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Preface

Triboelectrification, the charging of insulators by rubbing against another material, is well 

known for centuries. Already 2600 years ago, the tribocharging using amber (electron in 

Greek) with cat fur was known.

On the one hand,  one can have a lot  of fun with electrostatics.  Rubbing balloons and 

sticking to the ceiling, walking across a carpeted floor or removing adhesive film from a 

surface  (nice  experiments  in  darkness)  generate  potentials  of  up  to  35  kV  under  dry 

conditions.

On the other hand, electrostatic discharge (ESD) is a serious problem in many industries. 

Paper machines or flour mills need proper grounding to prevent discharge events. Today, it 

is still a big issue for manufacturers of microelectronics. According to the ESD Association 

(www.esda.org/esd_fundamentals.html), the product losses due to ESD damage are in the 

range of 10-30 % which lead to estimated costs of billions of dollars. This clearly shows 

that improvements in this area have to be done.

At  last,  this  document  has  been partly printed  on  a  laser  printer  which  would  not  be 

possible without  the knowledge of the charging behaviour of small  insulating particles. 

Invented in 1969 by Xerox, the first commercial laser printer was released by IBM in 1976  
1. And as HP, the actual market leader, announced in 2006 its 100 millionth LaserJet since 

1984, one can imagine that already small improvements in this area have large impacts on 

this multibillion-dollar industry [1]!

1 www-03.ibm.com/ibm/history/history/year_1976.html

Figure 0.1: Typical label on microelectronic products.
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Abstract

Atomic Force Microscopy (AFM) provides the possibility to probe mechanical, electrical 

and  magnetical  properties  on  nanometer  scale.  Different  methods  have  been  invented, 

including force-distance curve measurements that are used for mechanical investigations in 

the first part of this study. The indentation behavior of a hard tip can be observed and 

characteristic  quantities  like  stiffness  or  the  energy  of  hysteresis  can  be  analyzed. 

Combining the AFM with a heating device for sample temperatures between 300 K and 

400  K  enables  to  investigate  variations  in  the  mechanical  properties  of  thin  films  at 

elevated temperatures and in the glass transition range.

Cantilevers with typical spring constant of 42 N/m and tip radius of about 20 nm are used 

for both creating and imaging of the indentations under ambient conditions. In this study 

polymethylmethacrylate  (PMMA) films  of thicknesses in  the range of 40 nm are used, 

prepared by spin-coating on silicon substrates and subsequent annealing.

The thermal stability of these nanostructures (structure size <100 nm) is determined by 

long-term AFM measurements  of the topography at  elevated temperatures.  Below  Tg a 

relaxation process within several hours after indenting is observed. After this incomplete 

relaxation with an exponential time dependence, the remaining indentations are stable for 

at  least  several  weeks.  Above  Tg the  indentations  are  less  stable  and relax  completely 

within few hours. The velocity of the relaxation as function of the sample temperature 

reveals the glass transition temperature and an enhanced mobility of the thin PMMA film, 

compared to bulk polymers. This method of long-term measurement of indentations can be 

implemented on almost every AFM setup. It is therefore an application to investigate the 

dynamic behaviour of polymers  in a wide temperature range, including i.e.  mobility or 

activation  energy,  also  for  films  with  thicknesses  smaller  than  the  radius  of  gyration 

(approx. 35 nm for the PMMA films) or for films on different substrates.

In the second part of this study, static and dynamic AFM modes were used to create surface 

charges,  similar  to  the  macroscopic  contact  electrification  of  insulators.  For  most 

experiments, 125 nm thick polystyrene (PS) films were used, in addition to the PMMA and 
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SU8 films used for the indentation experiments. To create charges, the tip is scanned in 

contact with defined parameters like velocity, force and contact time over the surface under 

ambient  conditions.  These  charges  can  be  imaged  by Kelvin  Probe  or  Electric  Force 

Microscopy (KPFM / EFM). For both creating and imaging charges, highly doped silicon 

cantilevers / tips with a typical spring constant of 2.8 N/m are used. By an adjustable tip 

voltage and defined contact time, the amount of charge and polarity can be controlled and 

charges  can  be  erased  and overwritten  multiple  times  without  changes  in  the  polymer 

structure.

At room temperature,  no charge decay on PS is  visible within several days. Long-term 

measurements of these surface charges at various temperatures show a discharging with 

logarithmic time dependence. On the PS films, the stability of the surface charges depends 

on the initial charge density, revealing different charge storage mechanisms. This effect is 

not visible on PMMA and SU8 films. Electrostatic investigations on various polymers will 

lead to a better understanding of charge storage and transport mechanisms on thin films.

An  impressive  observation  is  that  tip  voltages  above  ~3  V  and  appropriate  scanning 

parameters lead to raised topographic features due to the large non-uniform electric field. 

The height of these structures can reach several nanometers, depending on tip shape and 

applied voltage, and is reversible. The forming and erasing process of these structures will 

be discussed in this work.
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1 Introduction

The  Atomic  Force  Microscope  (AFM)  has  become  an  increasingly  popular  tool  for 

characterizing surfaces and thin films of many different materials. It was first applied to 

polymer surfaces in 1988, shortly after its invention [2]+[3]. Today, these studies range 

from  relatively  simple  visualization  of  morphology to  more  advanced  examination  of 

polymer structures and properties or even single molecules. The advantage of using the 

AFM to investigate polymers lies in the characterization of nanometer-scale features which 

are  not  accessible  by  other  microscope  techniques,  as  well  as  in  studies  of  surface 

mechanical, thermal and electrical properties.

1.1 Investigations of thin polymer films

One large area of  application  of  AFM in materials  science is  the study of  mechanical 

properties  of  thin  films  and  clusters.  Common  methods  therefore  are  friction  force 

microscopy  (FFM),  pulsed  force  mode  (PFM),  force  modulation  or  force-curve 

measurements. The basics of these AFM measurement modes are described in detail in 

chapter 2 of this work.

Due to the low conductivity of most  polymers,  they are used as protective coatings in 

electronic devices or optical fibres. The high dielectric constant of some polymers is also 

interesting  for  technical  applications.  Since  microstructures  such  as  integrated  circuits 

continue to shrink, the mechanical and electrical behavior of the thin films are of great 

interest. This cannot be extrapolated from measured bulk properties because the confined 

geometry leads to changing properties. In most cases the polymer is also in contact with 

another material. It is therefore important to know whether and how the interface alters the 

properties  of the system.  One application  of thin polymer films  and its  dependence on 

polymer properties is described in the next section.

In addition to these technological aspects, the study of the glass transition and the dynamic 

behaviour of thin polymer films is also of fundamental interest because there are still open 
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questions  [4]-[9].  Due  to  the  significant  surface  to  volume  ratio,  the  glass  transition 

temperature  Tg can decrease or increase for very thin films, depending on the interaction 

between polymer and substrate [4].  Tg also depends on the used experimental technique 

[6]+[7] and is  a  function  of  the  film thickness  [9].  Other  properties  like  diffusion  or 

activation energy of α- and β-relaxation also depend on the film thickness or on polymer-

substrate interactions [4]-[11].

It is therefore desirable to have a practicable and universal AFM method to determine these 

properties for thin polymer films with different thicknesses or on different substrates.

1.2 The millipede project

Today's data storage is mainly based on magnetic and optical disks, and newerdays the 

rising solid state flash disks. The data storage density of hard disk drives has increased over 

the past 50 years by several orders of magnitude. But there seems to be a physical limit of 

about  150  Gb/in²  for  longitudinal  recording  due  to  superparamagnetic  effects  [12]. 

Perpendicular recording is assumed to saturate at 500-1000 Gb/in². The conventional hard 

disks will reach this limit in the next years, and other techniques like patterned media (up 

to 4 Gb/in²)  or thermally assisted recording (up to 10 Gb/in²)  have to be developed to 

achieve  higher  storage  densities.  The  challenge  of  patterned  media  is  to  produce 

inexpensice but reliable disks whereas thermally assisted recording needs hybrid optical 

Figure  1.1:  Left: Millipede concept. A two-dimensional array of cantilever tips read and 

write  indentations  in  a  polymer  storage medium.  Right: Scanning electron  microscopy 

(SEM) image of a section of the cantilever array, showing one cantilever in detail with tip 

at the end. Graphs from [18].
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and magnetic heads to write data at high temperatures very locally.

IBM presented a new data storage concept based on scanning-probe-technique, called the 

„Millipede“  [13]-[16].  It makes  use of the thermomechanical  reading and writing with 

AFM-tips [17], highly parallel and with over one thousand of tips. The high storage density 

of up to 2 Tb/in² and expected data rates of a few MB/s [16] are good preconditions for the 

Millipede to be a serious competitor for flash memory cards or small magnetic hard drives 

used in digital  cameras or portable MP3 players. Its greatest advantage may be that the 

development is still at the beginning, and physical scaling limits seem to be far away.

1.2.1 Nanodrive principle

The Millipede nanodrive (following the IBM Microdrive) works with AFM tips at the end 

of silicon cantilevers to read and write data inscribed in a polymer medium [16]. In the 

latest prototype, an array of 4096 levers in 64 rows is laid out, each row consists of 64 

levers. The cantilevers are linked to control microcircuitry that converts the information 

encoded in the analog pits  into streams of digital  bits.  The polymer is  suspended on a 

scanning table by silicon leaf springs. Tiny magnets and electromagnetic coils are used to 

scan the storage medium across a plane at a constant level over the tips. The tips contact 

the  polymer  using  electrostatic  force,  caused by a  voltage  applied  between the  silicon 

Figure 1.2: Thermomechanical writing and reading process. Graphs from [18].
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substrate  and  the  cantilever.  A  time-multiplexing  scheme,  similar  to  random  access 

memory (RAM) chips in PCs, is used to address the array row by row with full parallel 

write and read operation within one row to achieve a competitive data rate.

Using heat  and mechanical  force, tips  create conical pits  in  linear tracks that represent 

series of digital 1’s as illustrated in figure 1.2. Digital zeros are represented by the absence 

of an indent at predefined position. To produce a pit, electric current travels through the 

lever, heating a low doped region of silicon at the end to 670 K. As the power consumption 

is  critical  for  mobile  applications,  the  heat  pulse for  bit  writing has  to  be as  short  as 

possible. Therefore the cantilevers are equipped with a large platform to use an additional 

electrostatic force during bit writing as can be seen in figure 1.1.

To read data, the cantilevers are partially heated to about 500 K which is not enough to 

soften the polymer. When a scanning tip encounters and falls into a pit, illustrated in figure 

1.2, it transfers heat to the polymer. Its temperature thus decreases, and also the electrical 

resistance  reduces  by about  ∆R/R =  10-4 nm-1.  A digital  signal  processor  converts  this 

output signal, or its absence, into a data stream. The latest Millipede prototype erases an 

existing bit by heating the tip to 670 K and then forming another pit just adjacent to the 

previously inscribed pit, thus filling it in.

For the Millipede,  the polymer medium plays a crucial  role. The first prototype used a 

silicon substrate coated with a 40 nm film of polymethylmethacrylate (PMMA), the same 

material as investigated in the first part of this thesis. Recent prototypes use polystyrene 

based polymer films like the ones used for the electrostatic measurements in the second 

part of this work. The polymer properties are correlated with Millipede-relevant parameters 

like thermal or long-term bit  stability,  the achievable read and write data rate and also 

undesired  tip  wear.  The  mechanism  of  bit  writing  is  sensitive  to  changing  polymer 

properties, therefore it is necessary to study or modify polymers to find the one that meets 

the requirements for this promising new way of data storage.
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2 Fundamentals

The principle of microscopy as a tool to observe small objects is known for many centuries. 

The resolution of optical microscopy is limited by the wave length of the illuminating light 

to about λ/2=0.2 µm (violet light). To achieve higher resolution in microscopy, the electron 

microscope was invented in the early 20th century, based on the same principle with lenses 

and  limited  by the  wave  length  of  the  electrons.  A  completely  different  approach  to 

microscopy  with  atomic  resolution  was  the  Scanning  Tunneling  Microscope  (STM), 

invented by Binnig and Rohrer in 1982 and awarded with the Nobel Prize in Physics in 

1986 [19]+[20]. For this, the quantum-mechanical tunneling effect is used to determine the 

topography of an object by scanning a tip in short distance over the sample.  A further 

development of the STM was the Atomic Force Microscope (AFM) [2], where the small  

interatomic forces are used to map the topography of solid or even liquid samples.

2.1 Basic AFM Operation

In atomic force microscopy, a probe consisting of a sharp tip (tip radius in the range of 10-

20 nm)  located  near  the end of  a cantilever  beam is  raster  scanned across  the sample 

surface using piezoelectric scanners. Forces between the tip and the sample surface, mainly 

Figure 2.1: Illustration of the optical lever detection system [21].
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van-der-Waals  forces,  cause  the  cantilever  to  bend  or  deflect  (figure  2.2).  There  are 

different methods to monitor changes in the tip-sample interaction [22].  The first AFM 

used the STM-principle, but the most common method today is the optical lever detection 

system. The cantilever deflection is measured by bouncing a laser beam off the free end of 

the  cantilever  as  shown in  figure  2.1.  Deflections  of  the  cantilever  due  to  tip-sample 

interactions cause the reflected laser beam to change its angle. The motion of the reflected 

beam is detected by a multiple segment photodiode known as Position Sensitive Detector 

(PSD). The signals of the four segments can be combined in different ways. The addition 

of all four signals gives the total intensity of the reflected laser beam. Most cantilevers are 

reflex-coated to get a high sum-signal. The vertical deflection of the cantilever is given by 

the difference of the upper two segments and the two segments below, the T-B-signal. If 

the tip is held in contact with the sample during scanning, the L-R-signal of the PSD gives 

information about the friction between tip and sample. Adjusting the laser beam very near 

to the free end of the cantilever increases the sensitivity of system, but also decreases the 

sum-signal. A particular operating parameter, the cantilever deflection in contact mode or 

the oscillation amplitude in tapping mode, is maintained at a constant level during scanning 

by a feedback loop. Both parameters are given by the T-B-signal. The movement of the z-

piezo to keep the selected parameter constant is converted into a digital data stream and 

used to generate topography images of the sample.

2.2 AFM imaging modes

Many different  imaging modes  can  be  used  to  produce  topographic  images  of  sample 

surfaces,  mainly contact-,  non-contact  mode,  intermittent  contact  or  TappingMode,  and 

pulsed-force mode.

2.2.1 Contact Mode

In  contact  mode,  the  probe  is  essentially  dragged  across  the  sample  surface.  During 

scanning,  a  constant  bend  in  the  cantilever  is  maintained.  A  bend  in  the  cantilever 

corresponds to a displacement δ z of the probe tip relative to an undeflected cantilever. The 
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applied normal force is given by Hooke's law F=k⋅ z , where k is the cantilever spring 

constant. As the topography of the sample changes, the feedback loop moves the relative 

position of the tip with respect to the sample by changing the voltage at the z-piezo to 

maintain  a  constant  deflection.  Using this  feedback mechanism,  the  topography of  the 

sample  is  thus  mapped  during  scanning by assuming that  the  motion  of  the  z-scanner 

directly corresponds to the sample topography. Low spring constant probes (k < 1 N/m) are 

normally used to minimize the amount of applied force during scanning and to avoid tip 

wear and tip contamination.

However,  significant  deformation  and  damage  of  soft  samples  (e.g.  biological  and 

polymeric materials) often occurs during contact mode imaging in air because significant 

force must  be applied to  overcome the effects  of  surface contamination  (e.g.  adsorbed 

liquid). The combination of normal force, the lateral forces created by the dragging motion 

of the probe tip  across the sample,  and the small  contact areas involved result  in high 

contact stresses that can damage either the sample or the tip or both.

To reduce or eliminate the damaging forces associated with contact mode, the cantilever 

can be oscillated near its first bending mode resonance frequency (normally on the order of 

100-400 kHz) as the probe is raster scanned above the surface in either non-contact mode 

or TappingMode.

Figure 2.2: Interatomic force-distance curve, mainly van-der-Waals interactions.
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2.2.2 Non-contact Mode

In non-contact mode, both the tip-sample separation and the oscillation amplitude are on 

the order of 1 nm to 10 nm [23]. The tip oscillates just above the surface contamination  

layer, essentially imaging the surface of the adsorbed liquid. The resonance frequency and 

amplitude of the oscillating probe decrease as the sample surface is approached due to 

interactions with van-der-Waals and other long-range forces extending above the surface. 

These types of forces tend to be quite small relative to the repulsive forces encountered in 

contact mode. Either a constant amplitude or constant resonance frequency is maintained 

through the feedback loop with the piezo-scanner and, like in contact mode, the motion of 

the scanner is used to generate the topographic image. To reduce the tendency for the tip to 

be pulled down to the surface by attractive forces, the cantilever spring constant is normally 

much larger compared to contact mode cantilevers. The combination of weak forces and 

large spring constants causes the feedback signal in non-contact AFM to be small, which 

can lead to unstable feedback and requires slower scan speeds than either contact mode or 

tapping mode. Also, the lateral resolution in non-contact mode is limited by the tip-sample 

separation and is normally lower than that in either contact mode or TappingMode.

2.2.3 Tapping Mode TM

Tapping Mode [23]-[25] tends to be more applicable to general imaging in air, particularly 

for soft samples, as the resolution is similar to contact mode while the forces applied to the 

sample are lower and less damaging. The disadvantages of TappingMode in comparison to 

contact mode are that the scan speeds are slightly slower and the AFM operation is a bit 

more  complex,  but  these  disadvantages  tend  to  be  outweighed  by the  advantages.  In 

TappingMode, the cantilever oscillates close to its first bending mode resonance frequency, 

as in non-contact mode. The oscillation amplitude of the probe tip is much larger than for 

non-contact mode, often in the range of 20 nm to 200 nm, and the tip makes contact with 

the sample for a short duration in each oscillation cycle. As the tip approaches the sample, 

the tip-sample interactions alter the amplitude, resonance frequency, and phase angle of the 

oscillating  cantilever.  During  scanning,  the  amplitude  at  the  operating  frequency  is 

maintained at a constant level,  called the setpoint amplitude,  by controlling the relative 
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position of the tip with respect to the sample in a feedback loop. In general, the amplitude 

of oscillation during scanning should be large enough such that the probe maintains enough 

energy for the tip to tap through and back out of the surface contamination layer. The phase 

shift  between free and damped oscillation of the cantilever is  also measured and gives 

information  about  energy dissipation  which  can  be  related  to  material  properties  like 

viscoelasticity or stiffness [23]+[26].

2.2.4 Pulsed-Force Mode

An  approach  to  measure  not  only  the  topography  of  a  sample,  but  also  mechanical 

properties  like  adhesion  or  stiffness,  is  the  Pulsed  Force  Mode  (PFM)  [27]  and  its 

extension,  the  Digital  Pulsed  Force  ModeTM [28].  The  z-piezo  is  modulated  with  a 

sinusoidal frequency of about 1 kHz and an amplitude of 20 to 2000 nm. The modulation is 

far away from the resonance frequency of the cantilever so that the tip follows the piezo 

movement. Every cycle of the modulation leads to the characteristic PFM-curve as shown 

in figure 2.3. When the tip is in contact with the sample, the maximum deflection of the 

cantilever  (point  B)  is  used  as  feedback  parameter  to  measure  the  topography.  Other 

parameters which are measured with the PFM are the adhesion (point C) and the stiffness 

which is the ascending slope of the curve from point A to point B. The descending slope 

after point B to point C gives the adhesion stiffness.

Figure 2.3: PFM-curve on silicon, measured with a Si3N4-tip. A: contact with sample, B: 

maximum cantilever-deflection, C: adhesion peak, D: free oscillation of the cantilever [21].
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2.3 Force-Distance-Curves

In  addition  to  the  topographic measurement  modes,  the  AFM  provides  much  more 

information. It can also record the force on the cantilever as the probe tip is brought close 

to or indented into a sample surface and then pulled away with nanometric resolution. This 

technique can be used to measure the long range attractive or repulsive forces between the 

probe tip and the sample surface, local mechanical properties like adhesion and elasticity, 

and even thickness of adsorbed molecular layers.

Force-curves typically show the deflection of the free end of the AFM cantilever as the 

fixed end of the cantilever is brought vertically towards and then away from the sample 

surface. Experimentally,  this  is  done by applying a triangle-wave voltage pattern to the 

electrodes for the z-axis scanner. This causes the scanner to expand and then contract in the 

vertical  direction,  generating  relative  motion  between  the  cantilever  and  sample.  The 

deflection of the free end of the cantilever is  measured as the  z-axis scanner extends the 

cantilever towards the surface and then retracts it again. By controlling the amplitude and 

frequency of  the  triangle-wave  voltage  pattern,  the  distance  and  speed  that  the  AFM 

cantilever tip travels during the force measurement can be varied.

Several  points  along a  typical  force  curve  are  shown schematically in  figure  2.4.  The 

cantilever starts (point A) not touching the surface. In this region, long-range attractive (or 

repulsive)  forces deflect  the cantilever  downwards (or upwards)  before making contact 

with the surface. As the probe tip is brought very close to the surface, it jumps into contact 

(B) if the attractive force between tip and sample is larger than the cantilever force. Once 

the tip is in contact with the surface, the cantilever deflection increases (C) as the scanner 

moves the cantilever closer to the sample. If the cantilever is sufficiently stiff, the probe tip 

may indent into the surface at this point. In this case, the slope or shape of the contact part  

Figure  2.4:  Piezo  and  tip  movement  [21]  and  AFM  force  curve  [29]  at  several 

characteristic points.
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of  the  force curve (C)  provides  information  about  the  elastic  properties  of  the  sample 

surface.  After loading the cantilever to  a desired force, the process is  reversed. As the 

cantilever is withdrawn, adhesion or bonds formed during contact with the surface cause 

the cantilever to adhere to the sample (D) past the initial contact point on the approach 

curve  (B)  because  usually  the  adhesion  is  larger  than  the  jump  to  contact.  A  key 

measurement of the AFM force curve is the point E at which the adhesion is broken and 

the cantilever comes free from the surface. This can be used to measure the rupture force 

required to break the bond or the adhesion force.

As described above, force measurements are made by recording the deflection of the free 

end of  the AFM cantilever  as the fixed  end of the cantilever  is  extended towards and 

retracted from the sample. 

