator. The three correcting terms sum up to a variable V(e) as a
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function of the error e, which afterwards changes the error signal by its value.
The function can be written in the parallel form (equation 2.2) or the ideal

form (equation 2.3).

1
V(e) = Kp +KIE —f-KDG (22)
Vie) = Kp(1+ Lo ) (2.3)
e) = p— e .
P Tre D

ith K1 = K, !

w1 = —_—

I PTI

and KD = KPTD

were Kp is the propartional gain, K7 is the integral gain and Kp is the deriva-
tive gain. 17 is the integral time constant and Tp is the derivative time constant.
The proportional term provides a change to the output that is proportional to
the current error signal. The integral term is proportional to both, the mag-
nitude of the error and the duration of the error, and reduces steady-state
errors because it eliminates the proportional offset over time by looking at
the accumulated offset. The derivative term calculates the rate of change by
determining the slope of the error over time [13].

Regarding the feedback system the two AFM devices used to behave differ-
ently: For the conventional AFM operated at room temperature (Dimension™
3100) only settings for the intergral and the proportional term are possible,
this means a PI controller is provided. It follows the rule of thumb that the
proportional value has to be twice as high as the integral one. The cryo-AFM
(“Snotra”) is equiped, on the other hand, with a PID controller which requires
different rules. During the landing procedure of the tip on the sample all three
values have to be set to their maximum to ensure that the system recognizes
the surface of the sample. After landing and establishing a contact between
the probe and the specimen, the integral gain is the parameter that is most
sensitive to instability during scanning and has to be set to relatively small
values. The correct adjustment of the feedback parameters can be estimated
by looking at the resulting images and reducing of fluctuating oscillations to a

minimum that do not belong to information of the scanned surface.
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2.1.3 Acting Forces

As one can see in figure 2.2, we get different forces between the tip and the sam-
ple at different distances and therefore also different signals. Attractive forces
change into repulsive forces when the tip gets in contact with the sample sur-
face. This curve is called the Lennard-Jones potential and follows equation 2.4,
with interaction constants A and B and the interaction energy w as a function
of distance r. The attractive contribution derives from van der Waals forces
at long ranges, the repulsive contribution is called the Pauli repulsion, also
known as exchange interaction, and acts in the short range due to overlapping

electron orbitals.

Force
repulsive intermittent-contact
force (semicontact) |
1
i tip - sample
, 1 distance
attractive ]
force '
L
contact
region

Figure 2.2: The force acting between sample and tip depends on the distance
between them. [Fig. from [14]]

A B
_7’_6 + E (2.4)

w(r) =
Van der Waals forces are the most contributing part to acting forces between
the probe and the sample, but one part also derives from adhesion between
those two different materials. To measure adhesion of the sample, so called
force curves are recorded. They describe the probe deflection in contact mode
or the variations of the cantilever amplitude in tapping mode and are plotted
versus the vertical travel of the tip (see figure 2.3). One can recognize from the

caption of figure (a) how the tip gets influenced by the sample. The reason for
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the fact that the tip is stuck to the sample is capillary force and the needed
pull-out force causes the hysteresis in the curves that can be used to measure
adhesion [8]. The contact angle when advancing is often found to be larger than
the receding one and the resulting hysteresis, as already mentioned, appears
due to the irreversibility of this process. This includes energy dissipation but
also the effect of capillary condensation on adhesion. Capillary condensation
of water around surface contact sites can have a strong influence on adhesion
forces since they are very sensitive to the presence of humidity in the surround-

ing atmosphere [15].

:

r——————p——

Cantilever deflection vs. scanner # travel

(a) When the sample approaches the tip
(«, right to left) attractive force (point
1) slightly bends the probe down (A, can-
tilever deflection). Further sample travel
will induce upward bending of the can-
tilever caused by repulsive forces (point 2).
On reverse travel (—), the tip is stuck to
the sample until the probe spring stiffness
overcomes the adhesion/capillary forces
(point 3).

(b) Scheme of different forces acting on a
probe: The total tracking force is the force
between the set point and the sample sur-
face, whereas the adhesion force can be
measured as the force needed to retract the
tip from the sample and is the difference
between the total tracking force and the
cantilever spring force.

Figure 2.3: Force curve and description of the behavior of the probe in respect
of the sample distance (a) including the schematic characterization
of the different forces (b). [Fig. from [8]]
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2.1.4 Phase Contrast in Tapping Mode

As already mentioned in section 2.1.1.3, the phase contrast image in tapping
mode strongly depends on the force one applies to the sample by choosing the
amplitude parameters Ay and Ag,. There has been a long scientific discussion
about the phase contrast and it is generally accepted that the brighter regions
usually correspond to harder materials because the interaction of tip and sam-
ple is dominated by repulsive forces. But there also exist opposite observations,
so that the phase data evaluation is not always straightforward. Studies [16]
showed some new explanations concerning the contrast-reversal in AFM phase
images:

When the tip approaches the sample using tapping mode, the amplitude and
the phase of the cantilever change. Due to the feedback system the amplitude
is maintained at a constant level. If now the tip reaches a surface region where
the amplitude gets more damped, the feedback control moves the sample and
the tip further apart from each other and thus this area is recorded as higher
topography. At the same time the system records the phase shift Ay with
respect to the freely oscillating cantilever and produces a phase image.

One model that tries to explain the phase data uses an energy model that gives
a relation between the phase angle ¢, the amplitude A and the average power

dissipation P:

P =

kAzw Ao .
20 (Z sin ¢ — 1) (2.5)

where k is a constant, () is the quality factor, Ay is the amplitude of the
free oscillating cantilever, and w is the natural resonance frequency. Due to
the sine-dependency of the phase there are two explanations for the phase

contrast:

e Using a constant amplitude for scanning, the sin ¢ is directly proportional
to changes of the energy dissipation. The consequence for a two-phase
system is that the region with the phase angle closer to the free phase,

which is 90°, has the higher energy dissipation.

e The sine function is symmetric around 90° and symmetric jumps from

phase > 90° to < 90° are not caused by energy dissipation but by switch-
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ing between attractive and repulsive forces between the tip and the sam-

ple.

The total force between the tip and the sample F; is the sum of attractive

forces F, and repulsive forces F;:

F,=F,+F, (2.6)

If the tip touches the surface of the sample, even when the sample is flat, the
indention of the soft phase is deeper. Under light tapping conditions the total
force is dominated by attractive forces, the deep indention leads to even higher
attractive forces, and combining this with a longer contact time results in a
larger amplitude damping and therefore a brighter domain in the height im-
age. This is exactly the opposite of what is expected, because now soft regions,
that have been indented deeper, seem to be higher. This leads to the result
that AFM height images are not necessarily reflecting the surface topography
but sometimes show the lateral differences in tip-indentation depth. Because
of this fact it is also obvious that even almost completely flat surfaces may
also show topography.

Under these light tapping conditions the phase differences between hard and
soft domains are quite similar and above 90° and the region with the larger
energy dissipation, which is the soft one, has a less negative phase shift and
looks brighter in the phase image.

Increasing the tapping force induces increasing of the repulsive force whereas
the repulsive force increases much faster on the hard domains besause they are
less deformable. Furthermore the attractive force in the soft regions counter-
parts the repulsive one because with increasing deformation the tip gets more
contact area. In this case it happens that the total force F in the hard region
becomes repulsive and in the soft region it is still attractive and one gets an
inversion of the phase image.

Finally reaching moderate tapping conditions, repulsive forces should dominate
in both domains and in this case the harder material shows larger decrease in
amplitude and appears brighter in the image [16]. All these explanations are
valid under the assumption that one works under ambient conditions and un-

der consideration that cantilever forces can be in a wide range and materials
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can behave in different ways.

Because of the fact that the phase contrast can get reversed, hard surface re-
gions are brighter instead of darker choosing specific parameter values for Ay
and Agp. This happens in conditions from moderate to hard tapping, which
are prefered to use because they give a better contrast of components with
different stiffness.

