
Particles on Surfaces: Development and
Application of Atomic Force Microscopy

Methods to Study Time Dependent
Adhesion of Nano Particles

Dissertation zur Erlangung des
Doktorgrades Dr. rer. nat.

der Fakultät für Naturwissenschaften
der Universität Ulm

vorgelegt von

Daniel Geiger
geboren in Biberach an der Riß

Institut für Experimentelle Physik

2018



Amtierender Dekan zum Zeitpunkt der Abgabe:

Prof. Dr. Peter Dürre

Gutachter:

1. Prof. Dr. Othmar Marti
2. Apl. Prof. Dr. Berndt Koslowski

Tag der Promotion:

13.06.2018



Contents

1. Introduction 1

2. Theory 5

2.1. Adhesion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1. Electrostatic Interactions . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.2. Van-der-Waals Forces . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.3. Chemical Forces: Acid-Base Theory . . . . . . . . . . . . . . . . . 10

2.1.4. The Surface Chemistry of Silicon . . . . . . . . . . . . . . . . . . . 14

2.2. Deal-Grove Model of Oxidation . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3. Contact Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.1. Hertz Contact Model . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.2. Johnson-Kendall-Roberts (JKR) Contact Model . . . . . . . . . . . 21

2.3.3. Derjaguin-Muller-Toporov (DMT) Contact Model . . . . . . . . . . 22

2.3.4. Discussion of the Contact Models . . . . . . . . . . . . . . . . . . 23

2.4. Probability, Distribution and Statistic Tools . . . . . . . . . . . . . . . . . . 24

2.4.1. Elementary Event and Random Variable . . . . . . . . . . . . . . . 24

2.4.2. The Cumulative Distribution Function . . . . . . . . . . . . . . . . 25

2.4.3. The Standardized Moments . . . . . . . . . . . . . . . . . . . . . . 26

2.4.4. Statistical Model Selection . . . . . . . . . . . . . . . . . . . . . . . 27

2.5. Probability Theory Approach for Lateral Force Measurement Analysis . . 30

2.6. Contact Angle and Wetting . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.6.1. The Spherical Cap Model . . . . . . . . . . . . . . . . . . . . . . . 45

3. Materials and Methods 49

3.1. The Atomic Force Microscope . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.1.1. Interactions between Probe and Sample . . . . . . . . . . . . . . . 52

3.1.2. AFM Measurement Modes . . . . . . . . . . . . . . . . . . . . . . 54

iii



Contents

3.1.3. Device Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.1.4. Lateral Force Measurements . . . . . . . . . . . . . . . . . . . . . 59

3.2. Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.1. Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.2. Nano Particle Solution . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.3. Particle Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.2.4. Controlled Aging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.3. Contact Angle Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.3.1. Goniometer Method for Contact Angle Measurements . . . . . . . 68

3.3.2. Contact Angle Measurement Method for Microscopic Droplets . . 68

4. Results 77

4.1. Sample and Sensor Characterization . . . . . . . . . . . . . . . . . . . . . 77

4.1.1. Cantilever Tip and Wear . . . . . . . . . . . . . . . . . . . . . . . . 77

4.1.2. Substrate Surface . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Wetting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Local Wetting Properties . . . . . . . . . . . . . . . . . . . . . . . 86

XPS Analysis of the Sapphire Coating . . . . . . . . . . . . . . . . 89

4.1.3. Substrate-Tip Interaction . . . . . . . . . . . . . . . . . . . . . . . 91

Relative Humidity Dependency . . . . . . . . . . . . . . . . . . . . 94

Temperature Dependency . . . . . . . . . . . . . . . . . . . . . . . 94

4.2. Temporal Evolution of the Adhesion Force of Silica Nano Particles . . . . 98

4.2.1. Ambient Air and Elevated Temperature . . . . . . . . . . . . . . . . 98

4.2.2. Dry and Wet Nitrogen . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.2.3. Influence of Hydrogen Plasma Treatment on the Adhesion Force . 104

4.2.4. Plateau Formation at the Particle-Substrate Interface . . . . . . . . 106

4.2.5. Comparison of Plateau Growth with Deal-Grove Model . . . . . . . 109

4.2.6. Discussion of the Aging Behavior of the Adhesion Strength of Sil-

ica Nano Particles on Silicon Oxide Substrates . . . . . . . . . . . 110

4.2.7. Adhesion Aging of Silica Particles on a Sapphire Surface . . . . . 111

4.3. Statistical Analysis and Comparison to Model Distributions . . . . . . . . 115

5. Summary 120

iv



Contents

6. Outlook 122

A. Analytical Solutions for the Contact Angle in the Spherical Cap Model 124

B. Bill of Materials 129

List of Figures 133

List of Tables 134

Bibliography 135

v





1. Introduction

The physics and chemistry of surfaces has become one of the most important fields in

science and industry. The applications of interfaces and their properties are countless,

from catalytic converters to the design of adhesives and high-tech applications in semi-

conductor manufacturing processes. Especially in the latter case, surface contamination

is an issue, because even a nano particle that covers a feature during the photo lithog-

raphy process may cause malfunction of the whole chip. Since contamination cannot

be avoided in general and in particular not in manufacturing processes, cleaning meth-

ods are needed. For the development of effective and efficient cleaning methods, the

sticking mechanism and forces of particles are of interest, which are determined by the

surface properties of the materials. In this context, the two most important properties of

surfaces are wetting and adhesion.

A vast effort was put into the development of superhydrophobic and superoleophobic

surfaces due to their importance in many applications [Liu+08; Nec+14; BB15; Sta+12].

For instance, used as coating on a ship hull such special wetting properties are very

effective anti-fouling materials. Similar to the well known self-cleaning effect of a lotus

leaf [BN97], such surfaces prevent the attachment of bio-organisms. Additionally, the

wetting properties determine, whether a surface becomes foggy or stays clear [DM+14a;

Gro+04]. This is very important because foggy windows are frequently the cause of traf-

fic accidents that may be avoided by effective anti-fog coatings.

Starting with Young’s equation, advanced theoretical models to describe wetting were

developed [You05; Goo92]. Based on these theoretical advances, contact angle mea-

surements are not only a conceptional measure for wettability, but may also be used to

determine physical properties of surfaces like polar and apolar contributions to the total

interaction [Goo92; Dec+99]. On the experimental side, many methods to measure the

contact angle of a liquid on a substrate, like the sessile drop or Wilhelmy plate method,

were developed and are still subject of enhancements [Koc+09; DH17]. Furthermore,
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Chapter 1. Introduction

methods to measure contact angles were proposed that are based on atomic force mi-

croscopy and confocal microscopy [Ish+00; Tan+16; FO00; Che+16]. These methods

offer superior precision at the cost of measurement speed and versatility. Another ap-

proach uses interference patterns to combine high precision with optical measurement

speed but is only applicable in a narrow contact angle range [St99].

As mentioned above, in industrial applications contamination is usually an issue so that

monitoring of the surface quality is necessary [O’B92]. Contact angle measurements

are very sensitive to contamination and other defects on the surface, which makes them

well suited for this task [Sha92; Tag+92]. With decreasing structure sizes in the semi-

conductor manufacturing industry, the need for measurements of surface properties on

large scales with high spatial resolution and superior measurement speed increases.

However, all presented methods cannot comply with all these requirements.