In the force-curve measurement, the T-B-signal of the PSD and the z-piezo position are 

recorded as  shown in  figure  2.5.  The PSD voltage  can  be  converted  into  a  cantilever 

deflection distance by a calibration procedure: The AFM cantilever tip is brought in contact 

with a hard surface on which it can be assumed that the tip cannot indent. The cantilever or 

sample is  thus moved by a known amount  using the  z-axis  scanner.  The AFM system 

records how much PSD voltage is generated for a known deflection which is the slope of 

the calibration curve if it is assumed that the piezo-movement is equal to the cantilever-

deflection on a hard surface. This factor, usually called sensitivity, is used to convert PSD 

measurements into cantilever deflections. Figure 2.5 shows a force-curve on PMMA and a 

calibration curve on silicon. With the calculated sensitivity out of the calibration curve, the 

Figure 2.5: Force-curve measurements on PMMA and silicon.
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force-curve on PMMA can be converted into a force penetration curve (FPC) as shown in 

figure 2.6. Some quantities which can be determined from the FPC are also denoted. The 

slope multiplied with the spring constant of the cantilever, in this case 54.2 N/m, gives the 

contact stiffness. The area between the penetration and the retraction part of the FPC is 

called hysteresis energy and is related to the dissipated energy during the indentation. The 

remanent  depth  is  the  depth  of  the  remaining  deformation  after  the  indentation.  The 

difference  between  maximum  and  remanent  depth,  also  called  're-flow'  [30],  gives 

information about  the elasticity of the sample.  Figure 2.7 shows some schematic  force 

curves of materials with different viscoelastic behavior. The functional dependence of the 

loading  curve  is  determined  by  the  geometry  of  the  indenter  [31]+[32].  A  detailed 

description of force measurements with the AFM is given in [33]-[35].

Figure 2.6: Converted force-distance curve and some quantities of interest.

Figure  2.7:  Schematic  indentation  curves  showing  loading  and  unloading  behavior  of 

ideally elastic (a), ideally plastic (b) and elasto-plastic (c) materials.
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2.4 Electric Force Microscopy

Beyond the various AFM modes described in 2.2, many extensions have been developed to 

measure electric properties at the nanoscale [36]-[46]. Most techniques are based on the 

change in resonance frequency of the oscillating cantilever due to electrostatic forces.

2.4.1 Kelvin Probe Force Microscopy

The most  advanced technique for quantitative measurements  is  the Kelvin Probe Force 

Microscopy (KPFM) [36]+[38]+[39] which is based on experiments made by Lord Kelvin 

in 1861 [47]+[48] and extended by Zisman [49]. KPFM measures local variations of the 

electrical surface potential, and can thereby used to visualize and quantify surface charge 

distributions as well as work function differences.

KPFM is a two-pass technique where in the first pass the topography is aquired in tapping 

mode. In the second pass, the tip is scanned at a certain distance (10-100 nm) above the 

sample,  following  the  previous  recorded  height  data.  The  electrostatic  force  on  the 

cantilever then depends on the potential difference φ between tip and sample as well as the 

gradient of the tip-sample capacity C. By exciting the cantilever electrically with Uac at its 

resonance  frequency  ω,  the  resulting  force  leads  to  a  mechanical  oscillation  of  the 

cantilever, according to Eq. 1.

Figure  2.8: LiftModeTM principle.  In the first pass, the topography is aquired in tapping 

mode.  In the second pass,  the tip  is  scanned at  a certain distance above the sample to 

measure the tip-sample potential difference.
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F  z =1
2

dC
dz

[−U dc−U ac sin t ]2 (1)

This force can be divided in three components:
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As can be seen in  Eq.  3,  the amplitude of oscillation  at  the resonance frequency  ω is 

minimized when the bias voltage Udc is adjusted equal to φ. A two-dimensional image of 

the  surface  potential  of  the  sample  can  be  created.  The  2ω component  leads  to  no 

oscillation of the cantilever as the frequency of the second eigenmode of the cantilever is 

about six times the fundamental resonance. The polarity of the surface potential is given by 

the phase of the oscillation. At positive potential, the cantilever motion is in phase with the 

applied AC signal. In the case of negative potential, the phase shift is 180 degree.

2.4.2 Electric Force Microscopy

EFM is complementary to the surface potential microscopy and similar to the widely used 

Magnetic Force Microscopy (MFM). EFM measures local variations in the electric field 

gradient above the sample. The topography is aquired in a first scan as in KPFM. In the 

second  pass  scan,  the  cantilever  is  vibrated  near  its  resonance  frequency at  a  certain 

distance above the sample. Changes in the resonance frequency due to electrostatic forces 

can be measured by phase detection or frequency modulation. In phase detection mode, no 

additional feedback is necessary. The phase shift of the cantilever oscillation at constant 

frequency is recorded. In the FM mode, the frequency of the drive signal is modulated to 

maintain a constant phase shift.  To increase the image contrast, it can be useful to apply an 

additional DC voltage during the second pass scan. As EFM is based on the measurement 

of the force gradient, the lateral resolution is higher than in KPFM which directly measures 

the  long-range  electrostatic  force.  Details  and  measurements  of  EFM  and  achievable 

resolution will be shown in section 5.2.2.

EFM and KPFM on samples with small height variations offer reliable measurements of 
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the tip-sample interaction. In some other cases, the vertical movement of the cantilever in 

lift  mode  can  lead to  an  apparent  potential  contrast  very similar  to  the topography as 

discussed in section 5.1.3. Here, the interaction between cantilever and sample dominates 

the tip-sample forces. To overcome this topography related contrast, it is possible to scan in 

linear lift mode in the second pass as shown in figure 2.9. Instead of maintaining a constant 

lift height, the tip scans on a plane at a constant average distance from the sample. Since 

the cantilever is  usually much broader than the scanned sample  structures,  the average 

cantilever-sample interaction is almost constant throughout the measurement. Linear mode 

thus  measures  primarily  the  tip-sample  interaction.  The  lateral  resolution  decreases 

compared to normal  lift  mode since the lift  height  is  most  of the time much larger to 

prevent contact with the highest sample features.

Figure 2.9: Scanning procedure in normal lift mode (left) and linear lift mode (right).
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3 Instrumentation and Samples

3.1 Dimension 3100 AFM

All AFM measurements that are shown in this work were made with a Dimension™ 3100 

AFM with Nanoscope® IIIa controller from Veeco Instruments [50]. Some experiments 

were made at IBM Rüschlikon with a Dimension™ 3000 AFM which is almost identical to 

the model 3100. The AFM uses a tube-piezo to move the cantilever in all three dimensions. 

The sample is mounted on the heating stage for temperature-dependent measurements or 

on the standard positioning stage on which very large samples can be mounted. The silicon 

chip with the cantilever at the edge is mounted on a tip holder with a clip and then put onto 

the  piezo-scanner  from  below.  The  whole  microscope  is  located  on  an  electronically 

controlled  vibration-isolating  table,  and  a  wooden  box  covered  with  foamed  plastic 

prevents of acustic noise.

Figure 3.1: Experimental setup with DI 3100 AFM and heating stage in a box, temperature 

controller right above.
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The maximum travel range of the scanner is about 100 µm in x- and y-direction and 6 µm 

in z-direction with an electronic resolution of 16 bit. The position accuracy of the scanner 

is typically <1%, and the uncorrected z-bow of the piezo tube is 2 nm at 10 µm scan size 

respectively 50 nm at 90 µm scan size as stated by the manufacturer [50].

The nonlinearities  of  the piezo  scanner  are  corrected with  a  software solution  and the 

scanner is calibrated regularly. Calibration at high temperatures shows no difference from 

room temperature as described in [29] due to the poor heat flow from the sample to the 

large piezo tube.

The AFM system includes a motorized positioning stage with a resolution of 2 µm and an 

integrated zoom optical microscope. The field of view at highest magnification is 180 µm. 

Both  features  are  useful  for  precise  positioning  of  samples  which  is  necessary  for 

relocation  of  indentations.  This  has  to  be  done if  the  tip  is  changed or  for  long-term 

measurements  (section  4.1.6) where  the  indentations  are  stored  outside  the  AFM and 

measured from time to time.

The AFM is operated with the Nanoscope® software (versions 4.43r6-5.30r3) from Digital 

Instruments  [50].  An  additional  nanoindentation  software  from  Digital  Instruments 

provides the possibility of force curve measurements.  In this operation mode, the tip is 

approached  to  the  sample  surface  as  in  tapping  mode.  After  locating  the  surface,  the 

oscillation of the cantilever for the tapping mode is switched off and a force-distance curve 

is recorded. The sample topography can be imaged directly afterwards without retracting 

the tip off the surface.

3.2 Heating stage and controller

For temperature  dependent  measurements,  a  commercial  heating  stage  from Molecular 

Imaging is used with the AFM, equipped with a LakeShore 330 autotuning temperature 

controller  [51].  The temperature is  measured with a Pt-100 thermometer.  This setup is 

specified with a small temperature drift and an accuracy of  better than 0.1 K. 

The investigated samples  are attached on rectangular copper plates using a highly heat 

conducting epoxy glue (H74 by Polytech) with Tg above 400 K. The samples are then fixed 

on the heating stage, a copper disc with a diameter of 2 cm, with two metal beams as 

shown in figure 3.2.
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3.3 Cantilevers

Most measurements were made with AC160TS cantilevers from Olympus [52] which are 

recommended for dynamic mode AFM. These cantilevers were used for both imaging and 

indentation of the polymer films. They are made of single crystal silicon (n-type) with a 

resistivity of 4-6 Ohm*cm and coated with aluminum (100 nm) on the detector side to 

improve the reflectivity. The specified spring constant is typically 42 N/m at a resonance 

frequency  of  300  kHz.  Several  cantilevers  are  investigated  with  a  scanning  electron 

microscope (SEM) and show a tip radius of 10-20 nm for unused tips (figure 3.3).

The spring constants of the cantilevers are given within a large range, therefore  different 

methods to determine the spring constant have to be considered for quantitative results. 

Figure 3.2: Heating stage for temperature-dependent AFM measurements.

Figure 3.3: Scanning electron microscope (SEM) images of two different unused tapping 

mode cantilevers from Olympus.
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Although several static and dynamic methods have been developed [53], most of them are 

time-consuming and not useful if the cantilevers are often changed. The two methods used 

in  this  study are  based  on the  measurement  of  the  resonance  frequency [54]  or  using 

calibrated  reference  cantilevers  [55].  For  the  latter,  force  calibration  cantilevers  [56] 

without tip at the end are used. Force-curve measurements on these references give the 

spring constant of the selected cantilever. As the cantilevers mainly differ in thickness, the 

calculation of the spring constant using the resonance frequency gives sufficient accuracy 

for most experiments [57]. The spring constant k is then given by

k=k0⋅ 0 
3

(5)

where  k0 and  ν0 are the specified values and  ν the measured resonance frequency of the 

cantilever.

For  electric  measurements,  cantilevers  with  lower  spring  constants  are  used  both  for 

creating and imaging of surface charges.  Most  experiments  were performed with FMR 

cantilevers (used for Force Modulation mode, Reflex coated) from Nanosensors [58]. The 

typical spring constant is specified to 2.8 N/m at 75 kHz resonance frequency. The tip 

radius of unused tips is less than 7 nm and the tip height varies in the range of 10-15 µm.  

These  cantilevers  are  made  of  single crystal  n+-silicon  with  a  resistivity of  0.01-0.025 

Ohm*cm which is sufficiently low for electric force microscopy. This type of cantilever is 

also available with a 25 nm thick coating of chromium and platinum-iridium (Pt95/Ir5) on 

both  sides  of  the  cantilever.  The  tip  radius  with  coating  is  less  than  25  nm.  These 

cantilevers in principle give higher contrast in EFM and KPFM compared to standard tips, 

but in some cases image artefacts occur due to abrasion of the coating [41].

3.4 Samples

3.4.1 PMMA samples

Thin polymethylmethacrylate (PMMA) film of about 40 nm thickness were spin coated 

(2200 rpm) on dehydrated (470 K for 30 minutes) silicon substrates from the solution of 

chlorobenzene (1% concentration). Afterwards the samples were annealed for 30 minutes 

at  450 K. The molecular  weights  are in  the range of 50 to  1000 kg/mol with a broad 
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maximum at Mw = 350 kg/mol. Out of the structure in figure 3.4, the molecular weight Mw 

in terms of the mass unit u and the number of monomers n is given by

M w=100u⋅nR (6)

where  R includes  the  molecular  weight  of  the  endgroups.  The  radius  of  gyration  is 

calculated to be 13 nm [30] which is in the range of the film thickness. The glass transition 

temperature of a bulk sample is at 388 K as measured by differential scanning calorimetry 

(DSC). For normal radically polymerized bulk PMMA, the elastic modulus E is specified 

to 3300 MPa at 298 K [59]. The dynamic shear modulus Gdyn at the same temperature and a 

frequency of 10 Hz is 1700 MPa, and the compressibility κ is given as 250⋅10−12 Pa-1. 

The different moduli are related via

=
3
E
1−2 and (7)

G=
E

21
. (8)

With these formulas for isotropic solids [11],  the Poisson's ratio ν and the static  shear 

modulus G are calculated to ν = 0.36 and G = 1.2 GPa.

3.4.2 SU8 samples

SU8 is  an epoxy based negative photoresist,  originally developed by IBM, and used to 

pattern semiconductor devices with high-resolution [60]. The term epoxy refers to a bridge 

consisting of an oxygen atom bonded to two other atoms, mainly carbon. The eight epoxy 

groups of SU8, illustrated in figure 3.5, can form chemical crosslinks to other monomer 

Figure  3.4:  Molecular  structure  of  polymethylmethacrylate  (PMMA)  and  section  of  a 

PMMA chain.
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units. This leads to a highly crosslinked three-dimensional network. The Poisson's ratio ν 

and Young's modulus E are specified to ν = 0.22 and E = 4.4 GPa [61]. The glass transition 

temperature is at 470 K, and at higher temperatures of about 650 K, the polymer degrades. 

The  thin  films  were  produced  by  spin  coating  on  silicon  substrates  from  solution 

(butyrolaceton).  Afterwards  the  films  were prebaked for  5  minutes  at  368 K and then 

exposed to UV radiation. During the following post exposure bake for 15 minutes at 368 

K, the SU8 is polymerized. In a last step, the films are hardbaked at 473 K for 30 minutes. 

The resulting  film thicknesses  are  in  the  range of  100  nm,  measured  by AFM cross-

sections.

3.4.3 Polystyrene samples

For electrostatic measurements, polystyrene (PS) based thin films are used in addition to 

the  PMMA and  SU8 samples.  This  polymer  is  similar  to  the  ones  used  in  Millipede 

prototypes. The thin films were spin cast from cyclohexanone solution onto silicon wafers. 

The random copolymer of polystyrene and benzocylcobutene (PS-BCB) [62] with a BCB 

content of 30 mol % was thermally cross-linked under nitrogen at 493 K for one hour. The 

cross-linking mechanism is  illustrated  in  figure  3.7.  At  elevated  temperature,  the  C-H 

bonds of the cyclobutane ring open and form crosslinks between the polymer chains. The 

Figure 3.5: Chemical structure of a monomer unit of SU8.
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molecular weight before cross-linking is about 14 kDa. The film thickness of 125 nm was 

determined by scratching the film down to the substrate and measuring the cross-section by 

AFM. For  the  discharge measurements  in  section  5.2.3,  copolymer  films  with  varying 

thicknesses in the range of 21 nm to 125 nm are used. Unless otherwise stated, all electrical 

measurements are made with 125 nm thick PS-BCB films.

Figure  3.7:  Cross-linking  mechanism  of  PS-BCB  at  493  K.  The  C-H  bonds  of  the 

cyclobutane ring open and form crosslinks between the polymer chains.

Figure  3.6: Monomer structures of polystyrene  (left) and benzocyclobutene  (right), both 

with a chemical formula of C8H8.
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4 Indentation experiments

4.1 Measurements on PMMA

The  temperature  dependence  of  mechanical  properties  of  polymers  is  a  field  of  great 

interest  as  discussed  in  chapter  1.  The  different  mechanical  behavior  of  thin  films  in 

contrast  to  bulk  samples,  the  interaction  with  various  substrates  and  the  dynamics  of 

nanometer sized features are only some areas which are under investigation.

4.1.1 Force-curve measurements

The basics of force curve measurements with the AFM and the calibration procedure are 

described in section 2.3. Different parameters can be calculated from these force curve data 

which give information about the mechanical  properties of the thin polymer films.  The 

temperature  dependence  of  these  properties  can  also  be  investigated.  For  quantitative 

measurements, arrays of 8x8 or 10x10 indentations with same maximum forces for all or 

decreasing maximum forces  for  each row are made in  an  array size  of  2x2  µm².  The 

indentations are imaged afterwards in TappingMode with the same tip with a scan rate of 1 

Hz and a resolution of 256x256 pixel. At higher temperatures, faster scanning is needed 

due to the accelerated relaxation of the indentations. Therefore arrays of 5x5 indentations 

are created in an array size of 1x1 µm² and scanned afterwards with a scan rate of 2 Hz. In 

this case, all 25 indentations are made with the same maximum force.

4.1.2 Force curves at various temperatures

A typical force-penetration curve (FPC) on the PMMA-film at 298 K is already shown in 

figure 2.6. For comparison of results measured with different cantilevers, it is necessary to 

consider the tip shape and possible tip wear or tip contamination. To exclude the latter, 
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indentation  measurements  with same parameters  were made at  beginning and end of a 

measurement series As the recorded FPCs are nearly identical as can be seen in figure 4.1,  

particularly the penetration slope, a change in the tip shape can be neglected. If forces of 

about 1.5-2 µN or higher are applied for indentation measurements,  a characteristic tip 

break can be observed in the first FPC of an array. This tip break is also visible in SEM 

images of the used cantilevers, revealing a tip radius of about 50 nm after the breaking 

[57]+[64]. The initial tip radius is in the range of 10-20 nm. The contact stiffness after tip  

break measured with different cantilevers is in the range of 70  ± 4 N/m. With a contact 

radius of 10 nm, this gives in first approxomation [57] an elastic modulus of about E = 3 

GPa whereas the bulk value is E = 3.3 Gpa [59]. The spring constants used for calculation 

are in the range of 28-62 N/m, determined by the resonance frequency method. The small 

variations in the contact stiffness shows that the tip shape and tip radius after the break are 

comparable for different cantilevers. Another quantitiy of interest is the hysteresis energy 

which is the area inside the FPC. It gives information about the dissipated energy and thus 

the viscoelasticity of the polymer. The measured values between 1x10-14 J and 4x10-14 J (60-

250 keV) are also in the range of other measurements in literature [63].

The force measurements  can also be realized at elevated temperatures to determine the 

temperature dependence of some mechanical properties of the polymer. All measurements 

Figure  4.1:  FPCs at 363 K, one with almost new tip (o) and one with the same tip after 

several hundred indentations at various temperatures (x), measured two days later.
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in this section are made with one cantilever with a spring constant of 39.6 ± 2 N/m. At each 

temperature, an array of indentations is created. FPCs at different temperatures are shown 

in figure 4.2. All Curves were made with a maximum cantilever deflection of 48 nm and 

thus with a peak indentation force of 1.9 µN.

The FPC at 363 K shows that the point of maximum indentation depth is not reached at the 

peak indentation load, but shortly after. This means that the tip penetrates further into the 

polymer although the applied force is reduced. This effect is called 'post-flow' and occurs 

because  the  polymer  film  is  not  in  an  equilibrium  state  during  the  indentation.  The 

difference between the maximum indentation depth and the remanent depth is called 're-

flow' and is related to the elastic behavior of the polymer film during unloading. These two 

effects are described in detail in [29] and [30].

The FPCs show the temperature dependence of some mechanical properties. The contact 

stiffness which is the slope of the FPC multiplied with the spring constant of the cantilever 

decreases  with  increasing  temperature.  This  represents  the  expected  softening  of  the 

polymer film. The FPCs at higher temperatures are nonlinear, showing a stiffening in the 

region of 20-30 nm indentation depth. This can be related to the changing tip shape, from a 

half-sphere to a more pyramidal shape. The softening in the region of 30-35 nm indentation 

Figure 4.2: Force curves on PMMA at sample temperatures of 323 K, 363 K, 383 K and 

403 K (from left to right).
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depth,  clearly visible  at  403 K, indicates the rupture of the last  few nanometers of the 

polymer film. Due to the decreasing indentation slope, the maximum indentation depth for 

a constant  peak indentation  force increases.  It reaches a maximum of 43 nm which is 

equivalent to the film thickness. The penetration to the substrate is indicated by the peak in 

the FPC at 403 K. The last part of the loading curve is almost a vertical line which means 

that although the force increases, no further indentation can be achieved. The tip has thus 

reached the silicon substrate. The film thickness of 43 nm is also given by scratching the 

polymer  film and measuring  the  step  height.  Another proof  for  the  penetration  of  the 

polymer film is described in [29]. Here, gold is evaporated on the polymer film with an 

arrays of indentations. The polymer film is removed afterwards using an alkaline remover 

and the remaining gold islands can be imaged with the AFM.

All parameters of the FPCs depending on the temperature of the thin film can be plotted 

seperately and show different properties of the polymer. One parameter that changes with 

temperature is  the indentation slope, measured in the first  10 nanometers of the FPCs. 

Multiplied with the spring constant of the cantilever, this gives the contact stiffness. In 

figure 4.3, this quantity is plotted depending on the sample temperature. It decreases almost 

linear with increasing temperature and shows a change in  the slope at the glass transition 

temperature of 388 K. This provides the possibility to measure Tg of thin films locally by 

Figure  4.3:  Contact  stiffness  depending  on  the  sample  temperature.  All  data  points 

measured with the same cantilever and averaged over 25 force curves.



39

temperature dependent force curve measurements. In our case, the measured value is the 

same as given by bulk DSC measurements (section 3.4.1). Although the absolute values of 

the contact stiffness depend on parameters like tip shape or tip radius, the change at Tg can 

be measured anyway.  A second quantity given by the FPCs is the maximum indentation 

depth. It increases with increasing temperature for a constant peak indentation load.  At 

higher  loads,  this  change is  more  defined due to  the nonlinearity of  the FPCs at  high 

temperatures (figure 4.2). A simple model for this is the rupture of the last few nanometers 

of the polymer film slightly before the tip penetrates to the substrate. It becomes visible 

only at temperatures slightly below Tg and is therefore responsible for the strong increase in 

maximum depth at given load.