In theory this seems to be easy, but in reality there exists the problem to find
parameters at which the phase contrast is stable. Only choosing a set point
value where the phase is the same for forward and backward scanning leads
to true information in the phase image. Selecting Ay, that is related to two
phase values close to each other causes a stable phase image too but differs
in the two phase images of trace and retrace. And choosing Ay, linked to two
completely diverged phase values yields an unstable phase one cannot work
with properly.

There are various reasons which are still not understood very well why the
phase in forward and backward motion during scanning only fits badly. It is
known that there exist dependencies on amplifiers of the signal in the con-
troller, the used algorithms to reproduce the signal, the angle of the tip that
touches the surface of the sample, the stiffness of the tip (For example using
hard tips leads to a phase that is much more stable than using soft tips while
scanning soft samples.), and so forth.

The best way to be sure to get the right phase data is offered in three sugges-

tions:

e Put known hard particles (e.g. gold) on one side of the sample and choose
parameters in a way that the hard particles are definitely bright in the
phase image and the soft sample appears dark. Then change to a different

place where the surface is clean and scan with the same parameters.

e Take a look at rheology studies of the materials you like to investigate
and find out which one is harder. Choose parameters that show the hard

domains brighter than the soft ones.

e [f you cannot see any more topography information in the phase image,
and if the phase curves, and also the phase images, look the same for

trace and retrace recording, parameters are also chosen properly.
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The right interpretation of images, done with AFM, needs experience and un-
derstanding of the system and the sample. Like other microscopic methods,
AFM is not free of artifacts that could be caused by many factors, e.g. the
choice of nonoptimal imaging parameters such as set-point, scan velocity or
feedback gains. A bad tip caused either by manufacturing defects, material of
the sample that got stuck on the tip, or even tip damage can be the reasons
for artifacts too [8].

Starting to measure samples in a conventional RT-AFM induced some nice
examples of what should be paid attention at. This means on the one hand
operating with the system itself and on the other hand choosing the right pa-
rameters for each sample.

The AFM used was a Dimension™ 3100 from Digital Instruments Veeco
(Santa Barbara, CA, USA) enclosed in a glove box under gaseous nitrogen
atmosphere at room temperature. This helps to reduce the water contamina-
tion on the surface of the sample. The cantilevers used were NSG 10 Golden
Silicon Probes from NT-MDT (Moscow, Russia).

2.1.4.1 Example 1: Phase Contrast Reversal on PA6/ABS

Figure 2.4 shows results produced with different settings for Ay and Ay, and
therefore different set point ratios rg,. Figure 2.4 (a) results from chosen pa-
rameters Ag,=1 000 mV and Ay=450 mV whereas for measuring figure 2.4
(b) parameters Ay,=4 000 mV and Ay=2 800 mV have been set. Since harder
components should appear brighter than softer ones and ABS is softer than the
polyamide 6 matrix (for explanation read section 2.5), figure 2.4 (a) shows the
proper color coding. Even if the parameters are chosen to get a stable phase,
the images should be regarded with suspicion.

The images have been recorded one after another on the same day without
new sample preparation in between. This means that sectioning temperature
was -120 °C in both cases and does not influence the resulting phase contrast.
The phase contrast only depends on chosen landing and scanning parameters.
Additional description and interpretation of what can be learned from such

AFM images can be found in chapters 3 and 4 in more detail.
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[T21.0deg

(a) Softer regions appear darker. This is how (b) Softer regions appear brighter under
it should look like. (15.63 pm x 15.63 nm changed conditions due to contrast-reversal.
scan; rgp,=2.22) (15.63 pm x 15.63 pm scan; r4,=1.43)

Figure 2.4: Comparison of two phase images taken from a PAG/ABS sample.
One time the softer regions (the round ABS particles embedded in
the polyamide matrix) appear darker and one time brighter due to
different parameters of the amplitudes during measuring.

2.1.4.2 Example 2: Missing Phase Contrast on PA6/SAN

Comparing two different phase images of another sample, PA6/SAN, allows
us to see some more important aspects. In figure 2.5 the first thing to recog-
nize is again phase contrast which is visible only in image (a) but not in (b).
The round dark regions in (a) are SAN while the matrix is again polyamide
6 [17]. So both samples, PA6/ABS and PA6/SAN, consist of round, spherical
particles of either ABS or SAN embedded in the PA6 matrix. SAN domains
are also much softer than the polyamide 6 matrix and so phase contrast with
darker SAN particles and brighter matrix is correctly shown in figure 2.5 (a).
On the other hand figure 2.5 (b) does not show any phase contrast although
both times the sample surface was sectioned under the same conditions under
-120 °C and measured with exactly the same set point ratio rg, = 0.5 but
different values of A, and A,. For (a) Ayp,=2 500 mV and Ay=5 000 mV and
for (b) Asp=2 000 mV and Ap=4 000 mV have been chosen. So once again
phase contrast does not always appear in the same way and for a correct in-

terpretation a lot of experience and patience is needed from the operators side.
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(a) Phase contrast is visible. (14.58 pm x (b) No phase contrast is visible. (14.58 pm x
14.58 pm scan; 7,=0.5) 14.58 pm scan; 4, =0.5)

Figure 2.5: Comparison of two phase images taken from a PA6/SAN sample. In
(b) the phase contrast is not apparent at all while in (a) parameters

are chosen perfectly. Both images were taken after cryo-sectioning
at -120 °C.

2.2 Cryo Atomic Force Microscopy

2.2.1 Motivation

The reason to use an AFM under cryo conditions is the need to investigate
biological and polymer materials which are both soft and quite similar in their
composition and behavior. Both include chains and parts that appear in peri-
odic sequences. As already mentioned in chapter 1, these soft samples usually
have a glass transition temperature significantly below 0 °C. In order not to
change the ultra- and microstructure either by sample preparation or by mea-
suring, cryo temperatures are recommended. Operating the AFM in a liquid
nitrogen vapor atmosphere offers the needed temperature ranges that are nec-
essary to investigate soft materials. As a consequence one has to cope with
vapor turbulences and the need of a new detection system which is explained

in the following section.
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2.2.2 Principles and Differences Compared to RT-AFM

The main difference between the AFM used at room temperature and the one
used at low temperatures in liquid nitrogen vapor atmosphere is the detection
system itself. Whereas RT-AFMs usually use a cantilever scanning the sam-
ple surface and a laser combined with a photodiode, in a cryo-AFM a laser
can influence the sample surface under cryo conditions. Installing an optical
microscope inside the microtome chamber for adjustments would also lead to
space problems and further optics would be crucially disturbed by vapor tur-
bulences. In our case we use a quartz tuning fork instead to build a self-sensing
and -actuating probe. Glueing a sharp tungsten tip on one of the prongs of the
fork, the fork will oscillate when applying a voltage to the quartz crystal and
no further external device is necessary. The tungsten tips get etched electro-
chemically and can be sharpened afterwards with a focused ion beam (FIB).
The detection of the oscillations and especially their shift in frequency is done
electrically. This is called “Qplus sensor” when fixing thereby the “empty”
prong [18]. Figure 2.6 shows a scanning electron microscopy image (SEM) of

a self made quartz tuning fork.

Figure 2.6: SEM image of a quartz tuning fork with a sharp tungsten tip glued
on it. [Fig. from [19]]
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2.2.2.1 The Tuning Fork and Its Q-Factor
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Figure 2.7: Resonance curves of a tuning fork with a 50 pm tungsten wire glued
on it. Measurements were done at room temperature in air.

Using such a quartz tuning fork, the quality factor (or Q-factor) is the most
important parameter to be considered because it influences the resolution of
the measured image as well as the feasible scanning velocity. It is defined as the
ratio of energy stored in the resonator to the energy lost during each oscillation
period and in this way describes how the damping of the resonator behaves.
Due to the stiffness of quartz one can reach high Q-factors of tens of thousands
at the fundamental frequency of 32 768 Hz under vacuum conditions. If one
uses the tuning fork in air, the energy losses get higher because of friction and
the Q-factor drops to a few thousand [20].