While wetting is not only material dependent, adhesion is an intrinsic property between

two materials. Adhesion basically describes the stickiness between atoms, molecules

and hence macroscopic bodies at very close distance to each other. However, due to

surface roughness of hard macroscopic bodies, the true contact area between two bod-

ies may be reduced to a minimum so that adhesive effects are mostly covered by effects

like mechanical interlocking [Ken94]. Hence, observations on the macroscopic scale

cannot be easily applied to the nano world.

However, the importance of structures on the nano scale grows rapidly and they al-

ready play an essential role in our everyday life in the form of microelectronics. As al-

ready mentioned, a dirt particle on a mask or wafer in semiconductor manufacturing may

cause malfunction of the underlying feature. Therefore, the knowledge of the adhesive

properties of nano particles, including temporal development under certain conditions,

is of interest in order to develop appropriate cleaning processes for wafers and masks

in lithography systems.

The investigation of adhesive properties of materials was, due to the lack of suitable

measurement methods, difficult until the invention of the surface forces apparatus in

1969 [TW69] and the atomic force microscope in 1986 [Bin+86]. They made the in-

vestigation of material properties on the nano scale possible so that for the first time

observations were only minimally biased by asperity effects like interlocking.

Since then, many methods to investigate adhesion properties, mostly based on atomic

force microscopy, were developed. A common approach for the measurement of ad-
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hesion is to perform force spectroscopy [Hei+99; KB02; Jon+02]. In such a measure-

ment, the cantilever is brought in a continuous movement into contact with a surface

while its deflection is recorded. However, this method is not very well suited to investi-

gate the temporal development of the adhesion on larger time scales due to technical

reasons. In parallel, friction force microscopy was developed that is based on the prop-

erty of an optical lever detection system to detect not only normal deflection but also

torsion of the cantilever [Mar+90; MA90]. This technique is often used to detect the

friction forces between a surface and the cantilever tip [Ben05; PM97]. However, in a

measurement where nano particles are pushed sideways, the torsion of the cantilever

can be as well used to measure the necessary force to induce and maintain particle

movement [Jun+95; Fal+99]. An issue in such measurements is the unknown geometry

between the pushing cantilever and the nano particle which leads to large uncertainties.

Other approaches use the relation between the normal force setpoint and maximum

pushing force in lateral direction [Mun10; Kok+09]. They calculate the ratio of detached

particles as a function of the normal force that is increased from scan to scan. This pro-

cedure yields a critical normal force setpoint that is necessary for particle detachment,

but needs many scans and a huge amount of particles to measure. Another method is

based on setpoint switching within a scan line [Die+07]. The drawback of this method is

the necessity of a device that is capable of such switching and a skilled experimenter.

Due to the limited availability of suitable measurement methods, long-term adhesion

aging studies of nano particles under different environmental conditions are rare and

underlying processes that may alter the adhesion of the nano particles are insufficiently

researched.

In this work, methods to investigate the wetting properties as well as the time depen-

dent adhesion are developed. Furthermore, a sample system of silica nano beads on

silicon oxide surfaces is introduced to study how different storage conditions affect the

adhesion properties of these nano beads.

For the measurement of wetting properties, a method based on conventional microscopy

was developed that allows the measurement of the contact angle of microscopic droplets.

Thus, the local wetting properties can be measured with good spatial resolution that is

mostly dependent on the size of the droplets. The theory, implementation and applica-

tion of the method is described in section (2.6), section (3.3.2) and section (4.1.2).

The method for the measurement of adhesion forces of nano particles used in this work
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Chapter 1. Introduction

is based on atomic force microscopy. By monitoring the torsional or lateral forces act-

ing on the cantilever while pushing beads sideways, the adhesion strength of the nano

beads can be measured. We enhanced this method by a statistical analysis procedure

that allows the correction of measurement artifacts that are dependent on the measure-

ment geometry. A detailed description of this method and a discussion of the applicabil-

ity of the statistical analysis is given in section (2.5), (3.1.4) and (4.3).

The majority of the results deals with the temporal evolution of the adhesion strength

of silica nano beads and is split in two parts. Firstly, the measurement system consist-

ing of the probe, substrate and nano particle is characterized (section (4.1)). Secondly,

the aging effect of the adhesion of silica nano particles in different environments is in-

vestigated in section (4.2). A model, based on our measurement results and literature

(section (2.1)), which might explain the observed changes of the interface is proposed

and discussed in the context of the findings of other groups in section (4.2).
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2. Theory

This chapter contains the theoretical aspects of methods and models used in this work.

Starting from general considerations about adhesion, the responsible interactions are

introduced and discussed. Subsequently, the special chemical properties of silicon and

silica surfaces are presented. This is followed by contact models that can be used to

describe elastic bodies in contact with a solid surface. Additionally, the basics of proba-

bility and corresponding distribution functions are introduced. This section also contains

methods for statistical model testing. Based on this, the model for the probability theory

based measurement method of adhesion forces of nano particles by atomic force lateral

force microscopy is developed. Finally the theory of the contact angle measurement

method for microscopic droplets is given.

2.1. Adhesion

Already in ancient Greece, more than 2400 years ago, philosophers like Democritus

stated that matter is made of small indivisible particles, the atoms [HW04]. Although,

within the last centuries the theory was proven to have flaws, the picture of matter made

of small particles that are called atoms is still valid. If anything is made of atoms, on

one hand the question arises what holds matter together and on the other hand why

not all atoms stick to each other. Neglecting the recently found Higgs Boson, there are,

according to gauge theory, four forces of nature [Lee91; Qui13; Fer+17]:

• Strong force

• Weak force

• Electromagnetism

• Gravity
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Chapter 2. Theory

The strong and weak force are only important within the atomic nucleus whereas grav-

ity is negligible on the atomic scale. Hence the forces that hold atoms together must

be a consequence of electromagnetic forces. We will see later that a whole bunch of

secondary forces, originating from electromagnetic interactions, keep atoms together.

The effect of atoms or molecules of the same type to stick together is called cohesion

whereas for different kinds of materials this is called adhesion. A plain example for the

effects related to cohesion and adhesion is the drop formation of water on glass. The

cohesion between the water molecules is stronger, due to the possibility to form hydro-

gen bonds, than the interaction with the substrate or air interface. Hence, the water

does not wet the substrate and forms a droplet, because it tries to maximize contact

with itself and minimize contact with the environment. This answers the question why

not everything sticks together as the attraction seems to be an intrinsic property of the

combined materials.

In the following the main components, like van-der-Waals (vdW), electrostatic and chem-

ical forces, of the total adhesive interaction will be discussed [Gu+16; Lee91]. Mechani-

cal components like interlocking that might contribute to the total adhesion of two bodies

is neglected here. On one hand interlocking is not an intrinsic property of the material

and on the other hand negligible for our study as the used materials can be considered

atomically flat what makes interlocking very unlikely. Additionally, different models of

the contact between solid and elastic models will be discussed. It has to be mentioned

that a wholistic description of the adhesion between two bodies is difficult to obtain.