Another parameter determined out of the FPCs is the dissipated energy into the polymer, 

shown in figure 4.4. A change at Tg can also be seen, but not that clear as in the contact 

stiffness. The temperature range in figure 4.4 is smaller than in figure 4.3 due to the more 

complicated analysis. As shown in figure 4.2, the hysteresis energies are given only for 

certain maximum indentation depths. At each temperature, an array of 8x8 indentations 

was made. The hysteresis energies at 30 nm and 35 nm maximum indentation depths as 

shown in figure 4.4 are therefore interpolated out of the given values of the FPCs. At 

temperatures below 373 K, the measured FPCs do not reach a maximum indentation depth 

of 30-35 nm, and an extrapolation could produce large errors and is therefore not applied. 

Figure 4.4: Hysteresis energies at constant maximum indentation depths of 30 and 35 nm.
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One  contribution  to  the  hysteresis  energy  is  the  additional  surface  A by  forming  a 

permanent indentation. Compared with the measured values shown in figures 2.6 and 4.4, 

the surface energy E A=⋅A is only about 1 % at 293 K and 3 % at 423 K of the total 

hysteresis energy. The values of the surface tension  σ are 4.11⋅10−2 N/m at 293 K and

3.12⋅10−2 N/m at 423 K, taken from [59]. The influence of the surface energy increases 

with temperature, but most of the hysteresis energy is due to the visco-plastic deformation 

of the polymer film.

4.1.3 Time evolution of topography

Figure  4.5: Subsequent images of indentations at 391 K, scan size 2 µm, z-scale 8 nm. 

Times after creation of the indentations: 4 (a), 17 (b), 31 (c), 44 (d) minutes.
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Beside the FDC measurements,  it  is  also possible  to  image the created indentations  at 

various temperatures and investigate their thermal stability. Therefore the indentations are 

created at  a selected temperature and imaged subsequently at  this  temperature with the 

same cantilever for some hours. A series of images at 391 K is shown in figure 4.5. To 

investigate the stability on a time scale of weeks, the sample with indentations created at a 

certain temperature is stored at this temperature and measured with one cantilever from 

time to time. Additional information can be determined if the indentations are created at a 

selected temperature and imaged at higher temperatures.

4.1.4 Quantitative topography measurements

It is inaccurate and time-consuming to measure the bit  depth by cross-sections because 

every bit has to be selected manually out of each image. This method is not suitable for 

quantitative measurements with large numbers of indentations.

Instead  a  special  analysis  program  was  developed  [29]  that  gives  the  possibility  of 

automated analysis of large numbers of indentations. In this program shown in figure 4.6, 

one can select the indentations that should be analyzed. For each indentation, the origin in 

z-direction  is  calculated  out  of a  surrounding quadratic  area.  All  points  with a  z-value 

above this origin belong to the pile-up whereas all other points belong to the indentation. 

Figure 4.6: Screenshot of the analysis program.
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Several  quantities  are  determined  automatically,  including:  minimum  z-value  of  the 

indentation and maximum height of the pile-up, volume and surface of the indent, volume 

and surface of the pile-up. The program can average the values of indents in one row or any 

other selected configuration and also calculates the standard deviation. It also provides the 

possibility of analysing sequences of topography images automatically. The once selected 

indents are used as mask for following images. This enables to determine the depths of 

large numbers of indents with good accuracy. Especially the possibility to average selected 

indents reduces errors that may appear while recording force-distance curves or during the 

imaging process.

4.1.5 Relaxation of indentations

The measurement of indentations at room temperature show no change of the indentation 

depths  within  some  hours.  But  in  the  range  of  the  glass  transition  temperature,  the 

indentations show a decrease of depth. The velocity of this decrease depends on the sample 

temperature: Above Tg, the indentations vanish completely within some hours as already 

shown in figure 4.5. These indentations are made at 391 K by recording force-distance 

curves as described in the last section. The topography is imaged subsequently with the 

same cantilever.

The measurements of the time evolution of indentation depths show a relaxation which is 

fitted with an exponential function for the indentation depth d(t) by

d t =d 0⋅e−t / d offset (9)

where doffset is the remaining depth after the relaxation and τ is the relaxation time constant. 

The measured indentation depths and the exponential fit curves, calculated with Eq. (9), are 

shown in figure 4.7 for two temperatures below and above Tg. At temperatures below 353 

K, the relaxation is very slow and the decrease in depth is too small so that no reasonable 

time constants can be measured. At temperatures above Tg, the relaxation is very fast with 

time constants of only a few minutes so that it is difficult to measure with the AFM. Each 

topography image of the indentations needs at least 2 minutes at a scan size of 1 µm with 

reliable scan parameters of 2 Hz scan rate and 256 lines per image.

The  offset  doffset in  the  fit  curves  is  necessary because  the  indentations  do  not  vanish 

completely below  Tg.  This  also shows a long-term measurement  which is  described in 
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section  4.1.6.  Important  for  the  relaxation  measurements  is  whether  imaging  of  the 

indentations  influences the relaxation mechanism. Therefore two different data sets at the 

same temperature of 383 K are recorded. For the first data set, the indentations are imaged 

continously. For the second set, the indentations are imaged only at defined times. In the 

meantime the tip is retracted from the sample. Both series of measurements show almost 

the same decrease in depth at comparable points in time [57]. Scanning in TappingMode 

therefore has a negligible influence on the polymer relaxation.

The  exponential  data  fit  is  an  approximation,  a  better  data  fit  would  be  stretched 

exponential  [11]+[65].  But  therefore  more  data  points  would  be  necessary  because 

stretched exponential needs more fit parameters, specifically

d t =d 0⋅exp[−t /]d offset , (10)

where β is the stretching parameter of the so-called Kohlrausch-Williams-Watts (KWW) 

equation. The errors of a simple exponential fit seem to be small because the total time of 

imaging  the  relaxation  is  between  one  and  three  hours.  Noticeable  deviations  from a 

stretched exponential  data  fit  appear  only at  a  larger  time  scale  [11].  Due to  this,  the 

measurements  of the relaxation  of the indentations  are fitted  with a single exponential 

function. The resulting time constants τ are shown in table 1. All measured time constants 

of the polymer relaxation in an Arrhenius-plot of τ vs. 1/T (figure 4.8) show significantly 

the glass transition of the PMMA film at 388 K. The error bars indicate minimum and 

maximum time constants out of the fit curves of measurements with different cantilevers 

and peak indentation forces.

Figure 4.7: Relaxation curves and exponential fit at two temperatures in the range of the 

glass transition. The dashed lines indicate the deviations between data and fit.
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Table 1: Averaged relaxation time constants.

T / K 353 363 373 383 388 391 393 395

τ / min 78 51 38 31 29 13 8 3.5

Fmax / µN 1.1 2.1 1.2 2.3 1.8 1.8 3.1 1.8

Some data points shown in figure 4.8 are measured several times with different tips and 

indentation forces to prove the independence of this method from these parameters. The 

exponential  fit  curves  give  same  values  for  the  relaxation  time  constants. The  great 

advantage of this method is the independence of the tip shape and the spring constant of the 

cantilever. It is also independent of the applied peak indentation force of up to 3.1 µN. The 

measurement of the relaxation time constant is therefore a method to measure the glass 

transition temperature ot the activation energies on the nanometer-scale locally, depending 

on film thickness or substrate. It may also provide information about viscosity, diffusion 

coefficient or the type of relaxation. At temperatures below Tg, the nonlinearity in figure 

4.8 shows deviations from a typical Arrhenius-behavior. 

The linear part of the curve gives the possibility to calculate an activation energy EA for the 

Figure  4.8:  Arrhenius-plot  of  averaged relaxation  time constants  of  indents  in  PMMA. 

Dashed  lines  represents  a  WLF  fit  for  temperatures  above  Tg.  Insert  shows  the  total 

decrease in bit depth, calculated out of the exponential fit curves by Eq. (14).
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β– or side-group relaxation, in this case the rotation of the COOCH3-group (see figure 3.4). 

The typical Arrhenius-behavior is commonly [10] described by

ln aT=ln 
0

=
Ea

R
 1
T
− 1

T 0
 (11)

with the temperature dependent shift factors aT and a reference temperature T0 of about 323 

K. The relaxation time constant is thus given by

= 0⋅e
E A/RT . (12)

The calculated activation energy is  EA = 22 kJ/mol,  measured in the temperature range 

between 373 K and 388 K, and EA = 39 kJ/mol in the range between 353 K and 373 K. 

These values are below the measured bulk value of 67 kJ/mol [66]. Although another type 

of PMMA with different molecular weight is used, the measured activation energies for the 

thin film are clearly below measured bulk values. Other experiments on thin films give a 

value of 50 kJ/mol [10]. This decrease in activation energy suggests a greater mobility at 

the polymer surface due to the confined geometry.

Above Tg, it is also possible to determine a quantitiy similar to the activation energy below 

Tg. In the temperature range of 388 K to 393 K, a value of 327 kJ/mol is calculated. This 

can be related to the α-relaxation due to conformational changes [67]+[68].

Above T, the relaxation is usually described by the so-called WLF [69] equation:

ln 
0

=−
C 1T −T g
C2T −T g

(13)

with universal constants C1 = 17.44 and C2 = 51.6. The dashed line in figure 4.8 shows the 

calculated time constants using Eq. 13. Although fast imaging in TappingMode at high 

temperatures  is  sensitive,  the measured time constants  fit  quite  well  to  the WLF-based 

values. 

Table 2: Measured and calculated time constants.

T / K 388 391 393 395 398

τ / min 29 13 8 3.5

WLF / min 29 11 6 3.6 1.7

Another result of the relaxation curves, interesting especially for the Millipede project and 

the  thermal  stability  of  nanometric  structures,  is  the  total  decrease  of  the  indentation 

depths. It is calculated from the fit curves by
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d t =d 0⋅e−t / d offset ⇒ decrease=1−d offset /d 0 (14)

where d 0=d 0d offset is  the  indentation  depth  instantly  after  creation  and  doffset the 

indentation depth after the polymer relaxation within some hours. The insert in figure 4.8 

shows calculated data points out of the fit curves of the relaxation shown in figure 4.7. At 

temperatures below 373 K, the decrease is only in the range of 10-20 %. Above  Tg, the 

values increase strongly and for longer times above Tg, the indentations vanish completely. 

Below Tg, the indentations show a second relaxation mechanism over a longer period with 

much higher time constant which is described in the long-term measurement in the next 

section.

4.1.6 Long-term measurement

So far, the relaxation of indentation within some hours has been determined and analysed. 

To investigate the thermal stability on a time scale of weeks, a long-term experiment is 

prepared. An array of 8x8 indentations on PMMA is made, stored and measured from time 

to time always at the same temperature of 353 K. All measurements are made with the 

same cantilever  tip.  Figure  4.9  shows this  array with  different  peak indentation  forces 

shortly after creation and after more than 30 days of storage at 353 K.

The evaluation of the indentation depths (figure 4.10) shows a second relaxation with much 

Figure  4.9:  Topography of  indentations,  created  and  measured  at  353  K.  Right  image 

shows same array after 30 days storage at 353 K, measured with same cantilever. Scan size 

2 µm, z-scale 10 nm.
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larger time constant. The first relaxation within some hours gives a time constant of 78 min 

as shown in figure 4.8. After this, the sample was stored at 353 K on a hot plate. The data 

points  in  figure 4.10 show the data  of the same indentations,  measured with the same 

cantilever. The peak load during bit writing is noted, corresponding to rows 1,3,5 in figure 

4.9.  A  second  relaxation  with  a  time  constant  of  about  eight  hours  can  be  observed. 

Especially  the  indentations  with  a  peak load  of  2.3  µN suggest  that  after  this  second 

relaxation, the indentation remain stable for at least several weeks.

This long-term experiment shows that a stretched exponential  data fit  which includes a 

spectra of time constants has to be applied at time scales larger than several hours. Due to 

the small number of data points in figure 4.10, only a simple exponential data fit is used to 

calculate the time constant.

4.1.7 Heating of indentations

A different way to determine thermal properties of the polymer film is to create and image 

the  indentations  at  different  temperatures.  Similar  to  the  relaxation  measurements  in 

section 4.1.5, the indentations are created at a selected temperature, but then the sample 

Figure 4.10: Relaxation of indentations over 30 days, stored and measured at 353 K. Insert 

shows same data with a logarithmic time scale.
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temperature is  increased and the topography is  imaged again. At room temperature,  no 

significant relaxation of indentations within several hours is visible. An extrapolation of 

the Arrhenius-plot in figure 4.8 yields a time constant of over 100 days at 298 K. The 

decrease of depth as shown in figure 4.8 is also clearly below 10 %. To induce a relaxation, 

the indentations created at 298 K are heated up to 323 K and measured again about half an 

hour after setting the temperature to 323 K. This measurement shows a large decrease of 

about 40 %, independent of the maximum indentation forces. At higher temperatures the 

additional relaxation (figure 4.7) has to be considered. Therefore the indentations are kept 

at a certain temperature for some hours until the first relaxation is almost finished. Table 3 

shows all heating experiments with the applied temperatures and the resulting decrease in 

depths.  These  measurements  show a  much  larger  decrease  compared  to  the  relaxation 

measurements  in  figure  4.8  which  means  that  the  indentations  are  very  sensitive  to 

temperature changes.

Table 3: Averaged decrease in depths

Start temperature 298 K 298 K 323 K 363 K
End temperature 323 K 348 K 348 K 378 K
Decrease in depths 40±4 % 47±3 % 22±5 % 32±1 %

This  instability  of  the  indentations  suggests  that  during  the  force  distance  curve 

measurements, a stress field is build up in the surrounding polymer. The stress field relaxes 

if a certain energy, in this case thermal energy, is provided to the polymer. This is similar 

to the erasure method of the Millipede (see section 1.2.1). Further heating experiments, 

also with thermal written indentations, are presented in the next section.
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4.2 Measurements on SU8

4.2.1 Long-term measurement, sample I

The  previous  measurements  on  PMMA  showed  the  relaxation  dynamics  at  elevated 

temperatures within several hours. At room temperature, the low mobility of the polymer 

leads  to  no  visible  relaxation  after  several  days.  For  a  real  data  storage product,  it  is 

necessary to have a sufficient long-term stability so that the written bits are readable after 

several years. One standard procedure is to accelerate the bit relaxation by measuring at 

elevated temperatures as shown in section 4.1.6. Another simple method is to measure the 

stability for several years under ambient conditions. Figure 4.11 shows bits written with a 

heated tip on SU8. The sample was stored afterwards at room temperature in a cardboard 

box  to  prevent  degradation  of  the  polymer  by  UV  radiation.  The  temperature  varied 

between 288 K and 308 K, and the relative humidity was in the range of 15-65 %. For 

quantitative  analysis,  the  bit  depths  of  an  array  of  15x15  indentations  are  measured 

automatically as described in section 4.1.4. The averaged values are shown in figure 4.12. 

It has to be noted that the first 11 data points are measured with the same cantilever. The 

decrease in depth between points 2 and 11 is less than 10 % which represents a remarkably 

high stability of the indentations. It also shows that long-term imaging in TappingMode on 

SU8 neither changes the polymer surface nor leads to measurable tip contamination. The 

Figure  4.11: Long-term measurement of bits written on SU8-sample I with a heated tip. 

Left image (a) shows overview of all  indentations,  scan size 10*10 µm².  Right images 

(b+c) show a magnification of the lower right bit field used for analysis, scan size 2*2 µm². 

The sample was stored at room temperature for several years between images (b) and (c). 

Z-scales are 10 nm (a) and 20 nm (b+c).
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two peaks in figure 4.12, points 4 and 9, correspond to images where the bit rows and the 

scanning direction  are not  parallel,  similar  to  figure 4.11 (b).  As  both  the  tip  and the 

indentations are not symmetric, the rotation angle between tip and sample influences the 

measurable bit depth. The last points are measured with new tips of the same type and 

therefore give higher values of the average bit depth. Extrapolation of the measurements 

with the same tip show that a decrease of 20 % takes at least 100 years which is far beyond 

the lifetime of standard data storage products.

4.2.2 Indentations at 353 K, sample II

The experiments on PMMA and SU8 presented in chapter 4 showed two ways of creating 

indentations: with an unheated AFM tip and high load ('cold bits') or with a heated tip and 

less load as used in the Millipede project ('hot bits'). As the tip temperature and the peak 

indentation load are essential parameters of the bit writing process, the thermal and long-

term stability of these bits are investigated in this section. The high stability of bits on SU8 

at room temperature has already been described in the previous section.

Figure 4.12: Average depth of 225 indentations on SU8-sample I. The sample was stored at 

room temperature for over 39 months. First 11 data points measured with same cantilever, 

last two data points with new tips of the same type.
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The second sample of the series, from now on called 'sample II', is the first one with hot 

and cold written bits. The bits on sample II were written with a heated tip and varying peak 

load during indenting as displayed in figure 4.13. The lines are counted from the bottom 

up. The sample is then heated up to 353 K and stored on a hot plate at this temperature.  

From time to time the bit depths are measured also at 353 K with the AFM. The right 

image in figure 4.14 shows the same bits after 72 days at 353 K. The bit depth analysis 

shown in figure 4.15 indicates that the stability of the indentations depends on the writing 

Figure 4.13: AFM image (2*2 µm², z-scale 10 nm) and average bit depths of hot written 

bits on SU8-sample II with varying peak indentation load during writing. Lines are counted 

from the bottom up.

Figure 4.14: AFM images (2*2 µm², z-scale 10 nm) of hot written bits on SU8-sample II. 

The sample was stored and measured for 72 days at 353 K. Left image made with DI 3000 

AFM at Rüschlikon, calibration error in y-direction (slow scan axis).
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conditions.  The largest bits  exhibit  the lowest  relative decrease in bit  depth.  The large 

deviations in bit depth within one line are caused by measuring at 353 K. Experiments on 

various SU8 samples show that at temperatures of 353 K or higher, the polymer gets soft 

and sticky and difficult to measure with AFM. The measurements on sample V in section 

4.2.3 will also demonstrate this problem.

The  first  five  data  points  in  figure  4.15  are  measured  at  298  K.  After  the  third 

measurement, the tip was changed. This ideally increases the measurable bit depth if the 

first tip gets blunt or picks up dirt of the sample due to extensive scanning. This occurs 

when the position of the bit field on the sample is not exactly known. The samples are 2*2 

cm² pieces of coated silicon, and the bits are located several hundreds of micrometers away 

from one corner of the sample. The bits are written in a Millipede prototype and afterwards 

measured with the AFM. An uncertainty of a few percent in the position or a tilt of the 

sample on the AFM stage are enough so that the first AFM scan at the predefined position 

misses the written bits. In some cases, several scans with 30-50 µm scan size around the 

assumed position are necessary to find the bit field. Scanning with the maximum scan size 

is not useful due to the limitation of 512 pixel per scan line. At a scan size of 50 µm, each 

pixel represents 100*100 nm² which is about the size of one indentation. Small bit fields 

Figure 4.15: Bit depth analysis of hot written bits on SU8-sample II over 72 days of storage 

and measurement at 353 K. Last data point measured at 298 K.
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may then not be detected in the AFM image although the scan position is correct.

The bits on sample II are stored for 72 days on a hot plate at 353 K. The last data point in 

figure 4.15 is measured again at 298 K. Compared to the first data point at 298 K with the 

second cantilever, a total decrease in depth of 14 / 34 / 41 % of the bits in lines 2 / 15 / 7 is 

measured. Similar to the experiments on PMMA in section 4.1.8, this decrease is mainly 

due to the first heating from 298 K to 353 K. At this elevated temperature, the indentations 

show no remarkable relaxation over several weeks.

On the same sample, another bit field was written with an unheated AFM tip, shown in 

figure 4.16. The peak indentation load increased top down from 2.4 µN to 4.0 µN. The 

sample was afterwards heated up and stored at 353 K. The bit depth analysis in figure 4.17 

gives a total decrease in depth of about 50 %. This demonstrates the higher temperature 

stability of hot written bits. The high tip temperature during writing melts the polymer and 

leads to a weaker stress field compared to writing with high indentation load. On PMMA, a 

similar experiment with cold written bits was performed (table 2). Heating from 298 K to 

348 K results  in a total  decrease in depth of 47 % which is  almost  the same value as 

measured on SU8.

To complete the series, two further SU8 samples were used. Sample V includes hot and 

cold written bits, created at 298 K and afterwards stored and measured at 403 K. Sample 

VII includes comparable bit fields, created at 298 K. In contrast to sample V, the bits are 

afterwards stored at 403 K, but measured at 298 K.

Figure 4.16: AFM images (2*2 µm², z-scale 10 nm) of cold written bits on SU8-sample II. 

The sample was stored and measured for 72 days at 353 K. Left image made with DI 3000, 

calibration error in y-direction.
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4.2.3 Indentations at 403 K, sample V

The  AFM  image  in  figure  4.18  shows  hot  written  bits  at  298  K  with  varying  tip 

temperature and peak load during writing. For quantitative analysis, always one array with 

nine bits is written with constant parameters. The arrays are counted from left to right and 

from the bottom up. The sample is then heated up to 403 K and stored on a hot plate at this  

temperature. From time to time the bit depths are measured also at 403 K with the AFM.

The right image in figure 4.19 shows the same bits after 11 days at this high temperature. 

This image also demonstrates  the problem of scanning with the AFM on SU8 at  high 

temperatures.  There  is  little  scope  in  the  scan  parameters  to  get  a  stable  image  in 

TappingMode. The resulting bit depth analysis is displayed in figure 4.20. The first three 

data points are measured at 298 K. After the second point, the tip was changed as already 

discussed at  sample  II. Unfortunately the  analysis  revealed  that  the new tip  performed 

worse than the used one. Nevertheless it shows that the heating procedure leads to a large 

decrease in depth, followed by a slow relaxation at 403 K. To get reliable data, the sample 

was cooled to room temperature after 11 days and measured again with a new tip. Taking 

all data points into account, a total decrease in depth of about 70 % is measured. The data 

Figure  4.17: Bit  depth analysis  of cold written  bits  on SU8-sample  II over 72 days of 

storage and measurement at 353 K.
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points 3-6, disregarding the measurements with the first tip, give a total decrease of about 

50 %. The AFM images additionally show that small bits vanish completely and thus give 

information about the minimum writing temperature and load.