It still has to be proven how the length, thickness, stiffness and mass of the
tungsten tip as well as its position on the prong influence the Q-factor. This is
necessary to improve the Q-factor especially in cryo conditions to ensure good
resolutions of images.

The disadvantage of high Q-factors is the very slow response of the oscillation
amplitude or phase [21]. Hence, cantilevers with high Q-factors are more sensi-
tive to small force variations, whereas those with low Q-factors can be used for
precise height measurements in tapping mode and they are also more suitable
for fast scanning [8].

To improve the signal of the resonance curve it can be amplified with the

help of an amplifier. Image 2.7 shows the comparison of signals measured at
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different driving amplitude levels, once with and once without amplification.
Thereby the Q-factor stays more or less the same at a value of (=223, so the

driving amplitude value as well as the amplification do not influence it.

2.3 (Cryo-)UItramicrotomy

2.3.1 Principles and Sample Preparation

Before scanning sample block faces using AFM, sample preparation is nec-
essary to ensure flat surfaces. This can be done by ultramicrotomy. Sample
preparation itself is important because it has a crucial influence on the final
quality of the sections and of the block face at the same time. It is essential
to get as flat and homogenous sample surfaces as possible, because the surface
roughness of the sample can be a practical limitation for AFM. The reason is
the limited vertical range of the piezo tube, which is, in most tubes, only a
few micrometers. Furthermore it could get difficult to scan fine features with
steep slopes because of imperfections of the feedback and the crosstalk between
vertical and lateral motions of the actuators [22].

Ultramicrotomy can be used at room temperature, but as we want to inves-
tigate soft materials cryo conditions are necessary. Since the glass transition
temperature of soft materials is low, the structure of these samples would get
destroyed by cutting them at a temperature higher than T, (see chapter 1).
Materials can be nicely sectioned only at temperatures 10 to 20 degrees lower
than T, [22].

The technical principles behind an ultramicrotome are shown in figure 2.8.
The sample, fixed on its holder, gets cut by moving it with the ultramicrotome
arm first towards the knife and then from the top down to cut a slice with
the thickness set up before. Afterwards the arm retracts and starts again with
approaching for the next cut. Figure 2.8 already contains the AFM scanner
with the probe to scan the sample surface after each section. We will discuss
this combination in more detail later on.

It is not just necessary to choose an adequate temperature for each sample,
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further it is important to make the cutted surface as small as possible (prefer-
ably 1 mm?). This is done by using a razor blade and trimming the sample into
the shape of a pyramid starting to cut the tip afterwards with a diamond knife.
The sample also has to be mechanically fixed on the holder to prevent thermal
drift. If the knife edge has some imperfections, knife marks may appear on the
sample surface in the cutting direction. Cracks are found predominantly per-
pendicular to the cutting direction and the sample itself as well as the section
cut from it are deformed parallel to the knife edge [23]. As Steinbrecht et. al.
write in [23], the process of sectioning a sample at cryo temperatures is not

fully understood yet:

“There is an extended discussion on the nature of the cryosec-
tioning process, particularly on the question whether sections are
generated by local melting or by cleaving without any significant in-
crease of temperature. The answer to this question is not only of
academical interest, but would tmply important consequences for
the concept of cryoultramicrotomy. If sections would transiently
melt during cutting, then the risk of redistribution of diffusable sub-
stances would increase and recrystallization of ice could affect the
ultrastructure. Furthermore, an understanding of the cryosection-
ing process is expected to help in avoiding or at least reducing the
observed deformations.”
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Figure 2.8: Principle scheme of the AFM tomography setup: 1 - sample, 2 -
sample holder, 3 - movable ultramicrotome arm, 4 - ultramicrotome
knife, 5 - AFM scanner, 6 - probe holder, 7 - AFM probe. [Fig. from

[6]]
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2.3.1.1 Sample Preparation for TEM Investigation

To investigate samples using TEM the samples themselves have to be as thin
as possible to ensure that the electrons can travel through. TEM preparation
is linked to AFM preparation and is done with the ultramicrotome as well.
While the sectioned and therefore flat surface of the block face gets used for
AFM analysis, the thin section can be collected for TEM studies. To catch a
section, cut before under cryo conditions, a wire loop wetted with a solution
of 50% Dimethyl Sulfoxide (DMSO) and 50% distilled water has to touch it
and immediately attracts it. The loop holding the section has to be put into
a dish filled with distilled water to select afterwards the best sections under
an optical microscope and to put them again with the help of the loop on a
TEM copper grid coated with a carbon film. Sections are either grey or they
show interference colors depending on their thickness. Afterwards investigation
of the sample can be started. To ensure better contrast, especially studying
copolymers, staining can be applied. Osmium Tetroxide (OsOy) together with
the sections on the grids in a wet bath for some hours is a soft staining method.
Of course a lot of other different sample preparation methods exist, but since
these methods are not used during experimental work for this thesis they will
not be explained in more detail. For further information [24] gives an overview

concerning this topic.

2.3.2 Combination with AFM

Combining both systems, AFM and ultramicrotome, this is a technique that
allows to make in-situ AFM measurements without temperature change be-
tween sectioning and scanning and to record the 3D structure in one go. Be-
sides doing this section-picture-section procedure and combining the images
to a three dimensional reconstruction of the sample, one can also collect the
sections and investigate them with a transmission electron microscope (TEM).
These complementary sets of AFM and TEM images allow to get informations
from both techniques and to combine them for better understanding. Another
advantage of the new AFM system is the possibility to detect areas of inter-

est in samples with good efficiency by scanning the surface after each section.
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Figure 2.8 illustrates the combinated measuring and sectioning system: After
doing a section and approaching with the ultramicrotome arm towards the
knife to section the sample once again, the arm stops at a defined position
in front of the AFM scanner so that the sample surface can be investigated
[6]. The described device is called NTEGRA Tomo from NT-MDT (Moscow,
Russia) and found already application in science ([25], [26]). Requirements for
the cryo-AFM system have already been mentioned above in section 2.2 and

motivation therefore is explained in detail in the introduction (chapter 1).

2.4 Characteristics of Polyamide6/SAN

PA6/SAN is a polymer blend of polyamide 6 and styrene-acrylonitrile, which
means to be a mixture of these two different species of polymers, combin-
ing also their properties. Because polymers are high molecular mass materials,
they have a low entropy of mixing and therefore mixing is unfavorable. So most
compositions of polymers are immiscible which leads to a multi-phase morphol-
ogy [17]. As SAN is a copolymer, formed from more than one type of repeat
unit, this multi-phase morphology is known as a block copolymer. Such blends
lead to new properties compared to properties of a single SAN copolymer or
a PA6 polymer [27]. The molecular formula for SAN is (CgHg),(CsH3N),, and
its chain structure is shown in figure 2.9, the molecular formula of PAG6 is
(C¢H11NO), and this chain structure is displayed in figure 2.10.

gt

Figure 2.9: Image of a SAN chain with repeating styrene CgHg and acrylonitrile
C3H3N parts. [Fig. from [28]]

Because SAN is impact resistant, has a good hardness and scratch resistance,
this material is used for cases of domestic appliances but also for toys. The use
of PA6/SAN blends for industrial application is unknown, except for materials

research (e.g. [29], [17]) or examination of measurement methods.
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Figure 2.10: Image of a PAG chain with repeating C¢H;;NO parts. [Fig. from
[28]]

2.5 Characteristics of Polyamide6/ABS

PAG6/ABS consists of polyamide 6 and acrylonitrile-butadiene-styrene and is
also a polymer blend like PA6/SAN. Whereas PAG is a semicrystalline polymer
which has a strong chemical resistance and excellent mechanical properties,
ABS is a rubber-toughened copolymer with properties that can overcome the
drawbacks of PAG6 like for example a high sensitivity to notch propagation un-
der impact tests in particular at sub-zero temperatures, high moisture sorption,
and a poor dimensional stability [30], [17]. The rubber phase is responsible for
improving the toughness of PA6 at low temperatures and SAN provides stiff-
ness, but all in all the thermal stability is lower because of the relatively low
glass transition temperature of ABS compared to the melting temperature of
PA6 [31]. ABS itself consits of polybutadiene particles dispersed in a styrene
acrylonitrile (SAN) matrix and is again included in a matrix of PA6 to form
the polymer blend PA6/ABS [32]. One can see its chain structure in figure
2.11. The molecular formula is (CgHg)n(CyHg)m(CsH3N),.