This is due to the large variety of possible interactions between different materials and

the countless possible combinations of them [Lee91; Gut91]. A key factor for adhesion

studies is usually the unknown contact area between two bodies. Since most adhesive

forces are very short ranged, separation between the bodies has to be tiny, on the order

of some atomic diameters, to achieve a true adhesive contact. Due to this circumstance,

adhesion and friction experiments were difficult to interpret on a microscopic scale for

centuries, because the observations on larger engineering scales may be completely

different from intrinsic material properties [Ken94]. Indeed, on the macroscopic scale,

the contact between bodies is often formed by an intermediate layer like a glue that is

able to close the tiny gaps and is usually elastic so that it can absorb a certain amount

of energy without breaking. For atomically flat structures on the nano scale, as used in

this study, effects related to the contact area as shown in figure (2.1) become negligible
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2.1. Adhesion

and the geometry is well known. However, such experiments became feasible no ear-

lier than 1969 with the invention of the surface forces apparatus [TW69] and the atomic

force microscope (AFM) [Bin+86] in 1986. Soon after their invention, the devices proved

to be viable tools for adhesion measurements on the nano scale [Joh97; Yos+93].

Figure 2.1.: Schematic of the contact between two bodies with finite roughness A, ulti-
mately smooth surfaces B, the effect of a glue C and the comparison of their
contact lengths D. The contact area for the rough bodies is obviously only
a small fraction of the total body dimensions. By adding a glue, the small
gaps between the surfaces can be closed. Additionally, glues are mostly
polymeric materials that also lead to some elasticity of the contact resulting
in the ability to absorb energy without breaking.

Usually the term adhesion is defined by the work of adhesion given by

WA =

∞∫
0

~F d~s (2.1)

that is the energy needed to separate two objects from distance s = 0 to infinity in nor-

mal direction to the surface. This is for instance measured in force spectroscopy exper-

iments as shown in chapter (4.1.3) and offers high precision combined with a relatively

simple measurement protocol, usually fully integrated in commercial AFMs, to measure

adhesion phenomena [Hei+99; KB02; RZ+97; Jon+02]. However, vertical lift-off of nano

particles combined with long resting times is experimentally difficult to achieve. There-

fore particle detachment in horizontal direction (translation in surface plane), meaning

the particle remains on the surface, is done in many experiments, because it can be

easily realized by pushing sideways with an AFM tip. It was found that kinetic friction

is not directly related to adhesive forces [Tia+17a]. However, static friction, the sticking

force right before the onset of particle movement was found to be strongly dependent on

adhesion and is therefore a good measure for changes in adhesive forces. For a conver-
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Chapter 2. Theory

sion between the two different forces, adhesion and static friction, an additional model

is necessary. Furthermore, in order to obtain the material specific adhesion parameter

the contact area between bead and surface has to be estimated.

2.1.1. Electrostatic Interactions

Electrostatic interaction between two charged particles with charges q1 and q2 separated

by ~r is given by the well known Coulomb force

~FES =
1

4πε0εr

q1q2

|~r|2
~r

|~r|
. (2.2)

For two bodies on the atomic scale some amendments like the expression of the charge

as multiples Z of the elementary charge e and reduction to the scalar version are ap-

propriate. Additionally, it is justified that no medium is between the bodies, since the

atoms can be considered to be in direct contact to each other so that εr = 1. Hence, the

electrostatic force between two atoms or molecules is

F =
1

4πε0

e2Z1Z2

r2
. (2.3)

This force can be very large on the nano scale, which becomes clear with the following

calculation. For the smallest possible net charge of a monovalent pair of ions, this

leads to F · r2 =23 nN Å2 and is therefore in the nano newton range for a separation

of two atomic radii. In terms of energy, such a bond corresponds to approximately E ·

r =14.4 eV Å. This means that electrostatic interactions can be very strong at such small

length scales as this energy corresponds to several hundred times of the thermal energy

k T ≈25 meV at room temperature. However, the influence of electrostatic forces, which

are not part of a chemical bond, on the total interaction between two bodies in contact

is unclear and only seldom plays a role at all [Lee91; Kin80].

2.1.2. Van-der-Waals Forces

A manifold of theoretical investigations were published [EL30; Ham37; Dzy+61] already

starting in the 1930’s that led to a comprehensive picture of adhesion caused by vdW

forces. The vdW forces can be divided into three different parts [Lee91; GC91]:

8



2.1. Adhesion

• Dispersion forces [Lon37]

• Keesom dipole-dipole interaction [Kee21]

• Debye dipole-induced dipole interaction [Deb20]

In principle all three components are dipole-dipole interactions and differ only by the

type or rather origin of the dipole. For instance, the dispersion forces arise from the

perturbation of the electron cloud of an atom due to zero-point or thermal fluctuations.

The fluctuation causes an electric field that induces a dipole in another atom which

interacts with the field of the other atom and so on. This results in pairs of dipoles that

interact via their electric fields with each other. The dispersion component is essential

because it acts always independently of the presence of external charges and dipoles.

For the Keesom type, two permanent dipoles interact with each other while the Debye

force acts between a permanent and an induced dipole. In mathematical terms, the

interaction energies for microscopic bodies is given by equations (2.4)-(2.6) [Isr11].

Edispersion = − 3P1P2

32π2ε20

I1I2
I1 + I2

1

r6
(2.4)

EKeesom = − 2µ21µ
2
2

48π2ε20

1

kT

1

r6
(2.5)

EDebye = −P1µ
2
2 + P2µ

2
1

16π2ε20

1

r6
(2.6)

The interaction energies are dependent on the polarizability Pi, ionization constant Ii

and the dipole moment µi and are therefore strongly material and material combina-

tion dependent. While these equations are valid for microscopic bodies, the question

arises how these forces can be treated for macroscopic bodies. A model for macro-

scopic bodies, based on the assumption of additivity and neglecting retardation effects,

was derived by Hamaker [Ham37]. Originally, this approach was only applied to the

dispersion component of the vdW interactions. Nowadays, all components Edispersion,

EKeesom and EDebye, shown in equations (2.4)-(2.6), are summarized in the so called

Hamaker constant A1,2. The vdW forces between two bodies can then be expressed by

only the Hamaker constant and system geometry dependent parameters like curvature

and separation. Hence, the Hamaker constant contains all material specific parameters.
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Chapter 2. Theory

For example, the vdW force and energy between a plate and a sphere with radius R and

separation r is then

FvdW =
A1,2R

6r2
(2.7)

EvdW = −A1,2R

6r
. (2.8)

However, this simple approximation of pairwise added interactions is only suitable in

media with a very low density like gases. This is due to the fact that plain summation

neglects the effects caused by the perturbation of other atoms close by that influence

the field of the other atom. A solution for this problem was proposed by Dzyaloshinskii

et al. that is based on quantum field theory [Dzy+61]. Additionally, for separations larger

than a few nanometers, retardation effects have to be considered that effectively lead to

a stronger decrease of ∝ r−7 of the dispersion component of the vdW energy due to the

finite speed of light [Lee91; CP48; Isr11]. An estimate of the strength of the vdW forces

for the 50 nm silica beads on silica surfaces used in this work has been calculated to be

between 0.4 nN in water and 6.3 nN in vacuum [Sch16].

2.1.3. Chemical Forces: Acid-Base Theory

Lewis acid-base interactions require one species to be an electron acceptor while the

other must be an electron donor [Lew23; Lew38; Lee91; Jen91; Jen78]. Hence, this

model is suitable to describe bonds that are based on shared electrons like covalent or

ionic bonds (therefore it also contains electrostatic contributions). It has been shown that

this concept can be also applied to model hydrogen bonds [Goo+91]. Qualitative and

quantitative approaches have been put forward to describe the bond type and strength

based on the acid-base concept and findings from quantum mechanics [Pea63; Pea68a;

Pea68b; DW65; PP83; Mul55; Fuk+52]. Chemical bonding is an essential component in

this work as the time scale of the increase in adhesion of the nano particles was found to

be on the order of weeks so that the effect must be slowed by any kind of potential bar-

rier. Additionally, silicon and silica have special properties regarding chemical changes

(see chapters (2.1.4) and (4.2)).