Similar to sample II, another bit field with cold written bits was created on sample V. The 

peak indentation load decreased top down from 2.5 µN to 1.0 µN as shown in figure 4.21. 

The bits were created at 298 K and then heated up and measured again at 403 K. The AFM 

images show that most of the indentations vanish completely. For the bit depth analysis in 

figure 4.22, only the remaining detectable bits are used. Knowing the problem of scanning 

on SU8 at high temperatures, the last data point was measured at 298 K with a new tip. The 

Figure 4.18: AFM image (2*2 µm², z-scale 10 nm) and average bit depths of hot written 

bits on SU8-sample V with varying peak load and tip temperature during writing.

Figure 4.19: AFM images (2*2 µm², z-scale 10 nm) of hot written bits on SU8-sample V. 

The sample was stored and measured for 11 days at 403 K.
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resulting  indentation  depths  of  around  one  nanometer  are  already in  the  range  of  the 

roughness of the polymer film. The largest bits show a total decrease of about 70 %, and 

for small indentations, a complete relaxation can be assumed by heating to 403 K. The 

measurements on sample V revealed that scanning on SU8 at high temperatures is critical 

and may affect the tip and also the indentations itself. If for example polymer sticks to the 

Figure 4.20: Bit depth analysis of hot written bits on SU8-sample V over 11 days of storage 

and measurement at 403 K. First three and last data point measured at 298 K.

Figure 4.21: AFM images (2*2 µm², z-scale 7 nm) of cold written bits on SU8-sample V. 

The sample was stored and measured for 11 days at 403 K.
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tip  and gets  off  while  scanning an  indentation,  the  measurable  bit  depth  decreases  by 

mistake.

4.2.4 Indentations at 403 K, sample VII

The avoid the last mentioned problem, the experiments  with sample V are repeated on 

sample VII with the only difference that the AFM measurements are always performed at 

298 K. The 9-bit arrays in figures 4.23 and 4.24 are again counted from left to right and 

from the bottom up. On this sample, multiple fields with indentations as shown in figure 

4.24 have been written. To identify the selected field, additional indentations in the left 

lower corner indicate the field number. Figure 4.24 shows field 5 with hot written bits at 

298 K. The sample was then heated up to 403 K and stored for 32 days at this temperature 

on a hot plate. The bit depths were measured from time to time at 298 K. After the AFM 

measurement, the sample was put back on the hot plate. This procedure avoids imaging at 

high temperature on SU8. The right AFM image in figure 4.24 illustrates the expected 

higher quality compared to the measurements on samples II and V in figures 4.19 and 4.21.

The bit depth analysis in figure 4.25 shows the relaxation of selected bit arrays of the fields 

Figure  4.22: Bit  depth analysis  of cold written bits  on SU8-sample V over 11 days of 

storage and measurement at 403 K. First two and last data point measured at 298 K.
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2 and 5 on sample VII. A large decrease in depth of about 65-70 % is measured after 

heating from 298 K to 403 K. At this tempreature, the indentations show a further decrease 

of around 15 % after 32 days. A subsequent cooling down to 298 K and heating again to 

403 K leads to no remarkable relaxation. Although the absolute decrease in depth is quite 

large, most of the bits are still  clearly visible in the AFM image. Another effect which 

contributes to the large decrease value is the high bit density of the larger bits in figure 

4.23. Measurements with almost independent indentations on samples II and V showed that 

larger bits are less affected by temperature changes.

Figure 4.23: AFM image (2*2 µm², z-scale 20 nm) and average bit depths of hot written 

bits on SU8-sample VII with varying peak load and tip temperature during writing. Arrays 

counted from left to right and then bottom up.

Figure 4.24: AFM images (3*3 µm², z-scale 10 nm) of hot written bits on SU8-sample VII. 

The sample was stored for 32 days at 403 K and measured from time to time at 298 K.
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On sample VII, another array of indentations was created with an unheated tip at 298 K, 

shown in figure 4.26. The peak indentation load decreased top down from 2.7 µN to 0.7 

µN. These bits were also heated up to 403 K, stored on a hot plate and measured from time 

to time at  298 K. The image quality is  much better,  but again most  of the bits  vanish 

completely. The bit depth analysis in figure 4.27 gives a relative decrease of about 65 % 

while heating up to 403 K. After 32 days at this elevated temperature, a  further decrease of 

around 20 % is measured. According to the experiments with sample V, it has to be noted 

that  the  vanished  indentations  are  not  used  for  analysis.  The  bit  depth  of  around one 

nanometer is already in the range of the roughness of the polymer film.

These  measurements  on  various  SU8 samples  clearly show the  higher  stability  of  hot 

Figure 4.25: Bit depth analysis of hot written bits on SU8-sample VII, fields 2 (left) and 5 

(right). The sample was stored for 32 days at 403 K and measured always at 298 K.

Figure  4.26: AFM images (2*2 µm², z-scale 10 nm) of cold written bits on SU8-sample 

VII. The sample was stored at 403 K for 32 days and measured always at 298 K.
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written bits.  Writing with an unheated tip  causes a stress field inside the polymer,  the 

material  is  mainly  compressed.  Writing  with  a  hot  tip  increases  the  mobility  of  the 

material, and the polymer chains can rearrange. By heating up the sample, the higher stress 

of the cold written bits leads to a larger and faster relaxation of the indentations. At 403 K, 

most of these bits vanish completely. The hot written bits also show a large decrease, but 

most of the indentations are still clearly visible after several weeks.

A  second  observation  is  that  only  the  first  heating  procedure  is  responsible  for  the 

relaxation of the indentations. Further cooling and heating of the sample has no noticeable 

influence  on  the  measured  decrease  in  depth.  By heating  up,  the  polymer  reaches  a 

temperature dependent equilibrium. Cooling down freezes this state, and heating again to 

the previous temperature leads to the already reached equilibrium. Further relaxation can 

be achieved by heating to higher temperatures.

The strong relaxation of the large indentations on sample VII is mainly caused by the high 

bit density. Measurements on samples II and V showed that larger bits are more stable at 

higher temperatures. For a real storage product, a high data density is  one of the most 

important requirements. Therefore the size of the individual bits has to be reduced. The 

thermal stability decreases, but it is expected to be higher than writing larger bits too close 

Figure  4.27: Bit depth analysis of cold written bits on SU8-sample VII. The sample was 

stored for 32 days at 403 K and measured at 298 K.
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in series.

4.2.5 Indentations at 298 K, sample VIII

An example of small bits on sample VIII (PMMA) is given in figure 4.28. The indentations 

were created at 298 K with a hot tip. Similar to the bits on samples V and VII, varying 

peak indentation loads and heater temperatures were used. As these small bits are more 

realistic for a real storage product than the large bits  on the other samples, the writing 

parameters are noted exemplary in table 4.

Table 4: Bit writing parameters

Heater temperature / K

(bottom up)

706 693 682 667 654 639 624 610

Peak force / nN

(left to right)

516 443 375 301 232 155 83 2

With the AFM, bit depths of only 1-2 nanometers are measurable. The used tips with a tip 

radius of about 10 nm are too large to measure the indentation depth. Quantitative analysis 

of heating experiments  with small  bits  are therefore not possible.  The recent Millipede 

Figure  4.28: AFM images (6*6 µm² respectively 3*3 µm², z-scale 10 nm) of hot written 

bits  on  sample  VIII (PMMA) with  varying  peak  indentation  load  and  tip  temperature 

during writing.
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prototypes use bit spacings of less than 20 nanometers and bit sizes of few nanometers. 

Special  AFM tips  would  be  necessary  to  make  quantitative  measurements  with  these 

samples, but it is questionable if these ultra-sharp tips can measure on soft polymers at high 

temperatures.

4.2.6 IBM long-term measurements

The last two figures in this chapter show similar stability measurements with hot written 

bits at various temperatures. These experiments were made by the Nanotechnology group 

at the IBM Research Laboratory. The bits are written with variable peak indentation load 

and afterwards stored and measured at temperatures of 298 K, 353 K and 373 K. Figure 

4.30 shows the bit depth analysis for the samples at elevated temperatures. Similar to the 

previous  SU8  measurements  in  this  chapter,  the  larger  bits  exhibit  less  decrease  in 

indentation depth. The bits written with the highest load (623 nN) show a relative decrease 

of about 40 % after several hundreds of hours at 373 K. This value is comparable to the 

own measurements on sample II at the same temperature. In contrast, the bits written with 

the  lowest  load  (188  nN)  show  a  relative  decrease  of  about  45  %.  The  extrapolated 

Figure  4.29:  Average  bit  depths  of  hot  written  bits  on  sample  VIII (PMMA).  Arrays 

counted from left to right and bottom up in the right image of figure 4.27.
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lifetime, indicated by the straight lines, is in the range of around 100 years. In the same 

time, bits at room temperature loose only about 20 %, extrapolated from figure 4.12. These 

values clearly show that  the expected life  time of the bits  is  not a critical  issue if  the 

samples are not exposed to extreme environments.

As already used for the long-term measurements on PMMA and SU8, a logarithmic time 

scale is the best choice to illustrate the relaxation processes. In most cases, the measured 

data also match quite good to a semi-logarithmic plot.

All  measurements  shown in figure 4.30 can be shifted in time on one master curve as 

illustrated in figure 4.31. By knowing the shift  factor, it  is possible to calculate the bit  

lifetime for other temperatures.

Figure  4.30:  Bit  depth  analysis  of  Millipede  bits  at  elevated  temperatures.  The  force 

indicates the peak load during writing. Bits written on PC-BCB, 10 µs per bit.
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Figure  4.31:  Relaxation  measurements  at  various  temperatures.  All  data  points  can  be 

shifted in time on one master curve.
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4.3 Summary of indentation measurements

Indentation experiments with the AFM are a powerful tool to investigate local mechanical 

properties and dynamic behavior of thin films on the nanoscale, also at variable sample 

temperatures.  For  the  force-curve  and  most  long-term  measurements,  cantilevers  with 

typical  spring  constant  of  42  N/m  and  polymethylmethacrylate  (PMMA)  films  of 

thicknesses in the range of 40 nm are used.

With  increasing  temperature,  the  stiffness  which  can  be  measured  by  force-curves 

decreases. With a tip of known shape, the force-curves can give temperature dependent 

values of the elastic modulus.  Another interesting measurable quantity is  the hysteresis 

energy which is related to the viscoelastic or viscoplastic behavior of the thin polymer film.

The thermal stability of the created indentations (structure size <100 nm) is determined by 

long-term AFM measurements of the topography at elevated temperatures (section 4.1.5). 

Below Tg a relaxation process within several hours after indenting is observed. After this 

incomplete relaxation with an exponential time dependence, the remaining indentations are 

stable  for  at  least  several  weeks.  Above  Tg the  indentations  are  less  stable  and  relax 

completely within  few hours.  The velocity of  the relaxation  as  function  of  the sample 

temperature reveals the glass transition temperature and an enhanced mobility of the thin 

PMMA film, compared to bulk polymers. Below Tg , a decreased activation energy of 22-

39 KJ/mol can be measured, indicating a greater mobility at the polymer surface. Above Tg, 

the measured time constants fit quite good to calculated WLF-based values.

The measurements on SU8 films show additionally relaxation and long-term behavior of 

indentations.  At room temperature,  the indentations  are stable (few percent decrease in 

depth)  for  several  years  which  is  necessary for  the  use  as  data  storage  medium.  The 

measurements at elevated temperatures show a higher stability of 'hot written' bits, with 

heated tip, compared to 'cold written' bits. With a heated tip, the polymer chains can be 

rearranged instead of  being mainly compressed.  It  could be also shown that  too small 

indentations show a faster relaxation which indicates a minimum bit size for data storage.

The  last  measurements  on  PS-BCB  films  demonstrate  bit  relaxations  at  various 

temperatures. The time-dependent bit depths match quite good to a semi-logarithmic plot 

which is similar to the discharge measurements on these films in the next chapter.
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4.4 Error discussion

In this section, the errors of force-distance curve and relaxation measurements, shown in 

the previous sections, are summarized. The main errors at force measurements are related 

with the piezo scanner. The accuracy is 2 % maximum and typically < 1 % of the selected 

scan size [50]. At each force curve, the piezo moves 1 µm in z-direction which results in a 

maximum  error  of  20  nm.  For  the  conversion  of  a  force-distance  curve  into  a  force-

penetration curve, the sensitivity has to be calculated. For this, a linear regression of the 

calibration curve is  made which gives an additional uncertainty (section 2.3). All  these 

effects result in a maximum error of about 30 nm for the indentation depth and parameters 

like  post-flow  or  re-flow  [29].  In  practice,  the  errors  are  only  in  the  range  of  few 

nanometers. The quantitative analysis of FPCs depends on the tip shape, the tip radius and 

the spring constant of the cantilever. The latter is determined by the resonance frequency 

method (section 3.3). The accuracy of this method is in the range of 20 % [53]. Therefore 

parameters  like  contact  stiffness  or  hysteresis  energy are  affected  with  the  same  error 

because  they  are  proportional  to  the  spring  constant.  Measurements  with  reference 

cantilever show that the uncertainty for cantilevers of the same waver is only in the range 

of about 5 %. Other influences to these parameters are the tip shape and the tip radius. Both 

are not well-defined, also due to the observed tip break of tapping tips. But the calculated 

contact stiffnesses after the tip break of 70 ± 4 N/m indicate that tip shape and tip radius of 

different  cantilevers  are  comparable  after  the  tip  break.  For  quantitative  topography 

measurements,  the  indentation  depths  are  determined  by  averaging  over  several 

indentations.  This  is  done  automatically  by the  analysis  program  (section  4.1.4).  The 

standard deviation of the measured indentation depths are typically in the range of 10 % to 

20  %.  The  reproducibility  is  much  better,  the  measured  deviations  of  comparable 

experiments are in the range of 5 %.
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5 Electrostatic experiments

5.1 Calibration measurements

5.1.1 Interleave drive phase

As the electrical measurement modes (EFM / KPFM) are two-pass techniques as described 

in section 2.4, a second set of feedback and scan parameters shows up. In the second pass, 

the tip is scanned at a certain distance above the sample and excited mechanically (EFM) 

or electrically (KPFM). Therefore the drive amplitude and drive phase are of main interest. 

Wheras the drive amplitude has minor influence, the drive phase has to be set correctly. A 

procedure  for  optimized  settings  is  described  in  [41].  This  requires  only  a  function 

generator and a conductive sample. The feedback is switched off by setting the FM gains to 

zero. The realtime planefit in the phase image has to be set to 'none'. The output signal of 

the lock-in can be monitored by looking at the interleave phase signal. The drive phase has 

to be adjusted until the average phase signal in scope mode is zero. Subtracting 90 degrees 

Figure  5.1:  Topography and surface potential  image of  a  gold sample.  A square wave 

voltage is applied during scanning to optimize the interleave drive phase. Scan size 1 µm, 

z-scale 3.5 nm respectively 500 mV.
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from this value gives the appropriate drive phase. The surface potential image thus displays 

the voltage applied by the function generator. Figure 5.1 shows topography and surface 

potential  of  a  gold  sample.  A square  wave voltage  with  a  frequency of  6  Hz  and  an 

amplitude of  ±200 mV was applied during scanning. Note that all  images in EFM and 

KPFM mode are retrace images, scanning direction from right to left. The trace images 

show artefacts due to the lift start height (figure 2.8). The drive phase determined with this 

procedure is  about  -90 degree for  FMR cantilevers  with 0≈70 kHz and changes by 

approximately 10 degree from tip to tip. For cantilevers with a higher resonance frequency 

of 0≈300 kHz, the drive phase is about -160 degree.

Another method of optimizing the interleave scan parameters is the use of a sample which 

consists  of  two  metals.  Here,  the  surface  potential  image  shows  the  contact  potential 

difference (CPD) of the two metals. In a solid, the highest occupied energy level is called 

fermi-level or work funktion. When two materials are brought together, the fermi-levels 

equalize by a flow of electrons from the lower work function to the high. Figure 5.2 shows 

corresponding topography and potential images of a titanium-gold grid. The gold stripes, 2 

µm in width and about 14 nm in height, appear dark in the potential images as gold has the 

higher work function. For measurements of the CPD with the AFM, one has to keep in 

mind that  the work function is  reduced due to  the close seperation  of tip  and sample. 

Attractive image forces and local electric fields in the vicinity of the tip distort the recorded 

work function. An additional contribution to the measured potential difference may arise 

from topographic features as discussed in section 5.1.3.

Figure  5.2: Topography (left,  middle) and potential (right) images of a gold on titanium 

grid. Scan size 40 µm respectively 15 µm, z-scale is 70 nm / 55 nm in topography and 330 

mV in potential.
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5.1.2 Interleave lift height

In order to get comparable quantitative results, it  is necessary to use the same scanning 

parameters.  If this  is  not  the case,  one has to  know its  influence on the measurement. 

Besides the drive phase discussed in the previous section, the lift height during second-pass 

scanning is the most relevant parameter for surface potential measurements. To increase 

the resolution, the lift height  can be reduced to 10 nm or less. While this is safe for small  

scan sizes, it is only possible at larger scans with low scanning velocities. Imaging larger 

areas with small tip-sample distances can cause undesired contact in the second-pass scan, 

also indicated by the 'lift warning' signal of the Nanoscope software. The lift height thus is 

not constant for all measurement, it is adjusted according to scan size and height variations 

on  the  sample.  Since  the  absolute  values  depend  on  the  tip-sample  distance,  this 

dependency has to be quantified. For quantitative analysis, a previously charged area of 

2*2 µm²,  similar  to figure 5.8, is scanned at  variable distance to the surface. All other 

scanning parameters are kept constant. Figure 5.3 shows the resulting potential as function 

of the lift height. The dashed line indicates an additional measurement in the most relevant 

range of  30-100 nm with a different  tip.  All  measurements  presented in  this  work are 

scaled to a lift height of 30 nm to get comparable results.

Figure 5.3: Dependency of the measurable potential on the selected lift height for scanning 

a charged area of 2*2 µm².
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5.1.3 Topography related potential contrast

On flat samples, the measured contrast in EFM and KPFM is due to variations in work 

function as shown in figure 5.2. In other cases, the movement of the cantilever in lift mode 

could  lead  to  a  potential  contrast  similar  to  the  topography.  This  can  be  proven  by 

switching from normal lift mode to linear lift mode. Here, the cantilever does not follow 

the topography during lift scan but scans on a plane at a constant average distance to the 

sample. As in most cases the scan size is far below the width of the cantilever (~30 µm), 

Figure 5.4: Comparison of KPFM and EFM images aquired in lift and linear mode, scan 

size 20 µm. The topography is shown in (a), followed by surface potential images in lift (b) 

and linear  (c) mode. Last image (d) shows an EFM phase image in lift mode. Z-scales are 

150 nm (a), 800 mV (b+c) and 4.6° (d).
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the  contribution  of  the  cantilever  to  the  measured  potential  is  almost  constant  while 

scanning in linear lift mode. Figure 5.4 shows images aquired in lift and linear mode. As 

all measurements show the same contrast, an influence of the topography can be neglected. 

In linear mode, the lift height is much larger compared to lift mode to avoid contact with 

the sample in the second pass scan. Thus the resolution in linear mode decreases. The 

highest lateral resolution is achieved in EFM mode as discussed in section 2.4.2.

On  samples  with  large  topographic  features,  it  is  difficult  to  distinguish  between 

topographic artefacts and real surface potential. Figure 5.5 shows KPFM images aquired in 

lift and linear mode. The sample consists of p-doped GaN stripes on a triangular shaped 

Figure 5.5: Topography (a+c) and corresponding potential (b+d) images of GaN structures 

on SiO2 in lift (b) and linear (d) mode, scan size 20 µm. Z-scale 2.5 / 2.2 µm (a / c) respec-

tively 500 / 550 mV (b / d). Inserts show averaged cross-sections. 
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SiO2 mask [70]. These samples are used for light emitting devices with high brightness in 

the UV and visible range. It is obvious that there is a large influence of the topography on 

the potential since the contrast is reversed by switching from linear to lift mode. Figure 5.5 

(b) reveals a strong increase in potential with topography. Nevertheless it is possible to 

point out some properties. The peaks in the potential at the bottom show the SiO2 substrate. 

The strong non-linear increase in potential may represent an electric field enhancement on 

top of the triangles. To compare the measured potentials  on the GaN stripes,  a second 

experiment is made on a triangular shaped silicon sample as shown in figure 5.6. Similar to 

the  GaN stripes,  the  potential  correlates  with  the  measured  topography.  In addition,  a 

comparable enhancement can be measured on top of the grating. As the sample purely 

consists of silicon, no peak appears between the triangles.

5.1.4 EFM cantilevers

To increase the resolution, metal-coated cantilevers can be used for electric measurements 

as described in section 3.3. The coating improves the conductivity of the cantilever and 

also leads to a higher tip radius of about 25 nm. This increases the tip-sample capacitance, 

and therefore in principal reduces the influence of the much larger cantilever (cantilever-

sample capacitance) on the measured potential.

Figure 5.6: Topography and potential (lift mode) on a silicon sample, scan size 12 µm. Z-

scale indicates 1 µm respectively 550 mV, inserts show averaged cross-sections.
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In practice, parts of the coating wear off during scanning which disturbs correct imaging as 

can  be  seen  in  figure  5.7.  The  same  grating  as  shown  in  figure  5.4  is  scanned  in 

TappingMode with a new metal-coated tip. After some images, the wear off at the tip end 

is finished, and stable imaging is possible. The remaining increase in resolution compared 

to standard tips is low and in most measurements unnecessary. This ablation of coating is 

also  not  uniform  for  different  tips  which  hinders  the  comparibility  of  different 

measurements.  This wear off  was also reported in literature [41].  With tip  coating,  the 

increased tip radius is also disadvantageous for local charge writing. Due to these facts, 

doped silicon cantilevers are used for most electrical experiments.