Figure 2.11: Image of an ABS chain with repeating CgHgC4HgC3H3N parts
where CgHg is styrene and C3H3N is acrylonitrile as in SAN and
C,4Hg is butadiene. [Fig. from [28]]

Whereas PA6 is used for manufacturing for example gear wheels, bearings,
and seals, ABS itself is preferred for cases because it builds scratch-resistant
surfaces like e.g. Lego bricks [33]. One special use for the PA6/ABS blend is

the automotive sector for car interior lining [34].
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3 Comparative Studies on PA6/SAN

To demonstrate the new cryo-AFM device’s performance and to point out
its advantages, images done with the cryo-AFM are compared to images re-
sulting from measurements at the conventional RT-AFM. In addition, sample
preparation was done at room temperature and under matched cryo condi-
tions, depending on the requirements of the sample. For measurements the
Dimension™ 3100 mentioned in section 2.1.4 was used as RT-AFM. The new
cryo-AFM device is “Snotra”, built in collaboration with Nano Scan Technol-
ogy (Moscow, Russia). To complement the discussion, TEM images are added,
measured at a Tecnai T12 from FEI (Eindhoven, Netherlands).

3.1 Measurements with a Conventional
RT-AFM

Beginning with measurements at the Dimension™ 3100 on PA6/SAN, figures
3.1 and 3.2 show the results. Figure 3.1 includes height ((a) and (b)), amplitude
((c) and (d)) and phase ((e) and (f)) images of the PA6/SAN sample sectioned
at room temperature. Since room temperature is not suitable for SAN sample
preparation but adequate for the PA6 matrix, the SAN particles got smeared
out and are dispersed over the sample towards the cutting direction (recog-
nizable also by knife marks, which are the parallel lines going from the upper
left side to the lower right side). Some SAN particles got torn out completely
and left huge holes behind. They are visible as completely black parts in the
height images. These holes may occur as a problem for scanning with AFM
after sample preparation because of big differences in height and steep slopes

that lead to an unstable behavior of the cantilever. In addition, one has to

26



3 Comparative Studies on PA6/SAN

be careful with sample preparation under cryo conditions. After sectioning at
room temperature and therefore causing such holes one has to be sure to cut
away enough sample material under cryo conditions and ensure that no more
parts of the holes appear on the surface.

The described appearance of the sample surface can be seen best in all three
images of the 14.58 pm x 14.58 pm scan (figures 3.1 (a), (¢) and (e)). Usually
the phase image should not contain topography information, but should show
a contrast resulting from the different stiffnesses of the two components of the
sample. Unfortunately it was not posssible to get one image containing phase
contrast after sample preparation of PA6/SAN at room temperature during
the whole measurements done for this thesis. The reason therefore is unknown.
SAN should definitely be softer than PA6 and changes in the structure through
sample preparation can be excluded as an explanation.

Figures 3.1 (b), (d) and (f) show one detail with a scan area 4.17 pm x 4.17
pm of the overview scan. Two holes, one bigger and one smaller, and one small
smeared out SAN part embedded in the PA6 matrix are visible. Amplitude
images show tiny details like for example the internal ultrastructure of the
SAN particles.

Looking at figure 3.2, the images (b), (d) and (f) once again show one detail
out of (a), (¢) and (e) in height, amplitude and phase. The scan areas are also
14.58 pm x 14.58 pm and 4.17 pm x 4.17 pm. Sample preparation was done
at a temperature of -120 °C. AFM measurements took place at room temper-
ature using also the Dimension™ 3100 device. For SAN this temperature of
-120 °C leads to nice results since the particles get sectioned smoothly without
changing the structure either by deformation through smearing or by compres-
sion. So SAN particles appear round and show their internal ultrastructure in
AFM measurements. For PA6, on the other side, this sectioning temperature
is too low and leads to deformation lines. These lines are also visible in im-
ages 2.4 and 2.5 in chapter 2. The reason for this phenomenon has not been
solved so far, but [23] offers different models. These models are set up un-
der the assumption that during cutting the sectioned material is periodically
collected and shedded away. Deformation lines occuring in ultramicrotomy of
plastic material get interpreted by periodic buildup of pressure and friction,
alternating with sliding away on the knife surface. Compression occurs, which

means a reduction of length in the cutting direction without reduction in the
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sample’s volume. This increases thickness periodically in lines perpendicular
to the cutting direction. Another fact is that a real knife has a finite edge
curvature, which results in pressure perpendicular to the upper knife surface.
In case of deformation lines, chatter is discriminated from crevasses: chatter is
caused by vibrations during cutting while crevasses are the result of bending
away of the sections from the sample block [35].

Cutting speed also plays an important role influencing the section quality. But
the cutting speed between 0.2 mm s™! and 10 mm s™! does not influence the
section morphology, as described in [23]. A distinctly higher cutting speed (e.g.
50 mm s~!) results in chatter lines and tremendous deformations [36]. As we
used a speed of 1 mm s~!, deformation lines have their origin in something dif-
ferent, which leads again back to the temperature during cryosectioning which
is a definately more sensitive parameter.

In height image (a) of figure 3.2 the topography information is given, showing
the deformation lines and the SAN particles which show smaller height infor-
mation compared to the PA6 matrix. They are somehow contracted and build
small recesses. This can be explained by the heating process between sectioning
and measuring. When cooled down to -120 °C and sectioned, the sample sur-
face is flat. During heating the sample up again to room temperature the SAN
parts start to contract inside the stiffer PA6 matrix due to different coefficients
of thermal expansion. The amplitude image (c) once again pronounces small
details and the phase image (e) shows the correct phase contrast of harder
materials appearing in brighter and softer material in darker color coding.
Three of the SAN particles have lost their bonding to the matrix on one side
(the one side where the knife meets them first), visible best in the amplitude
image. The internal structure of SAN shows long chains in some parts.

The images on the right hand side of figure 3.2 show fragments of four SAN
particles enlarged. This allows to take a closer look at the SAN structure and
points out once again all behavior and facts discussed on the images with the
larger scanning area.

Looking on the resulting measurements and the surface quality we can eas-
ily decide by eye which temperature is adequate for sample preparation of
different materials. For example it is obvious that sectioning SAN at room
temperature makes no sense whereas at -120 °C we get good results. The sec-

tioning temperature can be adjusted to the glass transition temperature, but
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this characterizing parameter strongly depends on the manufacturing process
as well as on the cooling rate and can be in addition in a wide range for each
polymer. As SAN consists of two different polymers and got mixed with PA6 to
a blend, we do not know the glass transition temperatures and have therefore
only to decide about the best sectioning temperature by doing experiments.
The deformation lines in PA6, visible e.g. in figure 3.2, of course are the result
of the wrong choice of sample preparation temperature for this material. But
as we were able to observe, the amount and height of these deformation lines
also strongly depend on the sectioned area and the quality of the knife. The
smaller the surface area which has to be sectioned and the better the quality
of the knife edge, the better the flatness is.