In the sense of Lewis’ theory, an acid is a unit that has at least one atom that has a

10



2.1. Adhesion

vacant orbital in which a pair of electrons can be accommodated. Similarly, a base is a

unit that has at least a pair of valence electrons that are not already shared in another

bond. In other words, the former is able to accept an electron and the latter is able to

donate an electron. An acid-base reaction of substance A(cid) and B(ase) is given by

the following chemical reaction formula:

A + :B→ A:B (2.9)

The product A:B is called an acid-base complex formed by the shared electrons between

the two substances. The left and right hand side of this equation is coupled by an

equilibrium constant K that effectively determines the ratio of acid-base complex formed

from the reactants. This constant depends on parameters like temperature and pressure

as well as the bond strength of the complex and reactivity of the reactants. The relation

logK = SASB + σAσB (2.10)

is a simple form to describe reactions of the type shown in equation (2.9) in terms of the

so called strength Si and softness σi of the reactants. This approach to classify bond

strength and reactivity is called the “hard and soft acid base principle” (HSAB). It has to

be noted that the theory itself is phenomenological and equation (2.10) is empirical. The

term soft and hard refers, roughly speaking, to the binding strength of the valence elec-

trons and hence to the willingness to donate or accept an electron. Hence, this is mostly

dependent on the highest occupied molecular orbit and the lowest unoccupied molec-

ular orbit of the base and acid, respectively [Fuk+52]. Drago and Wayland proposed a

modified version of equation (2.10) [DW65]

−∆H = EAEB + CACB (2.11)

that has the same form but relates the change in enthalpy ∆H to the susceptibilities

Ei for electrostatic (ionic) and Ci for covalent interactions. While this approach is still

empirical it allows a better understanding of the rule of thumb that “soft” interacts best

with “soft” and “hard” with “hard” as this refers to the bond a species likes to form.

Obviously this works better if the reaction partner prefers the same reaction type, due to
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Chapter 2. Theory

the sum of products that will be small if any of the factors is small.

In order to enhance this principle, an absolute scale was introduced [PP83]. According

to this both, electronegativity and hardness, are deduced from the total electronic energy

Ee of the atom or molecule. Electronegativity χ is given by the derivative of the energy

as a function of the electron number N at a constant core charge

χ = −µ = −∂Ee
∂N

. (2.12)

Similarly, the hardness is defined as the second derivative of the electronic energy

η =
1

2

∂2Ee
∂N2

. (2.13)

According to equation (2.13) hardness is the resistance of the chemical potential µ to

changes of the electron number. Using this classification, silicon and aluminum are both

found to be hard acids, while oxygen and water are hard bases [Pea88]. Hence, this

approach suggests that aluminum and silicon form a strong ionic bond with oxygen.

Although having limitations [May+11], the HSAB theory has proven a viable tool to de-

scribe or predict reactions of metal complexes.

A quantum mechanical perturbation approach based on self consistent field molecular

orbit calculations was put forward in the late 1960’s that yields information about the

changes happening in the electronic wave functions of the reactants [Klo64a; Klo64b;

Klo68]. It has to be noted that nowadays powerful computational systems are at hand

that enable the ab initio calculation of electron wave functions of the atoms and molecules

(based on Schrödinger’s equation and the molecular Hamiltonian, Density functional

theory or Hartree-Fock formalism). However, these approaches have better accuracy

but are, due to their complexity less demonstrative so that we will stick to the semi-

empirical solution as we want to solely explain the underlying mechanisms. The wave

functions of reactant A, :B and complex A:B are
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ΨA =
∑
a

cAa φa (2.14)

ΨB =
∑
b

cBb φb (2.15)

ΨAB =xAΨA + xBΨB (2.16)

where the φi represent their orbitals [Klo68]. There are two contributions to the total

change of energy ∆E due to the reaction of close atoms.

Firstly, the neighboring effect or Coulomb energy that is given by application of the per-

turbation operator H1 [Klo64b] on the wave functions of the unperturbed orbitals

∆ECoulomb = 〈ΨAΨB|H1|ΨAΨB〉 = −qAqB
Γ

ε
, (2.17)

where qi denotes the initial total charge of the atoms and Γ the coulomb repulsion

term [Klo64b]. The total wave function is given by the product of the two isolated wave

functions as they are treated as independent systems. There could be a change in sol-

vation energy of the complex that would correspond to another term that is omitted here,

since all reactants in our experiment can be considered insoluble.

Secondly, there is an electron transfer effect that corresponds to the formation of the joint

wave function as shown in equation (2.16). For a donation of an electron of a doubly

occupied orbital of atom A to an initially empty orbital of atom B, the change in energy is

given by

∆EAB = 〈Ψe1
ABΨe2

AB|H|Ψ
e1
ABΨe2

AB〉 − 〈Ψ
e1
A Ψe2

A |H0|Ψe1
A Ψe2

A 〉 . (2.18)

This equation represents the energy of the two electrons in the mixed or bound state

minus their initial energies in the molecular unperturbed orbit of atom A. Again a pos-

sible solvation energy term has been omitted. The Hamiltonian is given in detail in the

original publication [Klo68]. Minimization of the energy with respect to the variational

parameters xi in equation (2.16) leads to the total change of energy in the case of small

perturbations β [Klo64a]
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∆Etotal = ∆ECoulomb+
1

2

∑
AB

∆EAB = −qAqB
Γ

ε
+
∑
A,occ

∑
B,unocc

[
2(cAa )2(cBb )2β2

EA − EB

]
. (2.19)

The summation is carried out over the occupied and unoccupied orbitals, respectively.

As we can see, the form is similar to the empirical equation (2.11) and contains a sum-

mand for the ionic and a term for the covalent bond that is nothing else than an over-

lapping electron wave function. If the energy levels EA and EB are similar, the sum,

which corresponds to the covalent part, will tend to infinity as the denominator diverges.

Hence, for such reactants covalent bonding is the driving force in forming a stable com-

plex. If the difference between the energy levels is large, the electron will be mostly

bound to either A or B, which results in a mostly ionic bond.

In our case, the situation is clearly more complex as this two body or two reactant de-

scription suggests. In our system, many atoms are at close distance causing pertur-

bations to each other making any quantum mechanical computation extremely difficult.

However, Klopman’s semi-empirical, linear combination of atomic orbitals (LCAO) based

model gives a good idea about the processes happening when two atoms approach

each other to a distance of the order of a single atomic diameter. This can be used for a

qualitative description of complex formation.

2.1.4. The Surface Chemistry of Silicon

A material that is used in any experiment presented in this thesis is silicon, or more

strictly oxidized silicon. Hence, possible reaction pathways of this material are of partic-

ular interest. A summary of the possible reactions under ambient conditions is given in

figure (2.2).