Figure  5.7: TappingMode topography and phase image with new metal-coated tip, scan 

size 20 µm, z-scale 200 nm / 20°.
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5.2 Measurements on PS-BCB

5.2.1 Charge writing parameters

Local charging of the polymer surface with the AFM tip is achieved by raster scanning the 

tip along the surface in continuous contact. A load force of 20-30 nN, a scanning speed of 

16 µm/s, and a line density of 128/µm are used in most experiments. An example of charge 

creation is given in figure 5.8. An area of 2*2 µm² is scanned in contact with an applied tip 

voltage of -5 V. The same area is afterwards scanned over again with tip voltages of +5 V 

and -3 V. The measured average potentials are -1145 mV, +805 mV, and -920 mV. The 

bright lines at top of the images are caused by a reproducible software problem. If any 

scanning parameter is changed during the second-pass scan in lift mode, the selected lift 

height  is  ignored.  The  tip  therefore  contacts  the  sample.  As  the  cantilever  is  excited 

electrically in the second pass, the polymer is charged.

Repeated cycles of such writing procedures of positive and negative charges are possible. 

The multiple  scanning leads to  no visible  change in surface topography indicating that 

charging and discharging of the polymer is rather nondestructive.

Charge creation can also be achieved by contacting the surface with a biased non-sliding 

tip, or even an intermittently contacting tip as during TappingMode, discussed in the next 

section. However, the sliding method gives a better charging yield for comparable contact 

times, load forces and bias voltages. The back-flow of charges to the sliding tip decreases 

at higher sliding velocity, and also the contact area seems to increase by rubbing instead of 

Figure  5.8: Subsequent  surface potential  images of same area,  scan size 8*8 µm².  The 

polymer was charged (a) with a tip bias of -5 V, scanned over again (b) with +5 V and 

again (c) with -3 V. Scalebar indicates 2 V / 1 V / 2 V (left to right).
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touching the surface [71]. For quantitative and comparable measurements of the charging 

behaviour of thin films, scanning in contact mode is the preferred method.

Many parameters like force or velocity can be changed during contact with the sample. To 

investigate their impact on charge creation on the polymer surface, areas of 2*2 µm² are 

scanned in continous contact. A line density of 128/µm and a velocity of 16µm/s are used 

unless otherwise stated.

The  most  common  scan  parameter  is  the  applied  load  which  is  proportional  to  the 

deflection setpoint in constant force mode. The dependency of the measured potential on 

the contact force is shown in figure 5.9. The surface potential is directly correlated with the 

charge density. As the scan size is kept constant throughout all measurements, the potential 

is a direct measure of the amount of charges on the surface. At first, the potential increases 

strongly. At higher values of the applied force, the potential saturates at about 60 mV. This 

can be explained by the viscoelastic properties of the polymer. With increasing force, the 

contact area between tip and sample also increases and leads to a better charging of the 

surface. With slightly blunt tips, no change in topography is visible after scanning with 

loads up to 100 nN. At higher loads, plastic deformation of the polymer starts which is 

used for lithography (section 5.5). For the data set shown in figure 5.9, the sample was 

scanned once without additional tip bias. This shows that on polystyrene samples, scanning 

Figure  5.9: Dependency of the surface potential  on the applied load during scanning in 

contact mode.
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in contact mode always creates negative charges on the surface, similar to other polymeric 

materials [74]-[77].

While the potential saturates at higher loads, it is possible to increase the charge density by 

scanning multiple  times  over the same area.  Figure 5.10 shows the measured potential 

depending on the number of contact scans on the same area. The dashed line indicates an 

exponential fit, similar to the charging of a capacitor. One effect that contributes to the 

increase in charge density is the low line density. Scanning an area of 2*2 µm² with 256 

lines results in a line pitch of 8 nm. In a successive scan over the same area, it is likely that  

the tip scans between the previously charged lines due to unavoidable piezo drift of some 

nanometers. Additional charging occurs and increases the total charge density. At higher 

numbers  of  scans  over the same area,  a saturation in  potential  is  observable.  Here,  an 

equilibrium between charge injection to the polymer and back-flow to the tip is reached. 

Although this measured dependency seems to be evident, it is not the case for each kind of 

insulator [71]. At last, it can be noted that the measured potential value of about -60 mV 

for scanning once over the sample,  shown in figure 5.9, fits  quite good in figure 5.10, 

measured with different cantilevers.

An interesting charging behaviour can be measured by scanning with different velocities as 

shown in figure 5.11. The numbers indicate the scanning sequence. This has been chosen to 

Figure  5.10: Dependency of the surface potential on the number of contact scans of the 

same sample area. Dashed line indicates exponential fit.
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exclude that the measured potential decrease of points 1-4 is only due to tip contamination 

after  several  scans.  To  increase  the  potential  and  therefore  increase  the  accuracy,  an 

additional tip bias of -1 V is applied while scanning. If only the tip velocity is changed, the 

contact time would differ strongly between points 4 and 6. To ensure comparable contact 

times with the sample, other scan parameters are set according to table 5.

Table 5: Scan parameters for figure 5.11

Data point 4 3 2 1 5 6
Tip velocity / µm/s 1 2 4 8 16 32
Scan lines 64 128 256 256 256 256
Number of scans 1 1 1 2 4 6
Contact time / s 256 256 256 256 256 192

The scan size is always 2*2 µm², one scan line therefore represents 4 µm. The total contact  

time of the tip with the sample is thus given by

contact time= 4⋅scan lines⋅number of scans
tip velocity (15)

The low values of points 3 and 4 are partially due to the reduced number of scan lines. A 

Figure  5.11: Dependency of the surface potential  on the tip  velocity while scanning in 

contact. Numbers indicate sequence of measurements.



78 5 Electrostatic experiments

line density of 32/µm (data point 4) gives a line pitch of about 30 nm. This is beyond 

typical values of the contact area in AFM measurements of a few nanometers [35]. The 

effective total contact area is thus less than the scan size. At higher line densities, the line 

pitch is within the contact area, and one can assume that the complete area of 2*2 µm² is 

scanned by the tip. Then the contact time with the sample is the main parameter for the 

amount of charges injected to the polymer. The data points with tip velocities of 4 µm/s 

and  more  show a  clear  correlation  of  sliding  velocity  and  charge  density.  As  already 

mentioned, the decreasing back-flow of charges to the tip at higher speeds is one effect that 

leads to more remaining charges on the surface. However, on other insulating materials, the 

charging is independent of the sliding velocity or even decreases [71]. Other effects like 

frictional heating or motion of polymer chains have to be considered. More experimental 

work  has  to  be  done in  this  area  to  identify the  various  mechanisms  involved  in  the 

charging of insulating materials.

The measurements  with a grounded tip  show that  the maximum potential  is  limited to 

about -200 mV. To achieve higher values with both polarities, an additional tip voltage can 

be applied during scanning. The resulting surface potential by scanning with variable tip 

voltage is shown in figure 5.12. The polystyrene films show a negative offset at zero, and 

the absolute values of the potential are larger at negative tip voltages. The applied voltages 

are comparatively low [75]-[77] which prevents degradation of the thin films. The dashed 

line in figure 5.12 indicates the derivative and is calculated by using two consecutive data 

Figure 5.12: Dependency of surface potential on the applied tip voltage while scanning in 

contact mode. The dashed line indicates the derivative.
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points. This is similar to the derivative dI/dV in scanning tunneling spectroscopy (STS). In 

this case, the derivative is related to the density of states (DOS). The  DOS of a system 

describes the number of states at each energy level that are available to be occupied. A high 

DOS at a specific energy level means that there are many states available for occupation. A 

DOS of zero means that no states can be occupied at that energy level. More details about 

STM can be found in [20]+[22].

5.2.2 Structures and resolution

The  charging  of  the  polymer  surface  in  contact  mode  is  the  prefered  method  for 

quantitative analysis of the charging behaviour. The contact time, force, and velocity are 

well defined, and the desired amount of surface charges is achieved by controlling these 

scanning parameters. However, it  is also possible to use other AFM modes for creating 

arbitrary charge structures on the surface. Force-distance-curves are not limited to write 

indentations, but can also be used to create single charge spots as shown in figure 5.13. The 

spots were written with a tip bias of -8 V and +8 V and a contact time of 0.8 s per spot. The 

contact force of about 100 nN ensures a good tip-sample contact and is still too low to form 

a permanent  indentation.  The charged spots  with  a  measured  diameter  of  100-200 nm 

appear larger in the potential images as they are. The lift height and the tip radius, both in 

the  range  of  10-30  nm,  lead  to  a  convolution  effect.  This  is  mainly  noticeable  and 

perturbing for small  charged features.  By knowing the scanning parameters  and the tip 

geometry, it is possible to deconvolute the measured surface potential images [78].

Figure  5.13:  Topography and  potential  images  of  negative  and  positive  charge  spots, 

written with a tip bias of -8 V respectively +8 V and a contact time of 0.8 s. Scan size 8 

µm, z-scale 10 nm respectively 200 / 160 mV.
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Another often used imaging mode is the TappingMode. This can be used to write charges, 

but not as defined as in contact or force-curve mode. Figure 5.14 shows topography and 

potential after scanning the inner square of 2*2 µm² in TappingMode six times with a tip 

bias  of  -4  V.  The tip  velocity was  16  µm/s  like  in  contact  mode,  and the  oscillation 

amplitude during charge writing was set to 80 % of the amplitude during measurement. 

The inaccurate contact time and contact force exclude the TappingMode from defined local 

surface charging. Precise charging is made best with short contacts between the biased tip 

and the sample. Figure 5.15 shows charged lines, created by scanning in contact mode. The 

phase shift in dynamic force microscopy is sensitive to energy dissipation which also arises 

Figure 5.14: Topography and potential image after scanning 2*2 µm² in TappingMode with 

-4 V tip bias. Scan size 6 µm, z-scale 10 nm / 155 mV.

Figure  5.15: Topography, surface potential  and TappingMode phase images of charged 

lines, created by scanning in contact with -5 V tip bias, 16-64 µm/s, 10-20 s/line. Scan size  

10 µm, z-scales 10 nm respectively 650 mV / 10°.
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from electrostatic interactions. The higher lateral resolution is due to the lower tip-sample 

distance  compared  to  KPFM  where  the  tip  is  scanned  several  nanometers  above  the 

surface. The potential image reveals fine lines by moving the biased tip to the next line.  

This shows that contact times of few milliseconds or less are enough to inject charges to 

the polymer surface. Using the NanoScript extension of the Nanoscope software, the tip 

movement can be programmed within the maximum scan range. This leads to a fast way of 

creating arbitrary charge structures.

The charging of the polymer is fully reversible as can be seen in surface potential (a+c) and 

tapping mode phase (b+d) images in figure 5.16. The polymer was charged with a tip bias 

of -8 V, a scanning velocity of 12 µm/s, and a line density of 43/µm. The inner square of 

2*2 µm² was erased with a tip bias of +3 V at a velocity of 16 µm/s. Repeated cycles of 

such “writing” and “erasing” procedures of positive and negative charges is possible. This 

multiple  scanning  leads  to  no  apparent  change  in  surface  topography (apart  from the 

reversible effects described in section 5.5) indicating that charging and discharging of the 

polymer is rather nondestructive.

The  lateral  resolution  is  only limited  by the  tip  radius.  This  can  be  demonstrated  by 

scanning  single  charge  spots  in  EFM.  This  measurement  mode  gives  a  higher  lateral 

resolution compared to KPFM as described in section 2.4.2. Figure 5.17 shows topography 

and phase shift of charge spots, aquired in EFM mode. To estimate the amount of electrons 

Figure 5.16: Subsequent surface potential (a+c) and TappingMode phase (b+d) images of 

same  area,  image  size  10*10  µm²  [130].  The  polymer  was  charged  negatively  and 

discharged in the center with positive tip bias. Scalebar indicates 2 V (a+c) and 10° (b+d).
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per spot, it is necessary to calculate the charge density. In first approximation, this can be 

done using

=⋅0⋅
U
d (16)

where  ε is  the dielectric constant of the polymer and  d its  thickness.  As the measured 

potentials U are in the range of 1 V, the charge density is in the order of 0.2 mC/m². Other 

measurements reported in literature give also values of up to 1 mC/m² [74]+[86].  This 

implies that each spot in figure 5.17 with a diameter of less than 100 nm consists of about  

10 electrons. Other experiments [82] show that using special carbon tips, the detection of 

single electrons is possible. In a standard AFM setup, the sensitivity is in the order of a few 

electrons [83].

The lateral resolution in EFM and KPFM measurements [83]+[129] depends on the tip 

radius a and the tip-sample distance (lift height) h according to

res=2⋅ 2
3

a h (17)

With a tip radius of about 20 nm and a lift height of 10 nm, the lateral resolution is in the 

range of 25 nm which is in the order of the resolution of figure 5.17.

The EFM phase shift can also be used to quantify the amount of surface charges [79]+[81]. 

It is proportional to the square of the tip-sample voltage and proportional to C'', the second 

Figure 5.17: EFM topography and phase image (4*4 µm²) of single charge spots, z-scale 4 

nm respectively 4°. The tip bias in the second-pass scan was set to +3 V for higher phase 

contrast.
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derivative of the tip-sample capacitance. Therefore it is necessary to know the effective tip 

radius for calculation of C'' [80]. 

Another possibility which is more applicable on most AFMs is the measurement of the 

frequency shift ∆ f depending on the lift height z in EFM mode. This gives the tip-sample 

capacitance C and also the effective tip radius. The frequency shift depending on the tip-

sample voltage V is given by

∆ f  = −
f 0

2k
⋅∂

2C
∂ z2⋅V

2 (18)

where f0 is the resonance frequency and k the spring constant of the cantilever. With a tip 

radius of 25 nm and a tip-sample distance of 10 nm, the tip-sample capacitance is in the 

order of 1.2*10-18 F. For this calculation, a simple sphere-plane configuration was assumed.

Figure 5.18 shows an example of frequency and phase shift measurement in EFM mode. A 

sample area of 2*2 µm² was charged by contact scanning three times with a tip bias of -5 

V,  leading  to  a  surface  potential  of  -1.91  V.  An  averaged  cross-section  of  the 

corresponding potential image aquired in KPFM mode is shown in figure 5.20 in the next  

section. The EFM measurement of this charged area gives a frequency shift of -105 Hz and 

a  phase  shift  of  -28°,  using  a  lift  height  of  30  nm.  A  subsequent  measurement  in 

TappingMode gives a phase shift of -5°.

The tip-sample capacitance and its second derivative are linked by

∂2C
∂ z2 =

2C
z2 (19)

Using the  resonance  frequency f0=73.28 kHz,  the  spring  constant  k=2.6  N/m,  and the 

measured values above, Eq. 19 and 18 give a tip sample capacitance of C=0.92*10-18 F.

Figure 5.18: EFM frequency / phase shift and TappingMode phase shift of a charged area 

of 2*2 µm².
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The  TappingMode  phase  shift  (Fig.  5.19)  shows  a  linear  dependency on  the  surface 

potential with an offset of about 300 mV. Potential values in this range or below are too 

small to have a measurable impact on the phase shift. On the other hand, the phase shift 

gives a first approximation of the surface potential if other measurement modes like EFM 

or  KPFM  are  not  available.  All  measurements  in  figure  5.19  were  performed  with  a 

scanning velocity of 10 µm/s and a measurement amplitude of 65 % of the free oscillation 

amplitude.  This has to be considered since the phase shift in TappingMode depends on 

these values.

5.2.3 Thermal discharge measurements

In the previous chapters, defined charging of thin polymer films has been described and 

quantified. The long-term and thermal stability of these surface charges will be described in 

this chapter.

At  room temperature,  the  polystyrene films  exhibit  a  remarkable  high  charge stability, 

independent of the polarity. Within several days of measurement, no discharging has been 

observed as can be seen in the cross-sections in figure 5.20. The blue lines always indicate 

the first measurements wheras the black lines show the last measurements of the series. 

Figure 5.19: TappingMode phase shift depending on the surface potential.
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The deviations at the sides of the cross-sections in figure 5.20 arise from adjacent charged 

areas which have been created meanwhile. These measurements also show that scanning in 

TappingMode  multiple  times  over  the  same  area  has  no  influence  on  the  amount  of 

deposited charges. This may not be the case for other polymer films where the charges are 

weakly bound to the surface.

To induce a discharging, one possibility is to heat the sample to a defined temperature, 

similar to the relaxation experiments described in section 4.1.5.

Figure 5.20: Cross-sections of various negatively and positively charged areas at different 

times after the charge creation, max. 23 hours between first and last measurement.

Figure 5.21: Discharging at 353 K as function of the starting potential after scanning with 

low and high tip voltages during contact. The insert shows cross-sections of first (-) and 

last (--) measurement point of the lowest decay curve, scaled to the same maximum value.
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Figure 5.21 shows the discharging of a negatively charged polymer surface. All curves are 

scaled  to  the  same  starting  value  by using  the  relative  potential  U(t)/U0.  The  sample 

temperature was set to 353 K throughout the whole experiment, including creation of the 

charges. One clear observation is the enhanced decay of charged areas written with low tip 

voltages.  A threshold  of  about  1  volt  surface  potential  can be measured  where higher 

values lead to a slower discharging. Low charge densities show a much faster decay as 

shown in figure 5.21 for measurements with different starting values. This effect could also 

be demonstrated at various other sample temperatures and is not visible on PMMA or SU8 

films.  Different  charge storage mechanisms,  more stable  trapping in  the bulk at  higher 

charge densities and less stable at the surface, associated with different trapping energies 

[86],  might  be  the  reason  for  this  threshold.  By  considering  this  behaviour  of  the 

polystyrene films, all following experiments are performed with starting potentials of more 

than one volt.

Figure 5.21 shows various measurements at a sample temperature of 353 K. Measurements 

at different temperatures with comparable starting potentials are shown in figure 5.22. At 

elevated temperatures, the polystyrene films show a logarithmic decay. The lifetimes of 

charges  are  in  the  range of  350  days  at  373  K and  25 days  at  393 K,  calculated  by 

extrapolating the decay curves in figure 5.22 down to zero potential.

Figure  5.22: Charge decay at temperatures between 323 K and 393 K (top down) with 

comparable starting values.
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In contrast, the lifetime of charges on PMMA films at 323 K is only about 10 hours as will 

be shown in section 5.3. Assuming a thermally activated discharging, the lifetime values at 

various  temperatures  in  an  Arrhenius  plot  give  an  activation  energy  of  1.7  eV  for 

polystyrene and 0.2 eV for PMMA films on silicon substrates.

The underlying discharging mechanism to quantify this temperature dependent logarithmic 

decay is still under investigation. The relative humidity shows no influence to the charge 

decay in the range of 13-65 % at ambient conditions. Charge diffusion over the surface can 

be almost excluded as can be seen in figure 5.21. The cross-sections of the fast decay at 

353 K (-465 mV), scaled to the same maximum value, show no broadening within 400 

minutes. The bulk discharging has also little influence to the measured decay due to the 

low conductivity. Assuming a resistivity of 1020 Ohm*cm for polystyrene [23], a decrease 

of 10 % of the charges takes about 30 days. The bulk discharging is independent of the 

initial  surface  potential  and  leads  to  an  exponential  decay  which  is  contrary  to  our 

measurements.  The  recombination  of  charges  or  polarised  neighbouring  molecules  by 

movement of polymer chains can also contribute to the charge decay.

Most figures in this chapter show measurements of negative surface charges. This is due to 

the negative offset of polystyrene as shown in figure 5.12. By scanning with an unbiased 

tip,  negative surface charges are created,  so most  experiments  are  performed with this 

Figure  5.23:  Charge  decay at  373  K  with  positive  and  negative  surface  charges  with 

comparable absolute starting values.
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polarity. Figure 5.23 shows the discharging of positive and negative surface charges at 373 

K. The absolute starting values of the surface potential are comparable, which indicates 

that the decay is independent of the polarity. In the measurement of the negative surface 

charges in figure 5.23, the sample is cooled to room temperature after some hours. The 

discharging stops, and the remaining charges are trapped at the surface as already shown in 

figure 5.20.

At higher sample temperatures, the discharging within several hours of measurement is 

sufficient to calculate values for the total life time of the surface charges and temperature 

dependent discharging rates. For this, it is preferable to plot the data with a scaling where 

the measurements ideally show a linear behaviour. Figure 5.24 shows the decay of negative 

surface charges at 393 K with a starting potential of -1665 mV, the same experiment as 

already shown in figure 5.22. The insert displays the average (-) and the maximum (--) 

surface potential with linear scales at both axes. This plot is unusable for calculation of life 

time  values.  The  maximum  value  of  the  surface  potential  is  more  susceptible  to 

measurement errors than the average value. But it can be easily extracted from the AFM 

data and used for automated data evaluation whereas the average value is far more time 

consuming. All measurements at elevated temperatures show that a logarithmic time scale 

gives  the  highest  linearity of  the  data  points.  Therefore  this  type  of  graph is  used for 

extrapolation of life time values depending on the sample temperature. The values in table 

Figure 5.24: Charge decay at 393 K with different data scalings. Insert shows values of the 

maximum (--) and average (-) surface potential in a linear plot.
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6 at 373 K and 393 K are extrapolated out of the logarithmic charge decay graphs whereas 

the value at 353 K was calculated using an Arrhenius plot of the other 2 values.

Table 6: Calculated values of charge life times on polystyrene

Sample temperature 353 K 373 K 393 K
Calculated charge life time 18 a 350 days 25 days

As the discharging behaviour is similar to the relaxation dynamics discussed in chapter 4, 

comparable experiments can be used to investigate the charge decay on thin polymer films. 

One possibility is to change the sample temperature during the measurement, similar to the 

relaxation measurements in section 4.1.7. Figure 5.25 shows an experiment with a starting 

temperature of 323 K. During heating up to  353 K, an enhanced decay is  measurable. 

While  keeping this  higher temperature,  the decay rate reduces to comparable values of 

other measurements at 353 K. The discharging at 323 K is faster as shown in figure 5.22 

because the starting value is slightly below 1 volt. This experiment again demonstrates the 

threshold behaviour of the polystyrene films.

Figure 5.25: Discharging experiment with a starting temperature of 323 K. The sample is 

heated up to 353 K and measured again.
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Up to  now, the  presented measurements  were performed  on 125 nm thick  polystyrene 

films.  These  experiments  show  a  logarithmic  discharging,  depending  on  the  sample 

temperature. The humidity has no influence to the discharging in the measured range of 13-

65 % r.h. at room temperature.