3.2 Measurements with the New Cryo-AFM

Device

The new developed cryo-AFM device “Snotra” offers new results in research
concerning especially soft materials. To proof the functionality of the system,
measurements were done on the same sample used before for conventional
AFM scans. As the system allows to operate in a temperature range from -185
°C to 100 °C, first measurements at room temperature were done. The results
are expected to be the same as in the equivalent procedure done before at the
Dimension™ 3100 when sectioning as well as measuring was done at room
temperature.

Figure 3.3 shows the resulting height (a) and phase (b) images of PA6/SAN
done at room temperature after sample preparation also at room temperature.
This 15.12 pm x 15.12 pm scan is directly comparable to the 14.58 pm x 14.58
pm scan of figure 3.1 and also shows torn and smeared out particles in the
height image (a). Since in this particular scan area larger SAN particles are
visible, one can nicely observe the internal structure of SAN in particles that
did not get deformed by mechanical sample preparation. One can see slight
deformations in the polyamide 6 matrix. As mentioned before in section 3.1 the
choice of the proper sectioning temperature is not the only guarantor for good

surface quality. If the sectioned area is too large and the knife edge contains
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marks - and we can actually see some on the images - the PA6 matrix can get
deformed because of these factors.

In the phase image 3.3 (b) reverse phase contrast is visible. SAN particles
appear brighter in color coding than the PA6 matrix. This phase contrast ap-
pearance strongly depends on the angle of the tip to the sample surface. As
the tungsten tips, glued on the quartz tuning forks, are hand-made and in
addition soldered on the contact plate also by hand, the angle is never exactly
90° but can be much smaller down to 45°. Right now we can assume, looking
on our experiments, that the smaller the angle, the higher the probability to
get pronounced phase contrast. In the cryo-AFM device the image quality not
only depends on the surface quality of the sample and the choice of amplitude
parameters Ay and Ag,, but gets influenced also by the length and shape of the
tip and its angle to the surface and reacts much more sensitive on the choice
of the feedback parameters of the PID-controller.

Figures 3.4 (a) and (b) show the height and phase information after mea-
surements under cryo conditions. In this case PA6/SAN was sectioned and
immediately scanned afterwards at a temperature of -80 °C. We did not chose
-120 °C, which we used before for sample preparation at RT-AFM measure-
ments, but nevertheless the sample surface appears flat, the choice of -80 °C
is also possible for PA6/SAN sample preparation.

Looking at the height image (a) one can see that it suffers from instabilities
resulting in horizontal lines across the whole scanned area, but it still shows
the internal structure of SAN. Once again, image stability is very sensitive to
chosen measuring parameters and the shape of the tip. In addition convection
inside the chamber affects the image quality too. During the measuring process
the scanning head and the sample can be enclosed in an own capsule but ther-
mal instabilities still have an influence. The most important thing to mention
is that now, compared to images (a) and (b) in figure 3.2, SAN parts do not
build contracted recesses in the PA6 matrix any more, but appear even higher
compared to the matrix. This happens because now we are able to observe the
materials exactly in that state in which they have been sectioned and there is
no more change in temperature between sample preparation and AFM mea-
surement.

The phase image (figure 3.4 (b)) has a nice phase contrast of softer SAN parts

appearing in darker colors compared to the harder PA6 matrix. Some noise
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is visible, but with further optimization of parameters the device offers more

than satisfying results.

3.3 TEM Images

For TEM measurements a Tecnai T12 was used with an operating voltage of
120 kV and a lanthanum hexaboride (LaBg) electron source. As investigations
with TEM are very well established, comparisons between TEM and AFM
images can be helpful and complementary.

Looking at a PAG6/SAN sample, one can see SAN particles embedded in the
PA6 matrix again quite comparable to AFM images discussed before. Figures
3.5 (a) and (b) show different areas at a section imaged at different magni-
fications. Deformation lines of high periodicity appear perpendicular to the
cutting direction in the PA6 matrix. In this case the sample got sectioned at
-120 °C which is too low for PA6 as we also discussed already. No deformation
lines are visible in the SAN parts and they are also not round but elliptical in
shape because of compression due to too high sectioning temperatures for this
material. In addition we are now looking on one thin section which can get de-
formed in various ways because it gets not stabilized mechanically between the
sectioning process and the actual putting on the grid (see section 2.3). This is
one advantage of AFM, because in that case the surface always gets stabilized
by the rest of the bulk sample. Holes (bright areas) are visible in (a), where
SAN got torn out during the sectioning process. Especially in the large SAN
particle in the lower left corner of (a) the internal structure is nicely visible.
But one should not forget that TEM images are two dimensional projections
even when looking on a thin slice of about a few tens of microns.

To get a better contrast in TEM, Osmium Tetroxide (OsQy), that reacts pref-
erentially with one of the components of the copolymer and gets absorbed, can
be used. The presence of the heavy metal Osmium leads to increased Ruther-
ford scattering and therefore to darker areas.

In our case we prepared a wet bath to stain the PA6/SAN sample on TEM
grids. To do so, we put some layers of filter paper into a Petri dish and sat-

urated them with distilled water. A glas slide covered with Parafilm was put
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onto the filter paper and the grids got positioned on the slide. Close to the
grids we put some drops of OsOy, then closed the dish with another one and
waited for two hours. After this staining procedure no changes were observable
looking at the samples with TEM (not shown). Staining in the same way as
described for another 16 hours showed first results.

In figure 3.6 two different areas of a section of PA6/SAN are shown at again
two different magnifications, but both areas were positioned at the margins
of the section. This allows us to draw the conclusion that staining starts at
the outer edges of the sections to proceed towards the middle. Contrast gets
improved with the help of the staining agent especially in case of SAN particles
that appeared in the same color grading as the PA6 matrix before staining,
although images of unstained areas show the internal structure of SAN quite
nicely by comparing figures 3.5 (a) and 3.6 (a) and the contrast of some parts

is already good without adding the staining agent.
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Figure 3.1: Measurement by conventional AFM at room temperature of a
PA6/SAN sample sectioned at room temperature; Height (a), am-
plitude (c) and phase (e) are a 14.58 pm x 14.58 pm scan and (b),
(d), (f) are details of (a), (c), () in a 4.17 pm x 4.17 pm scan. The
scan area for the detailed scan is marked by a black square, the
cutting direction is marked by a black arrow.
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Figure 3.2: Measurement by conventional AFM at room temperature of a
PA6/SAN sample sectioned at -120 °C; Height (a), amplitude (c)
and phase (e) are a 14.58 pm x 14.58 pm scan and (b), (d), (f)
are details of (a), (c), (e) in a 4.17 pm x 4.17 pm scan. The scan
area for the detailed scan is marked by a black square, the cutting
direction is marked by a black arrow.
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Figure 3.3: Measurement by cryo-AFM at room temperature of a PAG6/SAN
sample sectioned at room temperature; (a) is the height and (b)
the phase information of a 15.12 pm x 15.12 pm scan. The cutting
direction is marked by a black arrow.
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Figure 3.4: Measurement by cryo-AFM at -80 °C of a PA6/SAN sample sec-
tioned at -80 °C; (a) is the height and (b) the phase information of
a 11.97 pm x 11.97 pm scan. The cutting direction is marked by a
black arrow.
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(a) PA6/SAN; Scale bar corresponds to 2 (b) PA6/SAN at higher magnification than
pm in (a); Scale bar corresponds to 1 pm

Figure 3.5: Images of PA6/SAN that got cryo sectioned at -120 °C showing
deep deformation lines of high periodicity besides compression of
SAN and also knife marks. TEM measurement took place at room
temperature.

(a) PA6/SAN; Scale bar corresponds to 2 (b) PA6/SAN at higher magnification than
pm in (a); Scale bar corresponds to 1 pm

Figure 3.6: Staining took place at the margins of the section after 18 h in the
wet bath with Osmium Tetroxide. Sectioning was done at -120 °C
whereas TEM was done at room temperature.
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4 Comparative Studies on PA6/ABS

In this chapter images measured at the RT-AFM are shown, afterwards they
are compared with results derived from cryo-AFM. Sample preparation was
done at room temperature and under cryo conditions to investigate differ-

ences. Finally results are complemented by TEM images of sample sections.