According to Vigil et al., the siloxane surface, which is natively formed in an oxygen

containing environment at room temperature, can be cracked by an approaching water

molecule leading to a silanol termination [Vig+94]. This silanol group can release a

proton to the surrounding water to form a silicic acid group which can then react further

with other atoms or molecules. This property is of particular interest in this work as this

opens the possibility to form strong chemical bonds that may vastly enhance adhesion

of the nano particles on silica substrates in the presence of water. These reactions are

14



2.1. Adhesion

Figure 2.2.: Schematic of the chemical composition of a silicon surface. In principle
all reactions are bi-directional, but the reduction under ambient conditions is
very unlikely (A←B). A water molecule cracks the siloxane groups and forms
a silanol termination (B→C). A proton is removed from the silanol group
leaving a silicic acid group behind. Schematic partly adapted from [Vig+94].

not limited to the surface layer as diffusion can happen across most interfaces [Gut91].

This may lead to the formation of a dendritic structure of silica filaments.

15



Chapter 2. Theory

2.2. Deal-Grove Model of Oxidation

Above, we discussed that a chemical reaction between two reactants is restricted to very

short ranges so that only atoms in direct contact can react. This is shown in figure (2.3)

A→B where a metal oxide layer forms at the metal-oxidant interface. After the formation

of a closed surface oxide layer, oxidation can progress further by diffusion of the oxidant

through the oxide layer as shown in image (2.3) C. While iron is known to oxidize com-

pletely, silicon was found to be self-passivating so that the oxidation rate decreases with

increasing oxide thickness [Mar+88].

Figure 2.3.: Schematic of the oxidation of bulk material. Initially, the surface is not ox-
idized (A).Oxidation takes place at the metal-oxidant interface (B). If the
surface is completely oxidized, the oxidant has to diffuse through the metal
oxide layer for further oxidation of the bulk material (C).

A model for the oxidation of silicon surfaces was proposed in the 1970’s by Deal and

Grove [DG65]. It consists of three processes (see also figure (2.4)):

1. Transport of the oxidant from its reservoir (bulk) to the outer surface of the oxide

layer where it is absorbed or reacts.

2. Transport of the oxidant through the oxide layer to the inner interface to the bulk

silicon.
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2.2. Deal-Grove Model of Oxidation

3. Oxidation of the inner silicon interface.

The model is based on the steady-state assumption. This assumption has some di-

rect consequences. Firstly, the flux Φ1 = Φ2 = Φ3 of all three processes is equal at

all times. Secondly, the gradient that causes the diffusive transport of Φ2 is constant

over the whole oxide layer thickness x0 which means that its second derivative is zero

d2Φ2/dx2 = 0. The three components of the flux are given by:

Φ1 = k1(coxide − csurface) (2.20)

Φ2 = −D dc

dx
= D

csurface − csilicon

x0
(2.21)

Φ3 = k2csilicon (2.22)

The concentration coxide is the equilibrium concentration of the oxidant in the oxide.

Hence, transport into the oxide layer only happens when the equilibrium concentration

is larger than the concentration at the surface coxide > csurface. At the silicon interface

the concentration of oxidant is given by csilicon. The constant k1 is a gas phase transport

coefficient and k2 is a reaction coefficient of the silicon interface. D denotes the diffusion

coefficient.

With Φ = Φ1 = Φ2 = Φ3 the flux of oxidant molecules is

Φ =
coxideDk1k2

Dk1 +Dk2 + k1k2x0
. (2.23)

By division of the flux by the number of molecules N incorporated into a unit volume of

oxide, the growth rate of the oxide layer is obtained

dx0
dt

=
Φ

N
=

coxideDk1k2
N(Dk1 +Dk2 + k1k2x0)

. (2.24)
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Figure 2.4.: Schematic of the oxidation process of bulk silicon. The upper diagram
shows the concentration profile according to the Deal-Grove model. The
lower graphic shows the corresponding situation in the material. Partly
adapted from [DG65].

The differential equation can be solved for the oxide layer thickness x0. Using the sub-

stitutions

A = 2D

(
1

k1
+

1

k2

)
(2.25)

B = 2D
coxide

N
(2.26)

τ =
x(t = 0)2 +Ax(t = 0)

N
(2.27)

where x(t = 0) is the initial oxide layer thickness, the solution of equation (2.24) is

x0 =
A

2

(√
1 +

4B(t+ τ)

A2
− 1

)
. (2.28)

This can be simplified for large times ((t+ τ)� A2/(4B)) to

x0 =
√
B(t+ τ) . (2.29)
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2.2. Deal-Grove Model of Oxidation

For the other extreme ((t+ τ)� A2/(4B)) the solution becomes

x0 =
B

A
(t+ τ) . (2.30)

Hence, for small times the oxide layer grows linear while for large times it becomes

root-like.
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2.3. Contact Models

So far, the physical and chemical forces acting between molecules were discussed.

However, we are merely interested in the interaction between microscopic bodies rather

than between single molecules. It has been shown in section (2.1) that the behavior of

the forces between single molecules may significantly differ from the behavior of clusters

(compare Hamakers approach for vdW-forces). Additionally, the distance between two

bodies was found to play an essential role in adhesion which results in the described

discrepancy between apparent and actual contact area of macroscopic bodies. This

leads directly to the question what happens to this contact area when an external load

is applied normal to an interface of two bodies. At this point, it is reasonable to assume

that such an external load can very well stem from adhesive forces. In the following

contact models that deal with the deformation of bodies in contact are presented.

2.3.1. Hertz Contact Model

Already in 1881, Heinrich Hertz published his considerations about solid and elastic

bodies in contact [Her81]. His theory deals with the deformation of an elastic sphere in

contact with a half-space under an external load FHertz. Both surfaces are not adherent

and perfectly smooth. As can be seen in figure (2.5), the sphere deforms by δ that leads

to a circular contact area with radius a when an external load FHertz is applied.

The relationship between deformation δ of a sphere with radiusR and applied load FHertz

is given by

δ =

(
3

4E
√
R
FHertz

)2/3

. (2.31)

E denotes the reduced Young’s modulus of the sphere and substrate

E =

(
1− ν21
E1

+
1− ν22
E2

)−1
, (2.32)

with the elastic moduli Ei and poisson ratios νi of the materials [Joh87]. The contact

radius a due to the deformation of the bodies is
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2.3. Contact Models

Figure 2.5.: Schematic of the deformation δ of an elastic sphere on a rigid surface under
the external load FHertz according to Heinrich Hertz’s theory.

a =
√
δR =

3

√
3FR

4E
. (2.33)

Hertz’s theory is the base of many other contact models. Modifications are necessary,

since the Hertz model does not describe the contact between bodies on the micro or

nano scale properly. This is due to the same effect that violates the validity of Amonton’s

law of friction. They both neglect adhesive effects that become more and more important

with a decreasing size of the system.

2.3.2. Johnson-Kendall-Roberts (JKR) Contact Model

The JKR model adds adhesion effects to Hertz’s model [Joh+71]. It is assumed that

there is a balance between the stored elastic energy caused by the deformation and

the loss in surface energy. Additionally, the forces are very short-ranged and act only

within the contact area between the deformed bodies. Hence, the contact force of the

Hertz model is supplemented by a surface energy dependent part γ = γ1 + γ2− γ12 that

models the influence of adhesion:

FJKR = FHertz + 3γπR+
√

6γπRFHertz + (3γπR)2 (2.34)
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It can be seen that the apparent contact force is larger for an adhesive contact and that it

does not vanish if zero external load FHertz is applied. This leads to the modified contact

radius for the JKR model

aJKR =
3

√
3R

4E

(
FHertz + 3γπR+

√
6γπRFHertz + (3γπR)2

)
. (2.35)

Hence, also the contact radius is finite due to the load caused by the adhesion between

the sphere and the substrate. According to equation (2.35), a real solution is obtained if

the force is

FHertz ≥ −
3

2
γπR . (2.36)

Particle detachment will occur at the lower boundary. This critical force to remove the

particle from the surface is exactly the adhesive component of the JKR model

Fadhesive,JKR =
3

2
γπR . (2.37)

The effects of the restriction of the surface stress to only the contact area, neglecting

contributions with longer range acting outside of the contact area, are discussed later in

section (2.3.4).