The possible discharging mechanisms include neutralization by ions from air or depending 

on the humidity and the charge flow over the surface or through the bulk to the substrate.

The  first  mentioned  point  has  no  influence  as  the  charges  are  very  stable  at  room 

temperature  and the  discharging is  independent  of  the  humidity.  This  implies  that  the 

charges are strongly bond to the surface or that the charges are stored several nanometers 

below the surface. The cross-sections in figure 5.20 at room temperature and in figure 5.21 

at  353  K  show  no  broadening  which  excludes  a  high  surface  conductivity.  The  bulk 

conductivity has to be larger than the surface conductivity so that the charges preferably 

travel  to  the  substrate.  To  investigate  this  assumption,  charging  and  discharging 

experiments were performed on samples with varying film thickness. The film thickness 

was  measured  by scratching the  sample  down to  the  substrate  and imaging the  cross-

section by AFM as demonstrated in figure 5.26.

On these samples, experiments at various sample temperatures were performed with the 

same  scanning  parameters  as  on  the  125  nm  thick  samples.  Figure  5.27  shows  two 

exemplary discharging curves on samples with thicknesses of 39 nm respectively 21 nm. In 

contrast to the thick samples, a discharging can be measured already at room temperature. 

Figure  5.26: AFM topography images of a scratch (left) and a dewetting hole (right) for 

determination of the film thickness. Z-scales 50 nm (left) respectively 20 nm (right).
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The discharging clearly depends on the film thickness where thinner samples lead to a 

faster decay. Figure 5.28 shows all decay measurements at room temperature on samples 

with thicknesses in the range of 21 nm to 125 nm. The data points represent the relative 

Figure 5.27: Two exemplary discharging measurements on thin polymer films at different 

temperatures.

Figure 5.28: Relative potential at 200 minutes after creation of the charges as function of 

the film thickness, two different sample temperatures.



92 5 Electrostatic experiments

potential after 200 minutes after creation of the surface charges. The two additional data 

points at 323 K show the already known enhanced decay at elevated temperatures. All data 

points are averaged values of multiple measurements at  each temperature to reduce the 

uncertainty. The fast decay on the very thin sample already at room temperature proves the 

assumption that the charges are stored several nanometers below the surface in the film.

5.2.4 Calculation of temperature dependent resitivity

The  charged  polymer  film  can  be  compared  to  a  capacitor  with  a  dielectric  of  finite 

resistivity. The self-discharging is an exponential function:

U t 
U 0

=exp − t
R⋅C

 , R⋅C=⋅0⋅r . (20)

Figure 5.22 shows the relative potential  U(t)/U0 for various temperatures. By taking this 

value at a time of 200 minutes, values of the resistivity  ρ can be calculated with Eq. 20 

where εr for the polystyrene is set to 2.5 [59]. The resulting values are noted in table 7.

Table 7. Calculated resistivities at different temperatures.

Temperature / K 323 353 373 393
Relative potential 0.99 0.955 0.88 0.7
Resistivity / 1017 Ohm*cm 53.94 11.77 4.24 1.52

These  values  can  be  plotted  in  different  graphs  to  fit  a  function  for  the  temperature 

dependency of the resistivity.

The left graph in figure 5.29 gives a temperature dependency of the form

T =0⋅exp−c1⋅T  (21)

whereas the right graph shows an Arrhenius-like dependency of the form

T =0⋅expc2

T  . (22)

Usually the slope in the right graph is written as c2 = E/k where E is the activation energy. 

Using the data in table 7, the activation energy is in the range of 0.5-0.65 eV. The left 

graph which shows a higher linearity gives a slope of c1 = 0.05 K-1 respectively 1/c1 = 19.6 

K. Extrapolation to 293 K using Eq. 21 gives a resistivity of 2.5*1019 Ohm*cm. This is 
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close to the literature values for the bulk resistivity of polystyrene which are in the range of 

1020-1022 Ohm*cm [59].

On a thin polystyrene film with a thickness of only 21 nm, the data point in figure 5.28 and 

Eq. 20 give a reduced resistivity of 4.7*1017 Ohm*cm.

Figure  5.29:  Calculated  resistivities  out  of  figure  5.22,  depending  on  the  sample 

temperature.
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5.3 Measurements on PMMA

The charging experiments on the polystyrene films revealed features like a high charge 

stability  at  room  temperature  and  a  discharging  which  depends  on  the  initial  surface 

potential. Other polymers with different mechanical and electrical properties may show a 

different charge stability or time dependency. Variations in the discharging behaviour due 

to the varying polymer structures may help to understand the chemical background of the 

charge  trapping.  Therefore  electrostatic  measurements  on  PMMA  and  SU8  were 

performed. These polymers were also used for the relaxation experiments in chapter 4, and 

their chemical and mechanical properties are well known.

Figure 5.30 shows topography and surface potential images of a PMMA film after creating 

negative and positive charge spots. The bright spots in the left image are small dirt particles 

and have  no  influence  to  the  experiment.  These  particles  could  be  removed  by either 

cleaning with air pressure or scanning the total area once in contact mode. The charge spots 

were created by single contacts between tip and sample with a contact time of less than one 

second.  The tip  bias  was set  to  ±  8 volts.  By scanning with an unbiased tip,  positive 

charges  are  created  on  the  surface  which  is  contrary  to  the  measurements  on  the 

polystyrene films. Already at room temperature, a fast charge decay within several hours 

can be observed.

Figure 5.30: Topography and surface potential images (8*8 µm²) of PMMA after creating 

positive and negative charge spots. The spots were created by single tip-sample contacts 

with a tip bias of ±8 V. Z-scale 10 nm respectively 550 mV.
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Figure 5.31 shows discharging experiments  on PMMA at various sample temperatures. 

The dashed lines indicate additional measurements with other values of the initial surface 

potential. In contrast to the polystyrene films, no threshold behaviour is visible. At 298 K, 

all measurements with potential values in the range of -750 mV to +1260 mV show the 

same discharging rate with a logarithmic time dependency. A faster discharging is expected 

since the bulk resistivity of >1015 Ohm*cm [59]  is  much below the bulk resistivity of 

polystyrene. This fast decay gives the possibility to calculate charge life time values even at 

room temperature. Out of figure 5.31, all measured data curves are extrapolated down to 

zero potential. The resulting life time values are noted in table 8. All these life time values 

in an Arrhenius-plot, similar to figure 4.8, give the possibility to calculated an activation 

energy of 0.2 eV which is much below the calculated value of 1.7 eV for polystyrene. At 

elevated temperatures, the time dependency of the discharging is more complicated. Figure 

5.32 shows the charge decay at 353 K with different scalings. A plot with a logarithmic 

time dependency is already shown in figure 5.31.

Table 8: Calculated charge life time values on PMMA

Sample temperature 298 K 323 K 353 K
Charge life time 877 ± 100 min 502 ± 60 min 325 ± 50 min

Figure  5.31:  Temperature  dependent  charge  decay  on  PMMA  with  varying  starting 

potentials.
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Both the plot with a logarithmic time scale and the plot with a logarithmic potential scale 

show no linear behaviour. The insert with a log-log plot shows the highest linearity of all 

graphs.

Again,  the nature of the discharging has to  be investigated.  Figure 5.33 shows surface 

potential  images  and  averaged  cross-sections  at  a  sample  temperature  of  323  K.  The 

averaged cross-sections, scaled to the same maximum value, are almost identical. Similar 

to  the  polystyrene,  this  shows  that  the  bulk  conductivity  is  larger  than  the  surface 

conductivity. The low activation energy implies that the charges are weakly bound to the 

polymer chains. In this case, humidity or light induced decay may contribute to the fast 

discharging. Another difference to polystyrene is the higher absorption of water which is 

up to 0.6 % for PMMA and <0.1 % for polystyrene [59].

According to section 5.2.4, it is possible to calculate temperature dependent values of the 

bulk resistivity. Figure 5.31 gives values of the relative potential U(t)/U0 at 200 min after 

charge creation. Using Eq. 20, values of the resistivity  ρ can be calculated where  εr for 

PMMA is set to 3.6 [59]. The resulting values are noted in table 9. The resistivity at 298 K 

is in good agreement with literature values of >1015 Ohm*cm [59].

Figure 5.32: Charge decay on PMMA at 353 K with linear and logarithmic scaling. Insert 

shows log-log plot with highest linearity.
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Table 9: Calculated resistivities at different temperatures.

Temperature / K 298 323 353
Relative potential 0.33 0.28 0.16
Resistivity / 1016 Ohm*cm 3.4 3.0 2.1

Figure 5.33: Surface potential images and cross-sections of charged area on PMMA at 323 

K, scan size 6*6 µm². Z-Scale 650 mV (a) respectively 260 mV (b). Images are taken 10 

minutes (a, blue line) and 104 minutes (b, black line) after charge creation.
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5.4 Measurements on SU8

The last polymer which is used for electrostatic measurements is SU8, the same sample as 

already shown in section 4.2. Charging of the surface was done with various tip voltages at 

a  scanning  velocity  of  16  µm/s  and  a  line  density  of  128/µm.  These  are  the  same 

parameters as already used on the polystyrene and PMMA samples.

SU8 shows the fastest measured discharging rate of all used polymers. Similar to PMMA, 

no threshold behaviour can be observed. The charge decay is independent of the initial 

surface potential and the polarity of the charges. Figure 5.34 shows measurements at 298 K 

with  different  values  of  the  starting  potential.  The  measured  data  fit  quite  well  to  a 

discharging with a logarithmic time dependency. Out of figure 5.34, a charge life time of 

about  500  minutes  can  be  extrapolated.  Corresponding  surface  potential  images  and 

averaged cross-sections  are shown in figure 5.35. Simliar to figures 5.21 and 5.33,  the 

cross-sections  at  different  times after charge creation  are scaled to the same maximum 

value. In contrast to the measurements on polystyrene and PMMA, the cross-sections on 

SU8 show a broadening. This implies that the charges spread over the surface which is also 

visible in the potential images in figure 5.35.

Again, the measured discharging data give the possibility to calculate a value of the bulk 

Figure  5.34:  Logarithmic  charge  decay on  SU8 at  298 K.  No dependency on  starting 

potential and polarity visible.
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resistivity, according to section 5.2.4. Using Eq. 20 and the relative potential  U(t)/U0 at a 

time of 100 minutes  after charge creation,  the bulk resistivity of the used SU8 film is 

2.5*1016 Ohm*cm. For the calculation, a relative dielectric constant of εr = 3 was used [60]. 

The resistivity value is only little higher than the specified value of 1.8*1016 Ohm*cm for 

commercially available SU8 [107].

5.4.1 Comparison with measurements on PS and PMMA

To  conclude  the  charging  and  discharging  experiments  on  various  polymers,  some 

comparable results are listed in two following tables. Table 10 shows measured potential 

values after contact charging with tip voltages of ± 5 V and without bias voltage. For this, 

sample areas of 2*2 µm² were scanned twice in contact mode with a scanning velocity of 

16 µm/s and a line density of 128/µm. The most obvious difference is the value at zero 

voltage which is negative for polystyrene and SU8 and positive for PMMA.

Table 10: comparison of measured surface potentials.

Applied tip voltage -5 V 0 V +5 V
PS -1435 mV -125 mV +840 mV
PMMA -750 mV +205 mV +1135 mV
SU8 -1325 mV -75 mV +1200 mV

Figure 5.35: Surface potential images (6*6 µm²) and cross-sections of charged area on SU8 

at 298 K. Z-Scale 1.4 V (a) respectively 500 mV (b). Images are taken 10 minutes (a, blue 

line) and 140 minutes (b, black line) after charge creation.
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Table 11 shows calculated life time values, extrapolated from the logarithmic discharging 

plots. The values in brackets are calculated out of an Arrhenius-plot (log τ over 1/T) which 

was  also  used  to  calculate  activation  energies  for  polystyrene  and PMMA. Again,  the 

charge stability on the polystyrene films is remarkable.

Table 11: comparison of charge life time values.

Sample 
temperature

298 K 323 K 353 K 373 K 393 K

PS (18 a) 350 days 25 days
PMMA 877 min 502 min 325 min (200 min)
SU8 500 min
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5.5 Electrostatic lithography

The sharp tips  of  Scanned Probe Microscopes  have been used to  induce patterning of 

surfaces for both potential  storage and lithography applications [14]+[103]+[108]-[110]. 

Topographical [75]-[77]+[103]+[110] and charge patterning [77]+[97]+[103]+[105]+[108] 

+[111]+[118]+[119] stand out prominently because of the close similarity to existing non-

probe based storage and fabrication technologies.

One well known example of electrostatic lithography is the local oxidation of silicon [96]. 

In air, the tip and the sample are covered by a thin film of absorbed water. When the tip 

approaches sufficiently close to the surface, these layers come in contact and form a water 

bridge.  If the surface is  positively charged and the tip  negatively,  then the tip  and the 

surface will interact electrochemically as anode and cathode correspondingly. Oxide will 

grow on the point right under the tip. Figure 5.36 shows topography images after scanning 

in contact mode over a piece of a silicon wafer. For the square in the left image with a size 

of 2*2 µm², the tip was scanned in contact over the surface with a bias voltage of -5 V. A 

scanning velocity of 16 µm/s and a line density of 128/µm were used. The resulting oxide 

layer has an average height of 1.0 nanometer. The 100 dots in the right image were created 

by single contacts of the tip with the sample, using a bias voltage of -8 V. The contact time 

Figure 5.36: Topography images (6*6 µm² / 2*2 µm²) of silicon after local oxidation. Z-

scale 4 nm (left) respectively 2.2 nm (right).  Left: An area of 2*2 µm² was scanned in 

contact with a bias voltage of -5 V. Right: The 100 dots were created by single contacts of 

the tip with the sample, using a bias voltage of -8 V. The contact time was less than one 

second per dot, decreasing from left to right.
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for each dot was less than one second, decreasing from left to right. The resulting height of 

the dots is in the range of 1.5 nm to 0.5 nm (left to right).

Direct  topographic patterning of polymeric surfaces using probe tips has been developed 

for storage applications. In thermomechanical probe storage, heated cantilevered tips are 

used to form nanoindentations that encode data [103]+[110]. Storage densities in the Tb/in2 

regime  have  been  demonstrated.  Topographic  patterning  has  also  been  proposed  for 

lithography beyond scaling limits of optical lithography, for example by locally removing 

material  [110].  Other  methods  of  patterning  involve  local  melting  of  polymer  and the 

formation of protrusions [75]-[77].

Charge  patterning, on  the  other  hand,  has  similar  applications.  Charge  patterning  by 

switching ferroelectric surfaces has been used for probe based data storage [108]+[111]. 

Local  charging  of  polymers  [97]+[111]+[119]  and  other  insulators  [118]  can  also  be 

exploited  for  local  assembly  of  charged  particles  at  predefined  positions  of  a  surface 

(nanoxerography) [97]+[111]. Other applications, such as laser printers and copy machines, 

are already established [1] and have driven theoretical and experimental work. However, 

the importance of the applications  of  charge patterning is  not  balanced by an in-depth 

understanding of the processes. For example, the basic mechanisms controlling charging 

through contact electrification and even the nature of the charge carriers responsible for 

charging is still under debate [1]+[71]+[119].

The  challenges  of  topographic  and  charge  patterning  are  complementary.  One  of  the 

limitations of conventional topographic patterning is the writing speed. A high degree of 

parallelization  is  necessary  to  overcome  the  inherent  slow  processes[14]+[75]-

[77]+[103]+[110].  On the other hand, read-back of written structures is straightforward. 

Conversely, in the area of charge patterning, read back is inherently slow, such as the two-

pass technique of KPFM, while the write speed appears to be less of an issue. Scaling 

towards higher and higher densities is also very different for the two patterning approaches. 

Simplifying, it can be argued that the topographic height scales linearly with the smallest 

lateral dimension of the written structure, while the electric field (sensed in charge writing 

applications)  scales  with  the  amount  of  charge  created,  i.e.  scaling  with  the  lateral 

dimension squared. Hence, for read-back, topography appears more attractive than charge, 

while, for writing speed, it is the opposite.

In this chapter, charge and topographic patterning are combined making use of the specific 

advantages of each technique. It is shown that the tribo-electrification of a cross-linked 
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polystyrene  can  be  exploited  to  combine  charge  and  topographic  patterning.  A  strong 

electromechanical coupling leads to a giant swelling induced by tribo-charges.

5.5.1 Topographic patterning

A striking observation made in the charging experiments is that charging can be coupled to 

a  giant  change in  surface topography,  namely,  a  giant  swelling  of  the  polymer  on  the 

surface. For this, the mechanical interaction with the tip was increased by increasing the 

line density from 43 lines per micron to 128 lines per micron and scanning the surface area 

repeatedly.  The  induced  height  change  reaches  up  to  several  nanometers.  Figure  5.37 

shows the results of a topographic patterning step by contact scanning with a tip bias of +4 

V.  The subsequent  topography measurement  (figure  5.37a)  reveals  a  mean increase of 

topographic height of 2 nm. The patterning is associated with a change in surface potential 

(figure 5.37b) of 870 mV.

Care  was  taken  to  ensure  that  the  observed  topography is  not  merely a  measurement 

artefact due to interference of the charge with the imaging process. Topographic patterning 

of similar kind has been observed before [120,121].  However,  imaging artefacts  of the 

tapping-mode AFM due to electrostatic attraction of the cantilever/tip have been reported 

Figure  5.37: Subsequent topography (a+c) and surface potential (b+d) images of charged 

area  (using  a  tip  bias  of  +4  V),  scan  size  4*4  µm².  Scalebar  indicates  5  nm  (a+c) 

respectively 900 mV (b) and 200 mV (d). Induced height change of 2 nm (a) decreased to 

1.5 nm (c) by scanning in contact without tip bias. The average surface potential reduced 

from 870 mV (b) to 100 mV (d). 
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[46]. To verify that these observations were not influenced by such artefacts, some of the 

charge-modified areas were scanned in contact mode without difference in the measured 

topography. Figure 5.38 shows topography and lateral force image aquired in contact mode 

of the charged surface in figure 5.37. The surface charges lead to a clear signal in the lateral 

force image. This contrast, usually associated with tip-sample friction, vanishes completely 

Figure  5.38: Topography and lateral  force images of charged area (see figure 5.37a+b), 

aquired in contact mode. Scan size 4*4 µm², z-scale 5 nm respectively 10 mV.

Figure  5.39:  Average  lithography height  depending  on  the  applied  tip  voltage  during 

contact  scanning.  The  arrow  indicates  the  measurements  shown  in  figure  5.37.  All 

measurements at 298 K, additional data points at +3 V measured at 323 K and 353 K.
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with discharging of the surface. After this contact scan, another KPFM measurement was 

performed (Fig. 5.37c+d).

Figure 5.39 depicts the measured surface potential together with the topography formation 

as a function of the applied tip bias. Notably, there is a minimum voltage needed to induce 

the topography formation.  The surface height  increase roughly scales  with the induced 

potential to about 1.5 nm/V for negative bias and 1.8 nm/V for positive bias. The charges 

and also the topographic features remain stable; no significant decay could be measured 

even after several days at room temperature.

This threshold depends on various parameters. For the data collected in figure 5.39, the 

threshold of ±2 V is obtained using a scanning speed of 16 µm/s and a line density of 

128/µm. The sample was scanned twice to increase the charge density, compared to the 

data shown in figure 5.12. For the charging experiments shown in figure 5.16, the tip bias 

of -8 V leads to no topography change due to the reduced scanning speed and the low line 

density of 43/µm.

The effect of temperature on the charging and retention properties was also studied.  In 

figure 5.39, the point at +3 V, causing a feature height of 1.0 nm, was measured at 298 K.  

Under the same scanning conditions  at  323 K, the average height increases to 1.5 nm, 

demonstrating an increased patterning yield at higher temperatures. Figure 5.40 shows a 

topography image of this measurement. The charged sample was afterwards heated up 353 

K.  The  average  height  reduces  from 1.5  nm to  1.0  nm whereas  the  surface  potential 

Figure 5.40: Topography images (6*6 µm², z-scale 5 nm) of charged area at 323 K (left), 

using a tip  bias  of +3 V. The sample was afterwards heated up to  353 K (right).  The 

average height reduces from 1.5 nm to 1.0 nm.
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decreased  from 855 mV  to  660  mV (see  figure  5.25).  A further  measurement  at  this 

elevated sample temperature with a tip bias of +3 V leads to an average height of 2.0 nm. 

After  cooling  the  sample  to  room  temperature,  the  charges  and  also  the  topographic 

features remain  stable;  no significant  change could be measured for several  days.  This 

clearly indicates a significant increase of the patterning yield with temperature. The film 

thickness, however, when varied between 24 nm, 42 nm and 125 nm, did not influence the 

charging and topographic characteristics.

Next, the question of reversibility of the topography formation is addressed, similar to the 

charge neutralization experiments  shown in figure 5.16. The fact that the charging and 

topography  are  correlated  provokes  the  question  whether  a  charge  erasing  step  is 

necessarily coupled to a proportional erasure of topography.

The  erasing  of  charge  is  shown  in  figure  5.37.  An  initial  charging  and  topographic 

patterning step was performed using a bias of +4 V on a 2 µm scan (with a scanning speed 

of 16 µm/s and a line density of 128/µm) as shown in figure 5.37(a+b). Then a charge-

erase step was performed by scanning in contact mode with a tip bias of 0 V (the identical  

Figure 5.41: Topography images of charged areas, using a tip bias of -5 V (a-c) respectively 

-3 V (d-e). The induced height change is 2.0 nm at -5 V and 0.7 nm at -3 V as shown in 

figure 5.39. The scan size is 4*4 µm² for all images, the z-scale is set to 5 nm.
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procedure to charging but without applied bias voltage) as shown in figure 5.38. Kelvin 

probe and topography measurements show the reduction of the average surface potential 

from 870 mV (figure 5.37b)  to  100 mV (figure 5.37d)  by the erase step,  whereas  the 

average  height  only  reduces  from  2.0  nm  (figure  5.37a)  to  1.5  nm  (figure  5.37c). 

Apparently the charge can be neutralized in a manner largely independent from topography. 