4.1 Measurements with a Conventional
RT-AFM

Since the multi-phase morphology of PA6/ABS is hard enough to be sectioned
at room temperature, figure 4.1 shows images of the sample for its character-
ization. Images (a), (¢) and (e) show height, amplitude and phase and (b),
(d) and (f) represent a detailed scan out of the area looked at before. Having
a closer look on (a) one will notice that the surface is really flat and almost
homogenous. The surface is only covered with low periodic deformations due
to the sectioning process perpendicular to the cutting direction. From this im-
age it is visible that especially the borders of ABS particles are slightly higher
than the rest of the sample. Amplitude images do not offer much information,
but in image (d) the difference in the internal structure of ABS compared to
PAG6 is obvious, which is something we can see neither in the height nor in
the phase image. Phase contrast (seen in (e) and (f)) is optimal, although re-
versed. ABS is much softer than PA6 and therefore should appear darker than
the matrix. In all measurements (except the example shown in figure 2.4 (a))
phase contrast appeared reversed. One can try to force in such cases normal
phase contrast by seeking different parameter settings of Ay and A, but since

phase was nicely stable, images with reversed phase contrast are presented
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here. Nevertheless phase contrast allows to distinguish between the two differ-
ent components of the two-phase morphology and gives a qualitative analysis
of the surface. Quantitatively phase contrast has to be handled with care for
the correct interpretation.

The sectioning temperature of about 23 °C is not suitable for the soft ABS,
but as it is stabilized by the polyamide 6 matrix, sample preparation at room
temperature leads in this case to the good results. As already said in chapter
3, we do not know the glass transition temperature of our samples and their
components exactly. The glass transition temperatures of each single polymer
influence each other in the block-copolymer. However, slight compressions of
ABS particles are observable. The parts are not round but elliptical in shape.
Comparing the phase images of figures 4.1 and 4.2 (for 4.2 sample preparation
was done at -60 °C) makes the difference apparent.

Sectioning under cryo conditions leads to deformations and crevasses of the
PAG6 matrix obvious in the height images (a) and (b) of figure 4.2. These de-
formations do not cause any harm to the morphology and the internal structure
of the sample’s components (see phase images (e) and (f)). ABS parts are round
in shape and dispersed in the same way as seen in figure 4.1. Once again, the
actual surface quality and flatness does not only depend on the temperature
for sample preparation but gets also influenced by the size of the sectioned
area and the quality of the knife edge.

Since the quality of the sample surface of PA6/ABS is much better after sec-
tioning at room temperature, this sample is probably not the best choice for
comparison with the new cryo-AFM technique. Nonetheless results of mea-
surements with the cryo-AFM should at least be the same or show what hap-
pens with the sample during heating it up to room temperature after cryo-

sectioning.

4.2 Measurements with the New Cryo-AFM
Device
Cryo sectioning and measuring afterwards under cryo conditions at -60 °C

was immediately done after room temperature measurement on the PA6/ABS
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sample. This makes sense, because before closing the cryo chamber to prevent
ice contamination on the sample surface, the tip or any other part of the
system, everything has to be adjusted at room temperature. Doing so, room
temperature measurements are self-evident before cooling the device.

The main difference between figures 4.2 and 4.3 is that under cryo conditions
ABS parts built contracted recesses that we did not observe in such way at
RT-measurements after sectioning at -60 °C. This difference occurs because we
look on a sample that did not undergo temperature changes between sample
preparation and scanning.

As already observed in figure 3.4 in chapter 3, height images done under cryo
conditions suffer from instabilities resulting in lines in the scan direction across
the scanned area. To avoid these effects, parameters like the tip and the capsule
insulating the actual measuring zone have to be optimized.

Phase information in figure 4.3 (b) gives a correct color coding with darker
parts of soft ABS embedded in the harder PA6 matrix and shows even small
details of the sample surface. Phase contrast may be more pronounced when
the angle between the tip and the surface would be lower, which was already

explained in section 3.2.

4.3 TEM Images

Figures 4.4 (a) and (b) show bright ABS parts embedded in a dark PA6 ma-
trix in different magnifications. In this case the sample was sectioned at -80 °C
which leads to compression of the softer ABS parts. This results in elliptically
shaped ABS instead of parts that are round in shape. Such compression occurs
additionally because of the thinness and therefore deformability of the section.
Also at -80 °C we see deformation lines perpendicular to the cutting direction
(recognizable by the knife mark) in the matrix, that could have appeared dur-
ing the process of placing the thin section on the TEM grid or might have been
avoided on the one hand by elevating the temperature and on the other hand
by using a knife of better quality.

Figure 4.4 also gives a nice example of what projection implies: As TEM im-

ages are the result of electron signals going through the sample one does not
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only investigate the surface of the section but this technique gives a two dimen-
sional projection of the three dimensional section. Therefore ABS parts which
lie under a thin layer of the PA6 matrix appear darker and notches appear as
bright areas encircled by grey rings. It is obvious that thinner areas or parts
with lower atomic number appear brighter in the TEM image because more
electrons can get through the objective aperture and lead to a higher signal
measured by the CCD camera.

Figure 4.5 (b) shows an area of (a) at higher magnification and in both of
them stained and unstained ABS parts are visible. The borderline in-between
is distinguishable as a circle. The unstained area has been used before to take
TEM images and sustained beam damage. Therefore we can assume that the
staining agent is sensitive to beam damage and only an intense staining proce-
dure would stain these parts too which got omitted before. In this case contrast
is not so much improved by the staining agent, but the borderlines between
ABS and PAG6 are highlighted in a better way.
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Figure 4.1: Measurement by conventional AFM at room temperature of a
PA6/ABS sample sectioned at room temperature; Height (a), am-
plitude (c) and phase (e) are a 14.58 pm x 14.58 pm scan and (b),
(d), (f) are details of (a), (c), (¢) in a 4.17 pm x 4.17 pm scan. The
scan area for the detailed scan is marked by a black square, the
cutting direction is marked by a black arrow.
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Figure 4.2: Measurement by conventional AFM at room temperature of a
PA6/ABS sample sectioned at -60 °C; Height (a), amplitude (c)
and phase (e) are a 14.58 pm x 14.58 pm scan and (b), (d), (f)
are details of (a), (c), (e) in a 4.17 pm x 4.17 pm scan. The scan
area for the detailed scan is marked by a black square, the cutting
direction is marked by a black arrow.
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Figure 4.3: Measurement by cryo-AFM at -60 °C of a PA6/ABS sample sec-
tioned at -60 °C; (a) is the height and (b) the phase information of
a 12.39 pm x 12.39 pm scan. The cutting direction is marked by a
black arrow.
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(a) PA6/ABS; Scale bar corresponds to 2 (b) Part of (a) magnified; Scale bar corre-
nm sponds to 1 pm

Figure 4.4: These images show a PA6/ABS sample which got cryo sectioned
at -80 °C and measured at room temperature. One can observe
compression, especially at the ABS particles, and knife marks as
well as deformation lines.

- 5 .5 -

(a) PA6/ABS; Scale bar corresponds to 2 (b) Part of (a) magnified; Scale bar corre-
pm sponds to 1 pm

Figure 4.5: After altogether 18 h of staining some areas got stained but parts

of past beam damage were left unstained. Sectioning was done at
-80 °C whereas TEM was done at room temperature.
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5 Performance of the Cryo-AFM

To point out the full potential of the new cryo-AFM device different examples
are shown. The functionality concerning scanning and resolution is demon-
strated on a polyurethane sample and further points out the advantages in
comparison to TEM. The second example presents the benefits of measure-
ments under cryo conditions directly after sample preparation at the same
temperature and was done on a component of organic and inorganic materials.
Finally measurements of two other polymer samples illustrate the possibility
of doing three dimensional reconstructions after measurements at room tem-
perature and under cryo conditions. All these specimens have been measured

in collaboration with the project team (Dr. Efimov and Dr. Matsko).