2.3.3. Derjaguin-Muller-Toporov (DMT) Contact Model

Another approach to describe adhesion effects on the contact of solid bodies is given

by the DMT model. In contrast to the previously discussed JKR model, adhesion in

this approach acts only outside of the contact area [Der+75]. Indeed they found that

the adhesive component of a deformed sphere in contact with a half-space is equal to

the vdW based adhesion of an undeformed sphere in point contact with a half-space.

Hence, non-contact forces are introduced in this ansatz. This leaves the deformation of

the Hertz model δ = a2/R unaltered, but the contact radius changes to

aDMT =
3

√
3R

4E
(FHertz + 2γπR) . (2.38)
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The critical force to remove the particle from the surface is reached if aDMT = 0. This

directly leads to the adhesive force

Fadhesive,DMT = −2πRγ . (2.39)

2.3.4. Discussion of the Contact Models

As can be seen from equations (2.37) and (2.39) the adhesive force of the JKR and

DMT model differ only by a constant factor. It was found later that both models are

valid for certain boundary conditions [Tab77]. As the DMT model neglects additional

deformation of the contact area, due to an adhesive force, this model is valid for hard

materials with low surface energy. In contrast, the JKR model is valid if the contact area

deformation is large which holds for rather soft materials. Tabor modeled this transition

between the hard and soft regime with the introduction of a dimensionless parameter.

Nowadays, more sophisticated theories like the Maugis-Dugdale or Carpick-Ogletree-

Salmeron model are available that yield better results for the contact area and adhesive

force at the cost of computational effort [Mau92; Car+99; Baz+17]. However, the above

presented models are still good approximations for the described boundary conditions.

For the materials used in this work, silicon and sapphire, the DMT model is applicable

due to their hardness, although they have a comparably large surface energy.
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2.4. Probability, Distribution and Statistic Tools

Any measurement suffers from statistical spreading of the measured values that is

known as measurement uncertainty. This uncertainty has in principle two causes. Firstly,

the variance of the measured quantity itself. For instance, the measurement of the in-

dividual masses of bearing balls of a certain type will be within a given range but not

identical. Secondly, the measurement device itself has only limited accuracy and preci-

sion that is for example caused by noise of the electronics or the error in reading. This

type of measurement uncertainty is most important for the measurement of fundamen-

tal physical constants like the speed of light that is inherently invariant. In most cases

both uncertainties contribute to the total uncertainty. Hence, for the example of the ball

bearings, not only their individual differences but also the precision of the used balance

is essential for the measured mass distribution.

Therefore a measurement value is usually characterized by its expectation value as well

as its variance. The latter is very important because it specifies how significant the

measured quantity is. A famous example for the importance of the measurement un-

certainty is the hunt for the Higgs boson [Sei00]. Even though measurements were

found to be in accordance with Higgs’ theory [Hig64] they were not precise enough to

reject competing theories due to the very large measurement uncertainty. For that rea-

son a tremendous amount of money was invested and hundreds of physicists from all

over the world spent years to build a device and did measurements until they reached a

sufficient confidence level that was finally accepted to confirm Higgs’ theory [Aad+12].

Without statistical analysis many important measurement results like this could not be

interpreted in a proper way.

In the following sections mathematical terms of random variables, probability and distri-

bution functions are introduced, because of their fundamental role in the development

of our lateral force adhesion measurement method.

2.4.1. Elementary Event and Random Variable

The term elementary event describes an event that contains only a single outcome of

the set of all possible outcomes [Bro+06]. In probability theory this is denoted sample

space. For example for a six sided die the sample space would be Sdie = {1, 2, 3, 4, 5, 6}.
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Therefore, every event that contains a single number {1}, {2}, ..., {6} is an elementary

event, whereas the outcome of an even number with the subset {2, 4, 6} is not.

A random variable is defined as follows [Bro+06]:

If a set of elementary events can be described by a variable X so that all X can take a

random value x ∈ R, then X is a random variable.

Hence, all random events of the set are described by a real value x. For a six sided die,

the values of X are given by x ∈ Sdie so that according to the definition X is a random

variable.

2.4.2. The Cumulative Distribution Function

The cumulative distribution function (CDF) or just distribution function of a random vari-

able X is given by [Bro+06]

F (x) = P (X ≤ x) for−∞ ≤ x ≤ ∞ . (2.40)

It obviously yields the probability of X ∈ (−∞, x]. Since the random variable X is

defined to be ∈ R the probability to find X in the interval x ∈ (−∞,∞) must be one. It

follows that F (∞) = 1. On the other side, for a vanishing interval, the probability must

be F (−∞) = 0. Additionally, it is monotonic increasing as the probability grows with the

interval size and it is defined to be right-continuous. For a continuous random variable

X the probability to find x in the interval [a, b] is

P (a ≤ x ≤ b) =

b∫
a

f(t) dt , (2.41)

if the distribution can be described with a function f(t). This function f(t) is then called

probability density function (PDF). It directly follows that the probability of X taking a

specific value xs must be zero since the integral will not converge otherwise. Hence,

the often used PDF that is the histogram of the measurement data is the first derivative

of the CDF. This directly leads to the conclusion that the CDF is the area under the

histogram or PDF. The CDF is finally given by
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F (x) = P (X ≤ x) =

x∫
−∞

f(t) dt . (2.42)

As will be seen below, the CDF is better suited for data analysis of a random sam-

ple. This is due to the omission of binning that is used for the creation of a histogram

that approximates the PDF. Binning results in a certain information loss that effectively

downgrades data quality.

2.4.3. The Standardized Moments

A distribution is often characterized by its moments or central moments around the

mean. The moment is generally defined as

E(g(X)) =

∞∫
−∞

g(x)f(x) dx . (2.43)

Hence, the expectation value of the zeroth moment g(X) = X0 is justE(1) = 1, since the

PDF is normalized. The first moment for g(X) = X is the expectation value E(X) = µX .

Higher moments are usually given as central moments with respect to their expectation

value:

E((X − µX)n) =

∞∫
−∞

(X − µX)nf(x) dx . (2.44)

These central moments for n ∈ 2, 3, 4 are commonly known as variance, skewness and

kurtosis of the randomly distributed variable X with PDF f(x). They are used in this

work as follows:
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E(X) =

∞∫
−∞

xf(x) dx = µX , (2.45)

V ar(X) =

∞∫
−∞

(x− µX)2f(x) dx , (2.46)

Skew(X) =
1

V ar(X)(3/2)

∞∫
−∞

(x− µX)3f(x) dx , (2.47)

Kurt(X) =
1

V ar(X)2

∞∫
−∞

(x− µX)4f(x) dx , (2.48)

The first moment is the mean or expected value of a distribution. Variance, skewness

and kurtosis are measures for the spread, tilt and tail contributions of the distribution.

2.4.4. Statistical Model Selection

Science and physics particularly, is based on the description of nature with models.