The  arrow  in  figure  5.39  indicates  the  two  measurements  shown  in  figure  5.37.  The 

polymer  was  charged  at  +4  V  tip  bias  and  discharged  without  tip  bias,  revealing  a 

hysteretic behavior of the thin film.

The reproducibility of the patterning is demonstrated in figure 5.41. Sample areas of 2*2 

µm² were scanned in contact with a tip bias of -5 V (a-c) or -3 V (d-e). The induced height 

change is  2  nm at  -5 V and 0.7 nm at  -3 V as shown in figure 5.39.  These charging 

experiments were made with different tips on various days. Only measurements (a)+(d) 

were performed with the same tip.

The neutralization of topography is demonstrated in an experiment in figure 5.42. Here, the 

erase step was performed by scanning with opposed tip bias, leading to a neutralization of 

the induced topography. The polymer was charged with a negative tip bias of -3 V. A 

scanning velocity of 16 µm/s  and a line density of 85/µm were used. The sample was 

scanned six times in an area of 3*3 µm² to achieve a high charge density, leading to a 

pronounced  topography formation.  Afterwards,  the  central  region  was  discharged  with 

Figure  5.42: Subsequent topography (a+c) and surface potential (b+d) images of charged 

area, scan size 8 µm [130]. The induced height change after scanning with a tip bias of 

-3 V was reversed in  the center  by scanning with opposed tip  bias  of  +5 V. Scalebar 

indicates 15 nm (a+c) respectively 1.3 V (b+d).
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positive voltage applied to the tip, i.e. opposed bias, during contact and higher line density 

(+5 V, 4 µm/s, 320 lines/µm, one scan). As a result,  both charge and topography were 

neutralized. The high voltage used in this scan ensures a complete charge neutralization. 

On the other hand, the high scanning frequency of 10 lines per second, resulting in a low 

contact time, prevents that the center part is positively charged by the high voltage.

The last experiment for this chapter is complementary to the previous ones. To induce a 

swelling  of  the  polymer,  the  sample  is  scanned  in  contact  with  a  given  bias  voltage. 

Another effect is measured by scanning in contact without bias, but with variable contact 

force. At low force, the sample surface gets negatively charged as shown in figure 5.12. At 

higher forces, the measurable surface potential  saturates as shown in figure 5.9. In this 

case, a change in topography is visible, namely a compression of the polymer film and / or 

removal of material. Figure 5.43 shows an example of scanning in contact mode with an 

applied load of 35 nN. An area of 1 µm² was scanned ~15 times with a scanning velocity of 

6 µm/s. The resulting depression shows an average depth of 2 nanometers.

Using  variable  contact  force  and  tip-sample  voltage,  arbitrary  depressed  and  elevated 

structures can be formed.

Figure  5.43:  Topography and lateral  force  images  (2*2  µm²,  z-scale  5  nm /  20  mV), 

aquired in contact mode. The inner square of 1 µm² was scanned multiple times with an 

applied load of 35 nN and without tip-sample voltage.
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5.5.2 Discussion

We found that, by scanning a biased tip in contact mode against the polymer, a permanent 

swelling of the polymer of striking magnitude is observed. To discuss possible physical 

explanations  of  the charging process,  the charge density created on the surface can be 

estimated. The areal charge density σ can be connected directly to the measured change in 

surface potential U by

=⋅0⋅
U
d (23)

Here d is the film thickness of 125 nm and ε is the dielectric constant of polystyrene of 2.5. 

For a potential of 1 V, as observed in our experiments, this yields =2⋅10−4 C/m². The 

corresponding electric field strength of E=9x106 V/m can be deduced. However,  under 

ambient  conditions,  surface  charge  densities  in  excess  of  ~10-5 C/m²  may quickly  be 

partially neutralized, because the corresponding electric field of 3x106 V/m is sufficient to 

ionize the surrounding gas [71]. We conclude that the remaining charge is buried beneath 

the topmost surface layer of the polymer.

Since we see long retention times of the charge of up to several days, we can exclude 

charge diffusion as a mechanism of transporting charge into the polymer bulk. Therefore, 

the depth of the charge is determined by the creation process. The range of both the electric 

field and mechanical interaction induced by the scanning tip during charging is determined 

by the tip radius [119]+[122]. This leads us to estimate that the charge is confined to a 

near-surface  layer  of  about  1-10  nanometer  thickness.  This  is  in  agreement  with  the 

aforementioned  experiments  of  topography and  charge  creation  as  a  function  of  film 

thickness (24 nm, 42 nm, and 125 nm) that showed no thickness dependence.

The repulsive force between charge carriers or, in other words, the electric field created 

leads to a pressure that may elastically deform the polymer. To test whether this could be 

the cause of the observed topography, we calculate the pressure generated on the surface 

charged region as given by

p=
0⋅r

2
⋅E2 (24)

This amounts to, at most, 104 Pa, using the above field strengths. With a change of the 

specific volume ν by pressure of
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d 
dp ⋅1


=6.4⋅10−11 cm3

g⋅Pa (25)

as tabulated for (uncross-linked) polystyrene [104],  the calculated pressure of 104 Pa only 

generates a volume change of up to 10-6. This is far below what is observed: If the charge 

distribution is limited to the topmost 1-10 nm of the polymer, a specific volume change of 

10-100% is  required  to  explain  the  data.  We note  that  a  charge and swelling  volume 

covering the entire film-thickness of ~100 nm would still  translate to a specific volume 

change of 1%. Notably, in order to induce the measured volume increase conventionally, 

one would need a pressure larger than 1 GPa, which would be exceeding the yield strength 

of (uncross-linked) polystyrene of 30 Mpa [117].

The observation of permanent (or meta-stable) deformation of the polymer clearly cannot 

have the trivial explanation of charge-induced pressure. The mechanical interaction with 

the sliding tip is key to the topography formation. To explain the effect, let us discuss the 

mechanical interaction. 

The deformation of the surface is small  for a tip-surface contact in the static mode (or 

contact  mode)  or  dynamic  modes  such  as  TappingMode  AFM,  where  the  normal 

vibrational  tip  motion  is  fast  compared  to  the  lateral  scanning  and  no  sliding  occurs. 

During such tip-surface interaction the tip can produce considerable stresses, but the shear 

stress component is limited and the deformed state reached by loading is reversible upon 

unloading,  i.e.,  upon  retracting  the  tip  from  contact.  On  the  contrary,  the  tip-surface 

interaction for a sliding tip can produce substantial shear stresses even with low load forces 

added to the adhesive force.  Furthermore, the deformation cycle for any given spot on the 

surface is not symmetric in time because the trailing and leading edge of the contact can be 

different. As a consequence, a sliding AFM tip easily produces wear and roughening of 

polymer  surfaces  [114]+[123]-[125]  that  can  be  explained  by dynamic  rearranging  of 

polymer chains [123]+[124].  Typically,  permanent  ripple patterns consisting of swollen 

polymer [123] perpendicular to the fast scan-axis are produced. This is not observed after 

static or intermittent tip-surface contacts.

In our experiments,  such rippling is  avoided through the use of a cross-linked polymer 

[115]. However, the elastic (reversible) deformation of a volume element in the surface 

still  undergoes a sequence of compressive,  tensile  and shear stresses.  The final  step of 

deformation (at the trailing end of the tip-surface interaction) leads back to the undeformed 

state of the polymer and is not driven by high interaction stresses with the tip, but simply 
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elastic restoring forces.

The influence of the charging during the deformation cycle may then lead to the observed 

swelling. New equilibrium chain positions are in response to the charge and the associated 

pressure,  leaving  the  polymer,  finally,  in  a  new  topographic  state.  This  picture  of 

topography  formation  is  in  agreement  with  the  observation  of  increased  topography 

formation  yield  with  repeated  scanning  of  the  same  area.  In  particular,  we  observed 

topography  increase  only  if  the  number  of  scans  and  scan-line  density  was  chosen 

sufficiently high, as described above. Future studies will help to disentangle the effects of 

the  parameter's  scan  line  density  and  scan  repetitions.  For  this  a  more  quantitative 

knowledge of the tip-surface contact is essential.

Charge is effectively stored in the polymer surface when the chain segments can rearrange 

to stabilize it optimally. This conclusion is supported by spectroscopic studies of charging 

of polystyrene [116]. They conclude that charge is stored on the benzene ring, but they 

emphasize  that  the  adjacent  polystyrene  chains  are  essential  for  the  strong binding  of 

electrons to the benzene. In comparison an electron on a free benzene ring (in gas phase) 

has a dramatically smaller affinity. Therefore the effective charging in polystyrene requires 

some arrangement of the benzene rings of adjacent chains with respect to each other. The 

corresponding systematic rearrangement of the chain segments leads to a swelling of the 

polymer. In return, the charge will stabilize the polymer in the rearranged state. We note 

that this  notion is  in agreement with the charges consisting of either electrons hopping 

along the polymer, or ions diffusing through the voids between polymeric chains [119]. In 

any case,  the charge flows through the tip  into  the polymer.  Current  flow through the 

substrate can be neglected.

Further  evidence  supporting  the  model  of  topography formation  depicted  here  can  be 

extracted  from  the  observation  of  strongly  enhanced  charging/swelling  with  increased 

temperature (see above). This is easily explained by the increased chain mobility through 

temperature [114]+[117], therefore, demanding less mechanical and charge interaction for 

a plastic deformation.

The  reversibility  of  the  formed  topography  is  an  advantage  over  other  lithography 

techniques and particularly surprising. In the first erasing experiment shown in Fig. 5.37, 

the charged surface was scanned again in contact mode without tip bias, i.e., a grounded 

tip. In our argumentation, the swelling induced by the first (patterning) scan reflects the 

new equilibrium chain arrangement of the polymer. During the second (charge erasing) 



112 5 Electrostatic experiments

scan, charge is removed by electrons flow through the tip. After this, the forces driving the 

volume reduction are limited, because the swollen and flat polymer states are energetically 

of only a small difference. The transition to the original state is therefore rate limited by the 

low mobility of glassy polymers  and can easily last  several  days  at  room temperature. 

Consequently, even after charge neutralization, the formed topography remains. In contrast, 

the charge neutralization step is driven by the potential difference between tip and charged 

surface and, hence, occurs on a similarly fast time scale as the charging process (all other 

parameters  of  the scan remained  the same in  the experiment).  These two observations 

imply that  there  is  some  hysteresis  in  a  cycle  of  charging/decharging  and  topography 

formation and erasure. 

In order to also erase topography, harsher operating conditions have to be chosen so that 

the mechanical interaction with the tip may again drive the reorganisation in a new chain 

topology. In the second erasing experiment shown in Fig. 5.42, this was achieved by a 

combination of smaller scan-line pitch with higher (opposite) bias of the tip. We note that 

the cross-linkage of the polymer introduces a network with a restoring force towards the 

original  film  topography  and  is,  therefore,  a  key  ingredient  for  our  observations  of 

reversibility of topographic patterning. The amount of roughening produced by the sliding 

tip  for  uncross-linked polystyrene,  as  well  as  most  other  linear  polymers  [114]+[123]-

[125], can be dramatic and so substantial that reversibility may not be achieved.

At  last,  as  this  is  essential  for  the  discussed  observations,  the  electrostatic  interaction 

between charged surfaces and the tip which can influence the imaging process is again 

reviewed. As a consequence of these interactions, imaging artifacts can arise that imply a 

topography  change  [46].  Recently,  a  new  method  of  compensating  potential  artifacts 

became available. In this technique, two separate two-pass techniques are combined. The 

new  method  adds  accuracy of  the  topography scan  by compensating  the  potential  as 

measured in a previous scan-line in the topography measurement. It could be shown [46] 

that  topography artifacts  induced  by the  electrostatic  tip-surface  interaction  during  the 

topography scan can be drastically reduced. Using the compensation method (with an add-

on device [126] to the DI microscopes), it could be verified that, in our case, the produced 

topographies are not due to such imaging artifacts. 



113

6 Summary

Atomic  Force  Microscopy provides  the  possibility  to  probe  various  properties  of  thin 

polymer films on nanometer scale. Combining the AFM with a heating device for sample 

temperatures up to 413 K enables to investigate mechanical and electrical properties and 

the thermal stability of nanostructures (structure size <100 nm) and surface charges on thin 

films at elevated temperatures and in the glass transition range.

6.1 Indentation experiments

In the first part of this study, polymethylmethacrylate (PMMA) films of thicknesses in the 

range  of  40  nm and  molecular  weight  of  350  kg/mol  are  investigated.  To  investigate 

mechanical properties of the thin polymer films,  two different methods are used in this 

project:  Force-distance curves  with  an indentation  frequency of  1  Hz give information 

about mechanical properties. Several µN maximum indentation force are applied to the tip 

and  create  permanent  indentations  in  the  polymer  film.  The  time  evolution  of  the 

topography of these nanoindentations give information about the relaxation dynamics. The 

bits created at various temperatures are imaged subsequently with the same tapping tip.

The tip wear and contamination are investigated with SEM images of cantilevers before 

and after use. The tapping tips show a tip break if forces of about 1.5 µN or higher are 

applied during indentation,  but the measured contact stiffnesses for different cantilevers 

after  the  tip  break  indicate  that  tip  shape  and  tip  radius  of  different  cantilevers  are 

comparable after the tip break.

Force-Distance-Curves  with  peak  indentation  forces  of  up  to  4  µN  create  permanent 

deformations  in  the thin  polymer  film.  With  an additional  calibration  curve on a  hard 

silicon surface, the FDCs have been converted into force-penetration curves. The contact 

stiffness decreases almost linearly with temperature which relies on the expected softening 

of the polymer. At about 388 K, a change in the slope of the contact stiffness is visible and 

reveals  the  glass  transition  of  the  thin  film.  The  hysteresis  energies  in  the  range  of
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10⋅10−15 to 40⋅10−15 J also decrease with temperature and show a change in the slope 

at Tg, but not as clear as the contact stiffness or the maximum indentation depths.

It has been demonstrated that the glass transition temperature can be measured with FPCs, 

independent of tip shape and spring constant because therefore no quantitative values are 

necessary. The FPCs at higher temperatures give also the film thickness, and with known 

contact radius, the elastic modulus of the sample can be determined.

The indentations created at room temperature with FDCs show no change in depth within 

several hours. At higher temperatures, the indentations show a decrease in depth which has 

been fitted with an exponential function. The calculated time constants τ of this relaxation 

decrease with temperature. At temperatures above Tg, the relaxation is much faster and the 

indentations vanish completely within some hours. An Arrhenius-plot of τ vs. 1/T shows a 

sharp drop at 388 K and reveals the glass transition temperature. The activation energy of 

22-39 kJ/mol determined out of this plot is smaller than the bulk literature value which 

suggests a greater mobility at the polymer surface due to the confined geometry.

This method of the time evolution of indentation depth is suitable to determine Tg and the 

relaxation dynamics of thin films on nanometer scale. The great advantage of this method 

is the independence of tip shape, spring constant and applied force. There are also only 

relative  and  no  absolute  values  of  indentation  depths  necessary  which  makes  this  a 

universal and easy to use experimental technique.

The  thermal  stability  on  larger  time  scale  has  been  investigated  with  long-term 

measurements  on  PMMA  and  SU8.  Nanoindentations  have  been  made,  stored  and 

measured from time to time always at the same temperature. Another method to investigate 

mechanical  properties  of  the  polymer  film  is  to  create  the  indentations  at  a  selected 

temperature and to observe the time evolution at a higher temperature. These experiments 

suggest that during the force-distance curve measurements, a stress field is build up which 

relaxes if a certain amount of energy is provided to the polymer.

The measurements on SU8 films show additionally relaxation and long-term behavior of 

indentations, created either with cold or hot tips. At room temperature, the indentations are 

stable  for  several  years  which  is  necessary  for  the  use  as  data  storage  medium.  The 

measurements at elevated temperatures show a higher stability of 'hot written' bits, with 

heated tip, compared to 'cold written' bits.

Writing with an unheated tip causes a stress field inside the polymer, the material is mainly 

compressed. Writing with a hot tip increases the mobility of the material, and the polymer 
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chains can rearrange. By heating up the sample, the higher stress of the cold written bits 

leads to a larger and faster relaxation of the indentations. The hot written bits also show a 

large decrease in  depth  at  elevated  temperatures,  but  most  of  the indentations  are  still 

clearly visible after several weeks.

The last measurements on PS-BCB films show that the indentation relaxations at various 

temperatures  match quite good to a semi-logarithmic  plot  which is  quite similar  to the 

discharge measurements with the same samples.

6.2 Electrostatic experiments

In the second part of this study, static and dynamic AFM modes were used to create surface

charges,  similar  to  the  macroscopic  contact  electrification  of  insulators.  For  most 

experiments, 125 nm thick polystyrene (PS) films were used, in addition to the PMMA and

SU8 films used for the indentation experiments. 

Local charging of the polystyrene polymer surface with the AFM tip was achieved by raster 

scanning the tip along the surface in continuous contact. In most cases, the applied load 

force during contact was 20–30 nN, not including the pull-off force, and the bias voltages 

between tip and substrate ranged from -10V to +10V.

The surface potential images obtained using Kelvin probe force microscopy (KPFM) have 

limited  lateral  resolution  of  only 100 nm due to  a  relatively large tip-sample  distance 

necessary for KPFM (typically around 10–30 nm). Therefore, to demonstrate the lateral 

precision of the charging, TappingMode phase images were made to demonstrate <20 nm 

precision  of  the  charge  pattern  generation.  To  increase  the  resolution,  metal-coated 

cantilevers can be used for electric measurements. The coating improves the conductivity 

of the cantilever which increases the tip-sample capacitance.  Therefore in principal  the 

influence of the much larger cantilever (cantilever-sample  capacitance) on the measured 

potential  is  reduced.  In practice,  parts  of  the  coating  wear  off  during  scanning  which 

disturbs correct imaging.

Quantitative EFM measurements give the possibility to calculate values of the tip-sample 

capacitance  which  are  in  the  range  of  10-18 F  and  of  surface  resistivities  of  the  used 

polymers which are close to known literature values.
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The charge measurements also clearly show that using standard AFM modes, e.g. contact 

mode or TappingMode, contrast in lateral force or phase shift may occur due to surface 

charges.

Surface charging can also be induced using a non-sliding tip,  i.e.,  a  tip  in  constant  or 

intermittent contact, as during dynamic imaging modes like TappingMode. The charging 

results  indicate  a  higher  efficiency  using  the  sliding  tip.  The  charge  stabilization  in 

polystyrene  is  coupled  with  the  molecular  arrangement  of  polymer  segments.  This 

rearranging process is more efficiently induced by the shear forces arising from contact 

sliding. 

The charging of the polymer film is fully reversible, and repeated cycles of “writing” and 

“erasing” of positive and negative charges are possible. This multiple scanning/charging 

leads  to  no  apparent  change  in  surface  topography  (apart  from  the  reversible  effects 

described  separately),  indicating  that  charging  and  discharging of  the  polymer  is  non-

destructive. 

At room temperature,  no charge decay on PS is  visible within several days. Long-term 

measurements of these surface charges at various temperatures show a discharging with 

logarithmic time dependence. On the PS films, the stability of the surface charges depends 

on the initial charge density, revealing different charge storage mechanisms. This effect is 

not visible on PMMA and SU8 films. Measurements on film with lower thicknesses, down 

to  21  nm,  show a  faster  charge  decay already at  room temperature  which  proves  the 

assumption that the charges are stored several nanometers below the surface in the film.

The PMMA and especially the SU8 samples exhibit a much faster charge decay already at 

room temperature. In contrast to the measurements on polystyrene and PMMA, the cross-

sections on SU8 show a broadening which implies that the charges spread over the surface.

The last section (5.5) shows an AFM based technique for reversible charge writing and 

nanolithography on thin polymer films. The sample is scanned at defined temperatures with 

low tip voltages (3–5 V). By voltage-assisted tribocharging, a height change of about 1–2 

nm  can  be  induced.  Topography  creation  and  erasing  is  linked  to  the  charging.  In 

combination  with charge writing and erasing that  can also be performed independently 

from  topography  creation,  this  is  a  method  for  combining  charge  and  topographic 

patterning  in  an  arbitrary  way.  The  observations  are  explained,  taking  into  account 

increased polymer chain mobility under the influence of the sliding tip.
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7 Zusammenfassung

7.1 Indentationsexperimente

Im  ersten  Teil  dieser  Arbeit  wurden  Polymethylmethacrylat  (PMMA)  Filme  mit 

Schichtdicken  im  Bereich  von  40  nm  und  einem  Molekulargewicht  von  350  kg/mol 

verwendet.  Zur  Untersuchung mechanischer  Eigenschaften  dieser  dünnen Polymerfilme 

wurden  zwei  verschiedene  Methoden  angewandt.  Kraft-Distanz-Kurven  mit  einer 

Indentationsfrequenz von 1 Hz geben Aufschluss  über mechanische Eigenschaften.  Bei 

einer  Maximalkraft  von  bis  zu  4  µN  entstehen  durch  die  AFM-Spitze  permanente 

Indentationen  im  Polymerfilm.  Mit  einer  zusätzlichen  Kalibrierkurve  auf  einer  harten 

Silizium-Oberfläche  können  die  Kraft-Distanz-Kurven  in  Kraft-Eindring-Kurven 

konvertiert werden.

Die zeitliche Entwicklung der Topographie dieser Nanoindentationen lässt Rückschlüsse 

auf  die  Art  der  Relaxation  des  Polymers  zu.  Die  Bits  wurden  bei  verschiedenen 

Temperaturen erstellt und danach mit derselben Spitze im TappingMode abgebildet. Die 

Abnutzung  und  Verunreinigung  der  Spitze  durch  die  Experimente  wurden  mittels 

Elektronenmikroskopie-Bildern des  Cantilevers  vor  und nach Gebrauch untersucht.  Die 

Enden der verwendeten AFM-Spitzen brechen bei Kräften von 1.5 µN oder höher während 

der Kraft-Distanz-Kurve, aber die mit verschiedenen Cantilevern gemessenen Werte der 

Härte des Polymers nach dem Bruch der Spitze sind vergleichbar und zeigen daher, dass 

Form und Radius der Spitzen nach dem Bruch vergleichbar sind.