5.1 Comparison of AFM Devices

The cryo-AFM is definitely able to keep up with established AFM systems.
This shows the comparison of images (a) and (b) in figure 5.1 where (a) im-
ages are results from measurements at Dimension™ 3100 and (b) result from
scans with “Snotra”. The magnification is different but nevertheless the re-
sults are the same. Both times sectioning took place under cryo conditions at
-160 °C and measurements were done at room temperature. The images show
a polyurethane sample from Voith Paper Rolls GmbH & Co.KG (Wimpass-
ing, Austria). The TEM image (c) shows one part of a sample section where
sectioning was done under cryo conditions at -160 °C and TEM took place at
room temperature. In this case magnification is even higher compared to AFM
images but the contrast of harder spherulite chains dispersed homogenous over
the sample surface is low. The reason therefore is on the one hand that both,

the spherulites as well as the rest of the sample, are polyurethan only with

46



5 Performance of the Cryo-AFM

some difference in density that leads to contrast. On the other hand the chains
do overlap in a network and projection using TEM does not allow to see single

chains like we are able to observe when looking at the phase images done by
AFM.

5.2 Advantage of Cryo AFM Technology

Another example discusses the advantage of the new possibility to do both,
sample preparation and AFM measurement, in the frozen state without any
change of temperature in between. We were looking in this case on a sample
that consists of silica walls and organic components filled inside those pores.
Detailed descriptions can be found in [37]. Figure 5.2 shows one sample made
of porous silica walls containing diethylene glycol chains as a carrier material
that got filled with monomers. Images (a) and (b) were taken after section-
ing at -190 °C by RT-AFM. During observation at room temperature it was
not possible to get any information about the organic substance between the
silica walls because it contracts inside the carrier material. In contrast, when
scanning the sample surface immediately after sample preparation both under
cryo conditions, it is the first time we get information about the infiltrated
monomers inside their host material visible in the phase image in (c). In this

case sample preparation as well as measurements were done at -60 °C.

5.3 3D at Room Temperature

The first step in trying to do serial tomography was to run an experiment at
room temperature. A PA6/ABS sample was taken where ABS particles are not
necessarily round and in addition have an internal structure with enclosures.
Figure 5.3 (a) shows a snapshot of the three dimensional reconstruction created
from seven single images. One can see these single measurements in (b). After

each measuring step one step of sectioning takes place to go deeper into the

47



5 Performance of the Cryo-AFM

sample. Three dimensional reconstruction was done by Image Pro Plus 6.0 of

Media Cybernetics (Bethesda, MD, USA).

5.4 3D under Cryo Conditions

We are also able to do serial sections and measurements under cryo conditions.
Because of the fact that measuring under cryo conditions is an advantage when
investigating PAG/SAN (see chapter 3), we used this sample. Cryo sectioning
and measuring was done at a temperature of -80 °C and a series of six mea-
surements was combined to get the three dimensional reconstruction seen in
figure 5.4 (a). In (b) phase (left) and height (right) images are shown.

To do so one has to ensure that everything is adjusted well before closing the
cryo chamber of the microtome and cooling down to the desired temperature.
After starting the cooling process the chamber should not be opened any more.
In case it is necessary, opening is allowed only for short times to prevent the
system, especially the tip and the sample surface, from ice contamination and
guarantee an equilibrium in temperature and gas flow inside the chamber. At-
tached ice on the tip changes the resonance frequency as a result of changed
mass. Ice on the sample surface does, in this affected parts, not allow to scan
properly. Therefore, before starting the cryo procedure, the tip of the probe
has to land right in the middle of the sample surface because during sectioning
there might appear some drift caused by the first contact of the knife edge
with the bulk of the sample and adjustments should allow a high probability
to meet the surface again. Further the Q-factor of the tuning fork should not
be too high. High Q-factors just allow slow scanning. As a result recording one
image within one hour or longer is a disadvantage when measuring such series.
During measurements the sectioning is the most challenging part. One has to
be careful not to cause drift because we always want to observe the same area
of the surface of the specimen even in different layers. Some drift can also be
corrected afterwards with the help of software if necessary. Furthermore the
section should not attach to the surface again after the sectioning process.
Measuring parameters, checked at room temperature, have to be the same for
scanning each layer to be comparable and stable. But this does not make sure

that the resulting images look the same. Landing is different on each surface
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because it is dependend on how the feedback system recognizes it.

The very same has to be considered also for single measurements under cryo
conditions but obviously it is less complicated to ensure all alignments only
once. However the results (figure 5.4) show that we are able to handle this
problems, mainly ice contamination prevention and ensurance of stable tem-
perature and gas flow, and that we do three dimensional reconstructions under

cryo conditions.
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(a) height (left) and phase (right) image measured by RT-AFM after cryo
sectioning at -160 °C; 8.6 pm x 8.6 pm scan

163,2 nm 16V
120,0 1,2
100,0 1,0
80,0 0.8
60,0 0,6
40,0 0.4
20,0 0.2
0,0 0,1

(b) height (left) and phase (right) image measured by cryo-AFM at RT after cryo sectioning
at -160 °C; 5.38 pnm x 5.38 pm scan

500 nm
—

(¢) TEM image measured at RT
after sectioning at -160 °C; image
width=3.43 nm

Figure 5.1: Cryo-AFM measurements offer the same image quality as RT-AFM
does. With TEM parts, that are nicely mapped in the phase images
of AFM measurements in (a) and (b), show worse contrast due to
projection. Sample courtesy of Voith Paper Rolls GmbH & Co.KG
(Wimpassing, Austria).
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(a) height (left) and phase (right) image measured by RT-AFM after cryo sectioning
at -190 °C; 11.35 pm x 11.35 pm scan
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(b) height (left) and phase (right) image measured by RT-AFM after cryo sectioning
at -190 °C; 4.17 pm x 4.17 pm scan
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(c) height (left) and phase (right) image measured by cryo-AFM at -60 °C after cryo sec-
tioning also at -60 °C; 3.54 pm x 3.54 pm scan

Figure 5.2: The two images in (b) show a detail of (a). With room temperature
measurements it is not possible to get any information about the
polymer component between the solid silica walls. With cryo-AFM
we get information in the phase image in (c).
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5 Performance of the Cryo-AFM

(a) snapshot of the three dimensional (b) single frames of phase images used
reconstruction of a PAG/ABS sample for the reconstruction in (a)

Figure 5.3: The reconstruction consists of seven measurements with an average
section thickness of 140 nm. This results in a volume of a size of
12.5 pm x 12.5 pm x 1.0 pm.

~d

(a) snapshot of the three dimensional (b) single frames of phase (left) and
reconstruction of the PA6/SAN sample height (right) images; phase images
were used for the reconstruction in (a)

Figure 5.4: The reconstruction consists of six measurements with an average

section thickness of 125 nm. This results in a volume of a size of
3.3 pm x 3.3 pm x 0.75 pm.
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6 Conclusions and QOutlook

6.1 Conclusions

During the work on this thesis we were sucessful in setting up the new cryo-
AFM “Snotra”. The system finally gives satisfying results which are discussed
in detail in chapters 3, 4 and 5. These chapters also point out the advan-
tages of the new system compared to conventional RT-AFMs like the used
Dimension™ 3100. The most obvious benefit is the possibility of in-situ mea-
surements directly after sample preparation at always the same low tempera-
ture. This avoids structural changes caused by changes in temperature and it
is the first device worldwide that allows to do such experiments.