Mostly a mathematical relationship between different parameters is introduced to de-

scribe a process or state. For instance the product of mass and velocity yields the

momentum. This model has proven its validity over centuries and is nowadays widely

accepted. But what happens if the complexity of a process increases and different math-

ematical formulas describe measurements reasonably well. How should the right model

be chosen? Most important remains, of course, the scientific significance of a model.

Without scientific significance a model is arbitrary and meaningless even if it is the best

choice from a plain mathematical or statistical point of view. However, if there are dif-

ferent models that are plausibly deduced from physics so that none of the models can

be rejected with this argument, how can mathematical tools be used to select the right

model? For a long time most studies used the calculation of the p-value to accept or

reject a hypothesis. However, recent publications suggest that p-values lead to misin-

terpretation of results and should be replaced by other approaches [WL16; Tou17]. In

principle a measure is needed that yields the distance of a model to the data. Hence, the

measurement data is taken as a sample of the truth and models are selected according

to the distance to it. A simple measure could be the residual sum of squares (RSS).

However, this is strongly dependent on the number of fit parameters. A better way to
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find the best suitable of a set of models is to use information theory based approaches.

A measure of the distance between the truth f and approximate PDF g that varies over

a space of models (given by Θ) is [BA02; KL51]

I(f, g) =

∫
f(x) ln

(
f(x)

g(x|Θ)

)
dx . (2.49)

This equation is the so called Kullback-Leibler information. It is a measure for the loss

of information if g is used to approximate f . Hence, by minimizing I(f, g) the model

closest to the truth is found. However, the true model f is usually not known, so how

can this concept help in model selection? The answer was given by Akaike who found a

way to estimate equation (2.49) from the empirical log-likelihood function [Aka73]. This

led to the development of Akaike’s information criterion (AIC) that is an estimate of the

relative distance of a fitted model to the measurement data:

AIC = n ln(RSS/n) + 2p (2.50)

With the sample size n and p the total number of free regression parameters. Here, the

RSS/n has been already plugged in as estimator of the log-likelihood. A single AIC

value, or absolute AIC value, is meaningless. Only the relative values over the set of

tested models is relevant and the smallest value of the set shows the smallest distance

to the data (see [BA02]). Hence, we found a criterion to test which model out of a set of

tested models fits the data best. If all tested models fit the data poorly, this criterion will

select the best fitting out of this bad set. This means that this method does not neces-

sarily provide a good model for data, but is strongly dependent on the initially selected

models fed into this procedure.

The AIC was subject of improvements and enhancements over the years. An impor-

tant step was the development of the second-order information criterion that includes

corrections for small sample sizes [BT94; Cav97]:

AICC = AIC + 2p
p+ 1

n− p− 1
= 2p+ 2p

p+ 1

n− p− 1
+ n ln

(
RSS

n

)
(2.51)

It can be seen that for large sample sizes n → ∞ the AICC converges towards the

uncorrected AIC. It is strongly recommended to use AICC unless n/K > 40 [BA02].
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In the following, all considerations for the uncorrected AIC are also valid for the cor-

rected AICC . As already stated above, the minimum AIC value belongs to the best

fitting model and AIC values are only meaningful on a relative scale. Therefore the

AIC differences

∆i = AICi −AICmin (2.52)

of the individual AIC values should be used instead of the absolute values. AICmin

denotes the minimum value obtained from the tested models. The best fitting model has

therefore an AIC difference of ∆best = 0. The larger ∆i becomes, the less plausible it

gets that the model is the best according to the Kullback-Leibler distance. As mentioned

above, AIC is based on the log-likelihood. For that reason, the likelihood of a model is

proportional to the exponential of minus half the AIC difference. Based on the likelihood

of the models, the so called Akaike weights

wi =
exp

(
−1

2∆i

)∑
k

exp
(
−1

2∆k

) (2.53)

can be computed that give the relative likelihood of the models. The summation has

to be carried out over all models in the tested set. Division of different Akaike weights

wi/wj yields the evidence ratio or relative likelihood of different models. The larger this

ratio is, the more likely is model i fitting the data better than model j. There is no sharp

cutoff when a model should be rejected so that this information theoretical approach is

supportive but not decisive what keeps the experimenter in charge.
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2.5. Probability Theory Approach for Lateral Force

Measurement Analysis

This section describes a theoretical model to recover adhesive forces of nano particles

on solid substrates for dedicated measurement conditions. For further information how

this conditions are achieved see chapter (3.1.4). The assumptions made for this model

are as follows:

• The AFM consists of a normal and vertical force channel (given for most modern

commercial AFM’s with optical lever detection system).

• Adhesive forces are measured by pushing particles laterally. The force signal is

given by the lateral force, or cantilever torsion channel.

• The hit parameter λ as given in figure (2.6) of a single event is unknown, but the

distribution of all events is known.

• The geometry of the measurement system, e.g. bead versus conical tip, is known.

• Measurement is done in contact, constant force mode so that feedback is turned

on. Thus, the normal deflection and hence normal force will be maintained during

the scan.

The problem of such a measurement is the unknown force component along the can-

tilever’s long axis (dimension l in figure (3.2)). In principle a light pointer setup detects

the tilt of the cantilever that is related to the normal deflection and torsion caused by an

external load. Hence, the force acting along the long axis is principally not measurable

with such a device. Even worse, the geometry will cause a force acting on the tip in

this direction to contribute to the normal deflection signal so that this is not conclusive

anymore, too.

Considering a spherical particle and a conical cantilever tip the force acting on the bead

will split in three components.

1. Ftot in the direction from the point of impact towards the bead’s center. The in-

plane component of this force Fpush is the sought pushing force. Splitting of this

force is done according to the geometry and contains, for a contact between tip

shank and bead, the opening angle of the tip cone (compare figure (3.3))
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Figure 2.6.: Schematic of the lateral force measurement of a spherical particle shown
in top view. The hit parameter λ is measured as the distance from the
cantilever trajectory and the parallel vector going through the bead’s center.

2. Fspin acting tangential on the bead, causing spin of the bead.

3. Froll acting tangential on the bead resulting in a torque that causes rolling.

These forces are related to the forces in the cantilever system Forth, Flat and Fnor by two

rotation matrices. A visualization is given in figure (2.7).

Figure 2.7.: Schematic of the forces acting in the cantilever’s (orange) and bead’s
(green) coordinate system. The forces are drawn according to the signs
given by equation (2.54). Negative components have been chosen for bet-
ter visibility.
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Firstly, a rotation of the angle φ around the z-axis is necessary. Secondly, a rotation of

the angle αtip around the y-axis is done. The result of this transformation is:


Flat

Forth

Fnor

 =


sinφ − cosφ 0

cosφ sinφ 0

0 0 1




cosαtip 0 sinαtip

0 1 0

− sinαtip 0 cosαtip




Ftot

Fspin

Froll



=


−Fspin cosφ+ Ftot sinφ cosαtip + Froll sinφ sinαtip

Fspin sinφ+ Ftot cosφ cosαtip + Froll cosφ sinαtip

Ftot sinαtip + Froll cosαtip



=


−Fspin cosφ+ Fpush sinφ+ Froll sinφ sinαtip

Fspin sinφ+ Fpush cosφ+ Froll cosφ sinαtip

Fpush tanαtip + Froll cosαtip



(2.54)