Die Härte  des  Polymers  nimmt  nahezu linear  mit  der  Temperatur  ab und zeigt  die  zu 

erwartende Erweichung des Polymers. Im Bereich von 388 K zeigt sich eine Änderung in 

der Steigung der Härte-Kurve aufgrund des Glasübergangs des dünnen Films.

Die  Hysterese-Energie  im  Bereich  von 10⋅10−15 bis 40⋅10−15 J  nimmt  ebenso  mit 

zunehmender Temperatur ab und zeigt eine Änderung in der Steigung bei Tg, aber weniger 

deutlich als die Härte oder die maximale Eindringtiefe.

Die Kraft-Eindring-Kurven bei höheren Temperaturen zeigen die Schichtdicke der Probe, 

und mit bekanntem Kontaktradius kann das E-Modul der Probe bestimmt werden.
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Die  bei  Raumtemperatur  mittels  Kraft-Distanz-Kurven  erzeugten  Indentationen  zeigen 

keine  Veränderung  innerhalb  einiger  Stunden.  Bei  höheren  Temperaturen  zeigen  die 

Indentationen  eine  Abnahme  der  Tiefe,  die  mit  einer  Exponentialfunktion  beschrieben 

werden  kann.  Die  berechneten  Zeitkonstanten  τ dieser  Relaxation  nehmen  mit 

zunehmender  Temperatur  ab.  Oberhalb  des  Glasübergangs ist  die  Relaxation  erheblich 

schneller,  die  Indentationen  verschwinden innerhalb  weniger  Stunden vollständig.  Eine 

Arrhenius-Darstellung  von  τ über  1/T  zeigt  einen  klaren  Knick  bei  388  K,  der 

Glasübergangstemperatur.  Die aus dieser Darstellung ermittelte Aktivierungsenergie von 

22-39 kJ/mol ist geringer als die Literaturwerte und weist daher auf eine erhöhe Mobilität 

an der Oberfläche des Polymers aufgrund der eingeschränkten Geometrie hin.

Diese  Methode  der  zeitlichen  Betrachtung  der  Indentationstiefe  ist  geeignet,  um  den 

Glasübergang  und  die  Art  der  Relaxation  bei  dünnen  Filmen  zu  bestimmen.  Der 

wesentliche  Vorteil  ist  die  Unabhängigkeit  von  Spitzenform,  Federkonstante  und 

Maximalkraft. Es sind nur relative und keine absoluten Messwerte der Indentationstiefen 

nötig, was diese Methode sehr universell und einfach anzuwenden macht.

Die thermische Stabilität auf größerer Zeitskala wurde mit Langzeitmessungen auf PMMA 

und SU8 untersucht. Indentationen wurden bei definierten Temperaturen erstellt, gelagert, 

und gemessen. Eine weitere Methode zur Untersuchung der mechanischen Eigenschaften 

ist,  die  Indentationen  bei  einer  gewählten  Temperatur  zu  erzeugen  und  den  zeitlichen 

Verlauf bei höherer Temperatur zu messen. Diese Experimente deuten darauf hin,  dass 

während der Kraft-Distanz-Kurven ein Stressfeld im Polymer aufgebaut wird, das relaxiert, 

sofern eine bestimmte Energiemenge zugeführt wird.

Die Messungen auf SU8 zeigen zusätzlich die Relaxation und das Langzeitverhalten von 

Indentationen, die mit kalter oder heißer Spitze erzeugt wurden. Bei Raumtemperatur sind 

die Indentationen für mehrere Jahre stabil, ein notwendiges Kriterium zur Verwendung als 

Datenspeicher. Die Messungen bei erhöhten Temperaturen zeigen einer höhere Stabilität 

der heiß geschriebenen Bits im Vergleich zu Bits, die mit einer ungeheizten Spitze erzeugt 

wurden.

„Schreiben“ mit einer ungeheizten Spitze erzeugt ein Stressfeld im Polymer, das Material 

wird  hauptsächlich  komprimiert.  „Schreiben“  mit  einer  geheizten  Spitze  erhöht  die 

Mobilität  des  Materials,  und  die  Polymerketten  können sich  neu anordnen.  Durch das 

Aufheizen der Probe führt das Stressfeld bei „kalt“ geschriebenen Bits zu einer schnelleren 

und größeren Tiefenabnahme der Indentationen. Die „heiß“ geschriebenen Bits zeigen auch 



119

eine Abnahme der Tiefe bei erhöhten Temperaturen, aber die meisten Bits sind nach vielen 

Wochen immer noch deutlich sichtbar.

Die  zuletzt  gezeigten  Messungen  auf  den  PS-BCB  Filmen  zeigen,  dass  die 

Tiefenabnahmen  bei  verschiedenen  Temperaturen  gut  mit  einem  halb-logarithmischen 

Graphen dargestellt werden können. Dies ist ähnlich zu den elektrostatischen Messungen 

mit denselben Proben.

7.2 Elektrostatische Untersuchungen

Im zweiten Teil dieser Arbeit wurden statische und dynamische AFM-Modi verwendet, um 

Ladungen an der  Oberfläche zu  erzeugen,  analog zur  makroskopischen Aufladung von 

Isolatoren.  Für  die  meisten  Experimente  wurden  125  nm  dicke  Polystyrol-Filme  (PS) 

verwendet, zusätzlich zu den bereits beschriebenen PMMA- und SU8-Proben.

Lokales Aufladen der Oberfläche mit der AFM-Spitze wurde durch direkten Kontakt der 

Spitze mit der Probe erreicht. In den meisten Fällen war die Anpresskraft im Bereich von 

20-30 nN, bei einer Spannung zwischen Spitze und Probe im Bereich von -10V bis +10V.

Die Potentialdarstellungen, die im Modus KPFM (Kelvin Probe Force Microscopy) erzeugt 

werden, haben eine limitierte laterale Auflösung von nur 100 nm, bedingt durch den relativ 

großen Abstand zwischen Spitze und Probe von 10-30 nm. Um die laterale Genauigkeit des 

Aufladens  der  Oberfläche  zu  zeigen,  wurden  Phasenbilder  im  TappingMode 

aufgenommen.  Die  laterale  Auflösung  der  strukturierten  Ladungserzeugung  liegt  bei 

weniger  als  20  nm.  Um  die  Auflösung  zu  erhöhen,  können  mit  Metall  beschichtete 

Cantilever für elektrostatische Messungen verwendet werden. Die Beschichtung erhöht die 

Leitfähigkeit  und  damit  auch  die  Kapazität  zwischen  Spitze  und  Probe.  Damit  wird 

prinzipiell der Einfluss des Cantileverbalkens (Kapazität zwischen Cantilever und Probe) 

auf das zu messende Potential  reduziert.  In der Praxis ist die Beschichtung für direkten 

Kontakt  und  Kraft-Distanz-Kurven  weniger  geeignet,  da  sich  dann  die  Beschichtung 

abnutzt und die Qualität der Messungen deutlich reduziert.

Quantitative EFM-Messungen ermöglichen die Berechnung der Kapazität zwischen Spitze 

und Probe (im Bereich von 10-18 F) sowie des Oberflächenwiderstands der verwendeten 

Polymere, die in guter Übereinstimmung mit Literaturwerten sind.

Die Ladungsmessungen zeigen deutlich, dass die üblichen AFM-Modi wie z.B. Contact 
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Mode oder TappingMode durch Oberflächenladungen beeinflusst werden, d.h. es ist ein 

Kontrast in Lateralkraft (Torsion) bei Contact Mode bzw. in der Phasenverschiebung bei 

TappingMode zu beobachten.

Oberflächenladungen können auch durch angelegte Spannung im TappingMode erzeugt 

werden. Die Ergebnisse zeigen jedoch eine deutlich höhere Wirksamkeit bei einer Spitze, 

die im direkten Kontakt über die Probe bewegt wird. Die Aufladung von Polystyrol ist an 

die  Anordnung  der  Polymersegmente  gekoppelt.  Dieser  Prozess  der  Neuanordnung  ist 

durch die Scherkräfte im direkten Kontakt deutlich effektiver.

Das Aufladen der Polymeroberflächen ist vollständig umkehrbar, wiederholte Zyklen von 

„Schreiben“ und „Löschen“ von positiven oder negativen Ladungen ist möglich.  Dieses 

mehrfache  Laden/Entladen  im  Kontakt  hat  keinen  Einfluss  auf  die  Topographie  der 

Oberfläche, ausgenommen der beschriebenen gezielten Topographie-Effekte.

Bei  Raumtemperatur  ist  kein  Ladungszerfall  innerhalb  einiger  Tage sichtbar.  Langzeit-

Messungen  dieser  Oberflächenladungen  bei  verschiedenen  Probentemperaturen  zeigen 

einen  Ladungszerfall  mit  logarithmischer  Zeitabhängigkeit.  Bei  den  PS-Filmen  ist  die 

Stabilität der Ladungen abhängig von der anfänglichen Ladungsdichte und deutet damit auf 

verschiedene Arten der  Ladungsspeicherung im Polymer  hin.  Dieser  Effekt  ist  bei  den 

PMMA- und SU8-Filmen nicht messbar. Messungen an Polymerschichten mit reduzierter 

Dicke  (minimal  21  nm)  zeigen  einen  beschleunigten  Ladungszerfall.  Dies  stützt  die 

Vermutung, dass die Ladungen einige Nanometer unterhalb der Oberfläche im Polymer 

gespeichert sind. Analoge Ladungsexperimente an PMMA- und SU8-Proben zeigen einen 

deutlich  schnelleren  Ladungszerfall.  Im  Unterschied  zu  PS  und  PMMA  zeigen  die 

Querschnitte der Ladungsmessungen bei SU8 eine Verbreiterung und damit eine zeitliche 

Ausbreitung der Ladungen auf der Oberfläche.

Der  letzte  Abschnitt  (5.5)  beschreibt  eine  AFM-basierte  Methode  für  reversible 

Nanolithographie an dünnen Schichten. Die Probe wird bei bestimmten Temperaturen und 

angelegten Spannungen (3-5 V) im Contact Mode abgefahren. Die erzeugten Ladungen 

und  der  direkte  Kontakt  bei  definierten  Parametern  bewirkt  eine  Höhenänderung  des 

Polymers von bis zu 2 nm. Erzeugen und Löschen von erhöhten Strukturen ist  mit  der 

Ladung gekoppelt.  Damit  ist  es  möglich,  beliebige  erhöhte  Strukturen  sowie  geladene 

Bereiche auf der Oberfläche zu erzeugen und auch wieder vollständig zu löschen. Dieser 

Topographie-Effekt  kann  durch  die  erhöhte  Mobilität  der  Polymerketten  beschrieben 

werden, hervorgerufen durch die geladene Spitze im direkten Kontakt mit der Probe.
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8 Outlook

It  has  been  shown  that  force-curve  and  relaxation  measurements  give  mechanical 

properties of thin polymer films, especially the glass transition temperature. These methods 

are also suitable to determine the thermal stability of nanostructures on time scales ranging 

from some hours to several weeks. But there are still  many possibilities to improve the 

experimental methods.

The  spring  constant  of  cantilevers  is  an  important  parameter  for  comparing  AFM 

measurements. To improve the accuracy of the reference cantilever method, it would be 

useful  to  mount  the  reference cantilevers  on a  separate  piezo-stage.  Then the  absolute 

position of the tip can be measured more precisely because it is the main error source of 

this method. The piezo-scanner of the AFM would then only be used in z-direction for 

force-distance curves.

An extension  of the force curve measurements  could be to  make these experiments  at 

different frequencies [127]. With the DI 3100 AFM, up to 10 Hz are possible. For higher 

indentation  frequencies,  an  additional  frequency  generator  has  to  be  implemented. 

Mechanical  properties  like  stiffness  or  hysteresis  energy  and  the  stability  of  these 

indentations are expected to depend on the indentation velocity. This could also lead to 

master-curves on nanometer scale. During force curve measurements it is also possible to 

stop the movement of the tip and keep it at this level for a certain time when the maximum 

indentation force is reached. This may alter the relaxation process and the thermal stability.

These force-curve and relaxation measurements can be used to measure the change of Tg 

due to interactions with different substrates or for films with different thicknesses. It has to 

be shown that these methods reveal Tg of different polymers.

The heating experiments where the indentations are created at low temperatures, heated up 

and  measured  again  at  higher  temperature  can  be  investigated  more  systematically. 

Different  starting  and  end  temperatures  can  give  additional  information  about  the 

mechanical  properties  of  the  polymer  film.  It  seems  that  once  heated  up,  further 

temperature switching between these two temperatures does not lead to further relaxation.
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The charging and discharging experiments  show large differences in charge lifetime on 

various polymer surfaces. Further measurements on other kinds of polymers can lead to a 

better understanding of charge storage and electrical properties of thin films.

The  local  charging  of  polymers  can  lead  to  several  applications.  One  which  was 

extensively  describes  is  electrostatic  lithography  [75].  Another  possibility  is  directed 

molecule deposition on charged surfaces [111]. The AFM tip can be used to pattern the 

substrate, and the molecules will only stick to these defined areas.

On the basis of the described Millipede project, local charging of polymers can be used for 

probe storage.  As this  will  be a non-topographic technique,  issues  like tip  wear or bit 

stability can be improved compared to indentation based probe storage. One example is 

resistive probe storage which is a research project at Samsung [105].

The electrostatic experiments also showed that in various AFM modes,  surface charges 

will  influence  the  measurement,  e.g.  the  phase  shift  in  TappingMode.  Therefore  it  is 

reasonable  to  make  quantitative  investigations  of  the  influence  of  surface  charges  on 

common AFM modes.

At last,  the electrostatic measurement modes of the AFM itself  can be improved. Most 

common are KPFM or EFM as two-pass techniques which were also used in this study. 

Simultaneous measurements of surface charges in TappingMode or PFM and the  real-time 

correction of the influence of these charges will reduce measurement artifacts and should 

be a future standard of every AFM mode. One already discussed device for this is an add-

on to the used DI microscope [126].
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Appendix A

Dimension 3100 hardware changes

The  standard  procedures  for  KPFM  and  EFM  measurements  are  described  in  the  DI 

hardware  manual  [50].  This  also  includes  the  appropriate  settings  of  the  extender 

electronics  box  for  phase  detection  or  frequency modulation.  For  extended  and  more 

accurate electrical measurements with the DI 3100 AFM, some modifications mainly on 

the electronics have to be made.

For calibration, a external voltage is applied by a function generator to a conductive sample 

as  described  in  section  5.1.1.  To  prevent  damage  of  the  microscope  by this  voltage, 

especially  of  the  electronics,  the  sample  chuck  has  to  be  electrically  isolated.  This  is 

achieved by replacing the connection between sample chuck and microscope. The original 

piece of metal (77*19 mm²) was replicated out of a 1 mm thick sheet of PTFE.

The internal voltage source is limited to 12 volts DC and is enabled using the 'Analog 2' 

setting of the Nanoscope software. If one wants to apply higher voltages or defined wave 

forms, it is necessary to use an external voltage source. This is connected to the microscope 

backplane. Additionally, some jumpers on this board have to be reconfigured. To avoid 

damage of the electronics or the sample, either a large resistor is integrated in the circuit or 

one uses a current-limited power supply.

Figure A.1 shows the connections of the microscope backplane and the additional circuitry 

with an external voltage source. The small grey box with an integrated switch allows to 

easily turn from standard imaging modes to the application of an external voltage used for 

charge  writing.  In  the  normal  jumper  configuration,  'AFM  Tip'  and  'Analog  2'  are 

connected. In the configuration for applying an external voltage to the tip, a current-limited 

power supply is connected to 'Ground' and 'AFM Tip' as illustrated in figure A.1. All cables 

are  soldered  to  a  push-on  connector.  This  allows  to  restore  the  original  jumper 

configuration without changing the additional circuitry.
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If conductive samples are used in EFM or KPFM mode, it is necessary to ensure a proper 

grounding of the sample. This can be done by connecting the already isolated sample chuck 

to  the  lower  'Ground'  connectors  illustrated  in  figure  A.1.  Electrostatic  experiments  as 

discussed in chapter 5 showed that this additional grounding is not necessary if one uses 

polymer samples with a high resistivity.

Figure A.1: Additional circuitry and jumper configuration for applying an external voltage 

to the tip during charge writing.
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Appendix B

Charging of single PS-spheres

In the charging experiments in chapter 5, thin polymer films were used. Similar to the 

patterned media approach in magnetic data storage, it is also possible to use single polymer 

„islands“ for charging and discharging measurements.

Figure B.1 shows single polystyrene spheres with a pitch of 460 nm. A small part of 1x1 

µm² was scanned in contact mode with a negative tip voltage of -5 V. On the polystyrene 

films in chapter 5, this would lead to a measurable surface potential of around -1.5 V. The 

measurement  on the  PS-spheres  shows a surface potential  of  up to  -4 V.  This  can be 

explained by the fact that the charges are trapped at the surface of the spheres. The single 

spheres are separated and too thick, so charge spreading to other spheres or to the substrate 

can be almost excluded.

Figure B.1: Topography (left) and surface potential (right) images of charged polystyrene 

spheres (using a tip bias of -5 V), scan size 6*6 µm².  Scalebar indicates 280 nm (left) 

respectively 4.2 V (right).
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The spheres can thus be charged with lower tip voltages and contact times.  Figure B.2 

shows a similar charging experiment where the tip voltage of -5 V was only applied locally 

for short  time (some seconds). The topography is  the same as before, but the potential  

image shows that one sphere, marked with a red circle, was charged negatively. During 

some subsequent scans, no charge decay was visible.

These polystyrene spheres are usually used for nanosphere lithography [128]. The spheres 

with diameters ranging from 0.4 µm up to 10 µm are spin coated onto glass substrates. 

After the water of the suspension evaporates, hexagonal structures of the spheres remain on 

the surface.  After  this,  the spheres  are  evaporated in  vacuum with  gold or  silver.  The 

polystyrene spheres are then removed from the substrate with solvent in an ultrasonic bath, 

and  triangular metal particles remain on the surface, in a hexagonal array.

Figure B.2: Topography (left) and surface potential (right) images of charged polystyrene 

spheres (using a tip bias of -5 V), scan size 3*3 µm².  Scalebar indicates 170 nm (left) 

respectively 1.4 V (right).
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Epilogue

The application related to this work is the development of a new data storage system. As it  

is always hard to compete with established technologies, it is also known from experience 

that every new technology has plenty of room for improvement. Fig. E.1 shows magnetic 

force microscopy on hard disk drive (HDD) platters with an image size of 30*30 µm². The 

huge  increase  in  data  density  is  evident  and  due  to  the  application  of  GMR  (giant 

magnetoresistance) heads in newer HDDs. The discovery of GMR in 1988, independently 

in France and Germany, was 2007 awarded with the Nobel Prize in Physics. Wheras the 

data density in future HDDs with perpendicular recording is limited to ~500 Gbit/in² (60x 

higher than right image in Fig. E.1), the limit for probe storage may be single molecules or 

atoms. The recent millipede prototype reaches already 2 Tbit/in², far beyond the magnetic 

limit. A corresponding AFM image of 30*30 µm² comparable to Fig. E.1 would include 3 

million bits  which is beyond the pixel  resolution of every laser printer (note that pixel 

resolution (ppi) is less than the specified dot resolution (dpi) due to the halftoning process). 

And with the laser printing process, we are back at square one...

Figure E.1: Magnetic Force Microscopy (MFM) phase images of hard disk drive platters, 

scale  30*30  µm².  Left: WesternDigital  Caviar  AC280,  total  capacity  85.3  MB, 

manufactured 1992. Right: Fujitsu MPF3204AT, total capacity 20.49 GB (year 2000).


	Preface
	Abstract
	1 Introduction
	1.1 Investigations of thin polymer films
	1.2 The millipede project
	1.2.1 Nanodrive principle


	2 Fundamentals
	2.1 Basic AFM Operation
	2.2 AFM imaging modes
	2.2.1 Contact Mode
	2.2.2 Non-contact Mode
	2.2.3 Tapping Mode TM
	2.2.4 Pulsed-Force Mode

	2.3 Force-Distance-Curves
	2.4 Electric Force Microscopy
	2.4.1 Kelvin Probe Force Microscopy
	2.4.2 Electric Force Microscopy


	3 Instrumentation and Samples
	3.1 Dimension 3100 AFM
	3.2 Heating stage and controller
	3.3 Cantilevers
	3.4 Samples
	3.4.1 PMMA samples
	3.4.2 SU8 samples
	3.4.3 Polystyrene samples


	4 Indentation experiments
	4.1 Measurements on PMMA
	4.1.1 Force-curve measurements
	4.1.2 Force curves at various temperatures
	4.1.3 Time evolution of topography
	4.1.4 Quantitative topography measurements
	4.1.5 Relaxation of indentations
	4.1.6 Long-term measurement
	4.1.7 Heating of indentations

	4.2 Measurements on SU8
	4.2.1 Long-term measurement, sample I
	4.2.2 Indentations at 353 K, sample II
	4.2.3 Indentations at 403 K, sample V
	4.2.4 Indentations at 403 K, sample VII
	4.2.5 Indentations at 298 K, sample VIII
	4.2.6 IBM long-term measurements

	4.3 Summary of indentation measurements
	4.4 Error discussion

	5 Electrostatic experiments
	5.1 Calibration measurements
	5.1.1 Interleave drive phase
	5.1.2 Interleave lift height
	5.1.3 Topography related potential contrast
	5.1.4 EFM cantilevers

	5.2 Measurements on PS-BCB
	5.2.1 Charge writing parameters
	5.2.2 Structures and resolution
	5.2.3 Thermal discharge measurements
	5.2.4 Calculation of temperature dependent resitivity

	5.3 Measurements on PMMA
	5.4 Measurements on SU8
	5.4.1 Comparison with measurements on PS and PMMA

	5.5 Electrostatic lithography
	5.5.1 Topographic patterning
	5.5.2 Discussion


	6 Summary
	6.1 Indentation experiments
	6.2 Electrostatic experiments

	7 Zusammenfassung
	7.1 Indentationsexperimente
	7.2 Elektrostatische Untersuchungen

	8 Outlook
	Dimension 3100 hardware changes
	Charging of single PS-spheres
	References
	List of figures
	List of Abbreviations
	Issue of Statement
	Acknowledgements
	Curriculum Vitae
	Presentations
	Epilogue