The final quality of images does depend on various factors:

e The landing and measuring parameters which are the amplitudes Ay and
Asp and the flatness of the sample surface; This is equal to a conventional
AFM system.

e The PID-controller settings where the cryo-AFM reacts more sensitively
on the choice of parameters than the RT-AFM; Especially the integral

term has to be chosen with care.

e The tuning fork; The shape of the tungsten tip, the length, sharpness
and the angle to the sample surface strongly influence the stability of
the recorded image. Right now the perfect shape gets determined by

experiments.

Surface quality, as already mentioned, has a crucial influence on the resulting
image because AFM scanners are limited in vertical range of the piezo tube.
In addition steep slopes lead to errors of the feedback system and particles
or dust on a surface can interrupt the measurement because of loosing con-

tact between the probe and the sample or because of crashing the tip. While
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working with soft materials the chosen sample preparation temperature is de-
pendend on the glass transition temperature. However, flat surfaces can only
be guaranteed if the sectioned area is small and the knife edge is intact. As
we do not know the glass transition temperature of our samples exactly, the
proper sample preparation temperature was chosen empirically.

In addition it is possible to do serial section tomography AFM measurements
and produce three dimensional reconstructions with “Snotra” at room temper-
ature as well as under cryo conditions. The results are shown in sections 5.3
and 5.4. These new possibilities offer new insights in material characterization
that have not been obtained before. AFM-tomography of soft materials will
give a new understanding of microstructures and will help researchers to figure

out how they are correlated to other sample properties.

6.2 QOutlook

The update of the cryo-AFM device is in continuous progress. The goal is to
optimize the assembly and the measuring parameters and to make the device
more user-friendly.

Further, three dimensional reconstruction measurements on specific examples
for nanoliquids, polymers or biological samples will be done under cryo condi-

tions to show the full potential of the device.
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7 Appendix

e Verification of calibration:

The correct calibration of scan area sizes has been verified by measur-
ing a calibration grid with periodicity of 3 pm. Measurements at the
Dimension™ 3100 (RT-AFM) and “Snotra” (cryo-AFM), shown in fig-
ure 7.1, were done at room temperature. Profiles through one section of
the image were done with the programme Gwyddion 2.20 and resulted in
the following deviations: The Dimension™ 3100 measures (2.894-0.06)
pm instead of 3 ym and “Snotra” measures (2.7740.05) pm instead of 3
pm.

As the piezoelement quartz changes with temperature its size and proper-
ties, in addition scan sizes have to be recalculated under cryo conditions.
Table 7.1 specifies the calibration factors for scale sizes as a function of
temperature including factors for room temperature measurements. For
scale sizes in images presented in this thesis, factors have already been
taken into consideration. Scale size values offered by the software have

been divided by the calibration factors to get the correct image size.

Table 7.1: Table of temperature calibration coefficients to rescale measure-
ments done at room temperature and under cryo conditions.
(* Dimension™ 3100, ** “Snotra”)

...temperature
c.c. ...calibration coefficient

T/°C c.c.

*23 | 0.963

**23 1 0.923

-60 | 1.130

-80 | 1.170

-100 | 1.215

-120 | 1.250

-140 | 1.380
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(a) example for grid measurement evaluation at Dimension™ 3100
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(b) example for grid measurement evaluation at “Snotra”

Figure 7.1: Verification of calibration: on both AFM devices a grid with a
known periodicity of 3 pm has been measured.

e Phase images at cryo-AFM:
Phase images measured with “Snotra” do not have the usual scale in
degree units but use volts instead. This is programmed like that in the
used software Nspec 7.3 from Nano Scan Technology (Moscow, Russia)
and will be changed in the next update. For understanding, the following
is valid: the whole range from -180° to 180° (total 360°) corresponds to
-10 V to 10 V. This means that 1 V = 18°. Further degree ranges, as
a result of RT-AFM and cryo-AFM measurements, are not comparable

because the two systems use different mathematical models to calculate
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them. Phase images offer a qualitative information which is comparable

only in the case of one individual device.

e Section vs. block face:
The aim of comparing a section used for TEM investigation and the block
face surface measured with AFM was to show that the block face surface
quality is better than the section itself concerning mechanical stability.
This fact is an advantage of AFM studies with easier sample preparation
and output of better stability. TEM does not give any information about
surface quality but through projection deformation lines are visible as
well.
Sectioning was done by the cryo-ultramicrotome at a temperature of
—120 °C, which is too low for the polyamide matrix and therefore leads
to periodic deformation lines.
Comparing a TEM image of a size of 4.84 pm x 4.84 pm (figure 7.2 (a))
with an AFM image of approximately the same size (4.17 pym x 4.17
pm) (figure 7.2 (b)) makes it immediately obvious that there are much
more deformation lines on the section than on the block face. In addition
the lines on the section show high periodicity and these lines are straight
whereas the ones on the block face surface are not periodical and also not
straight but they adapt to the SAN particles embedded in the matrix. A
closer look on one particular section through each image offers further in-
formation. The resulting line profile of the TEM section was calculated
by Gatan Digital Micrograph GMS 1.5.1 (Pleasanton, CA, USA), the
AFM section got measured by Nanoscope 7.20 of Veeco (Santa Barbara,
CA, USA). In each case the distance between two deformation lines was
measured by the distance between the contiguous maxima (TEM) or
minima (AFM) of each curve. Results are shown in table 7.2. To get bet-
ter statistics, another section was calculated in an AFM image of 14.58
pm x 14.58 pm in size (figure 7.2 (c)).
Final results after calculating mean and standard deviation are: distance
between the lines on the section observated by TEM: (0.224+0.01) pm
and distance between the lines on the block face surface measured by
AFM: (0.6240.05) pm calculated for the 4.17 pm x 4.17 pm scan and
(0.740.1) pm for the 14.58 pm x 14.58 pm scan. To sum up, the inves-

tigated section has deformation lines in closer intervals compared to the
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lines appearing on the block face. Because of the thinness of the section
the probability of further mechanical deformation after sample prepara-
tion is higher than in the case of a block face surface which gets stabilized
by the whole bulk of the sample.

Table 7.2: Table of measured distances between deformation lines.

Amaxrgy  ...distance between two maxima in the TEM section
Amingpyy, ...distance between two minima in the AFM section; fig. 7.2 (b)
Amingpy, ...distance between two minima in the AFM section; fig. 7.2 (c)
Amaxrgy / pm | Amingpy, / pm | Amingpy, / pm
0.2168 0.686 0.874
0.2364 0.638 0.841
0.2168 0.542 0.920
0.2266 0.638 0.713
0.2167 0.761
0.2365 0.634
0.1970 0.713
0.2266 0.793
0.2168 0.841
0.2266 0.333
0.2167 0.793
0.2316 0.682
0.2069 0.745
0.1970 0.841
0.2068 0.888
0.2267 0.888
0.2069 0.539
0.2316 0.508
0.1970 0.666
0.2266 0.555
0.2266 0.745
0.2365
0.2266
0.2364
0.2266
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Figure 7.2:

(¢c) AFM image; 14.58 pm x 14.58 pm scan

Comparison of the quality of a section measured with TEM and
the block face measured with AFM technique with respect to me-
chanical stability. The block face surface has less deformation lines
in the same area than the section because it gets stabilized by the
bulk.

59



8 Abbreviations

8 Abbreviations

ABS
AEM
AFM
CCD
DMSO
EDXS
EELS
EFTEM
FIB

PA

PID
RT-AFM
SAN
SEM
SPM
TEM
UHV

Acrylonitrile-Butadiene-Styrene

Analytical Electron Microscopy

Atomic Force Microscopy

Charge-Coupled Device

Dimethyl Sulfoxide

Energy-Dispersive X-ray Spectroscopy
Electron Energy-Loss Spectroscopy

Energy Filtered Transmission Electron Microscopy
Focused Ion Beam

Polyamide

Proportional-Integral-Derivative

Room Temperature Atomic Force Microscopy
Styrene-Acrylonitrile

Scanning Electron Microscopy

Scanning Probe Microscopy

Transmission Electron Microscopy

Ultra High Vacuum
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