For the last step the relation Fpush = Ftot cosαtip has been used. It is clear, that the

lateral force component Flat measured by the AFM is not the sought pushing force Fpush

exerted on the particle. Indeed, the situation is quite complex, since the orthogonal

force Forth is not known at all and none of the other components decouple. However, the

tangential forces are strongly dependent on friction. In the components Fspin and Froll

the friction coefficient between the materials is included that effectively determines their

maximum values. A simple example leads to this conclusion: If a basketball is clean,

friction between human skin and the ball’s surface is high and the basketball can be

spun on a fingertip without using the other hand. However, if the basketball is dipped

in lubricant, it is almost impossible to exert torque on it by such a move. The same

happens here, if the friction is very low, the force components tangential to the surface

of the particle vanish. In our experiments this assumption is valid, since the contact

between bead and cantilever can be considered instantaneous, due to the feedback

working during such an event. Additionally, silica particles in general don’t cling to each

other easily. Hence, friction is neglected in the following and the relationship between

the lateral, measured force and the pushing force is given by
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Flat = Fpush sinφ = Fpush sin arccos
λ

r
= Fpush

√
1−

(
λ

r

)2

. (2.55)

However, still the measured force and the sought force are not equal, but differ by the

sine of the angle φ. As described above, this angle is not known for a single measure-

ment as long as it is not measured separately. Yet, probability theory can be used to

overcome this problem. The basic idea is to recover the distribution of the pushing forces

from the distribution of measurement values. Therefore, the hit parameter λ of a single

event becomes unimportant but the distribution of the parameter for many measure-

ments has to be known. The distribution of the measured forces will therefore depend

on the intrinsic distribution of the necessary pushing force to move a particle and the

distribution of the hit parameter. The true, intrinsic distribution of the sticking force is

not known in general. The spread of the pushing forces can be for instance caused

by heterogeneities of the sample, like local defects, roughness or poor sphericity of the

particles. A function that is often used to describe measurement data is the Gaussian

distribution. This is due to the fact that many phenomena occurring in nature can be ap-

proximated by Gaussian distributions. Furthermore, the distribution of the hit parameter

λ has to be known. However, this is not an issue, since this distribution can be designed

within certain limits just by the measurement parameters. A simple distribution that can

be achieved, just by either scanning randomly or by placing the particles randomly on

the substrate, is the uniform distribution (see section (3.1.4) for further explanation how

this is done in the experiment).

We will now give, according to equation (2.42), the CDF of the composed distribution of

the measured force Flat as given in equation (2.55).

P (Flat ≤ F ) = P
(
Fpush

√
1− (λ/r)2 ≤ F

)
=

∞∫
−∞


F√

1−(ν/r)2∫
−∞

fFpush(t) dt

 fλ(ν) dν

(2.56)

This function describes the probability to measure a value Flat smaller or equal than

F . So far, no specific choice for the PDF of fFpush(t) and fλ(ν) has been made so that

equation (2.56) is universal and can be adapted to other experiments that may be better

33



Chapter 2. Theory

described by different distributions. However, in the following we will choose the PDFs

as described above to be Gaussian and uniform. In mathematical terms this yields for

the PDF of the hit parameter λ ∈ [0, α r] with α ∈ [0, 1]

fλ(ν) =


1
αr , 0 ≤ ν ≤ αr

0 , otherwise

(2.57)

For the PDF of the pushing force a Gaussian is used that reads

fFpush(t) =
1

σ
√

2π
exp

(
−(t− µ)2

2σ2

)
(2.58)

for our problem and has the expectation value µ and standard deviation σ of the particle

adhesion. By using the substitution t = u/
√

1− (ν/r)2 and plugging equations (2.57)

and (2.58) in equation (2.56), it can be written as

P (Flat ≤ F ) =
1

αrσ
√

2π

α r∫
0

F∫
−∞

exp


(
u/
√

1− (ν/r)2 − µ
)2

2σ2

 1√
1− (ν/r)2

du dν

(2.59)

Unfortunately, an analytical solution of this integral is not known to us so that numerical

methods have to be used to solve it. Equation (2.59) can be simplified somewhat, when

the inner integration is carried out that evaluates to the error function

P (Flat ≤ F ) =
1

2αr

α r∫
0

[
Erf

(
u− µ

√
1− (ν/r)2

σ
√

2− 2(ν/r)2

)]F
−∞

dν . (2.60)

If only the PDF of the problem would be of interest, the order of integration can be

changed so that the inner integral will directly yield the PDF fFlat(u).

fFlat(u) =
1

αrσ
√

2π

F∫
−∞

exp


(
u/
√

1− (ν/r)2 − µ
)2

2σ2

 1√
1− (ν/r)2

du (2.61)

However, this integral’s analytical solution is also unknown to us so that the benefit of

this operation is moderate and should only be applied when computation time is crucial.
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Otherwise the CDF has some advantages that should not be omitted offhandedly as

will become clear below. Hence, in the following we will focus on equation (2.60) that

anyways contains the PDF by a plain derivation.

This equation can be solved by means of numerical methods, but is unstable for α→ 1.

However, plugging λ = αr
α→1
= r into equation (2.55) directly yields Flat = Fpush · 0 = 0.

This means that values of λ close to r, which means that the cantilever merely grazes

the bead, lead to a vanishing force signal measured by the AFM. In practice any de-

vice has an intrinsic noise level, due to mechanical vibrations or electronic noise that

determines the lower detection threshold. This means that very small forces are not

measurable and there must be a maximum value for α < 1.

As can be deduced from equation (2.61), the CDF is basically a function of four param-

eters (r, λ, µ, σ). However, the hit parameter λ appears only as fraction of r which is

in total a normalized parameter λ/r ∈ [0, 1). This is a very important finding, since it

makes the whole distribution completely independent of the particle size. Note that a

dependency on the particle size may be implicitly hidden in Fpush. Another important

property of the combined distribution is the independence of the expectation value of

the pushing force E(Fpush) = µ, because the relative position of the Gaussian and the

uniform distribution remains, no matter how large µ is. This means that only two im-

portant parameters for the discussion of equation (2.61) are left, namely the spread of

the Gaussian σ and the maximum hit parameter λmax = αmaxr ∈ [0, r). It is reasonable

to give the former in units of µ and the latter in units of r so that λmax ∈ [0, 1) for the

qualitative discussion of the combined distribution.

At first, we will discuss the main differences of the measured combined distribution of

Flat and the sought unaltered Gaussian distribution of Fpush. Secondly, a quantitative

analysis of the influence of the parameters λmax and σ is done.

Figure (2.8) shows a generic example of the CDF and PDF according to equation (2.60)

and (2.61) respectively with σ = 0.1µ, λmax = r and µ = r = 1 together with the pure

Gaussian. This parameter combination corresponds to a perfect detection limit and a

relatively narrow Gaussian distribution of the adhesive forces.

Firstly, we will discuss the PDF, since this is probably more intuitive for most peo-

ple. The most important difference is the shift to smaller values of F of the peak

position and expectation value compared to the direct measurement of the Gaussian

(FPmax = 0.926 6= µ, E(F ) = 0.786 6= µ), because this means that the calculated mean
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Figure 2.8.: PDF and CDF according to equation (2.60) and (2.61) respectively with
σ = 0.1µ, λmax = r and µ = r = 1. The green curve shows the corre-
sponding Gaussian for comparison. The moments of the distribution are
given by equations (2.45)-(2.48). Expectation value, variance, skewness
and kurtosis of the PDF are E(F ) = 0.786, V ar(F ) = 0.056 = 0.242,
Skew(F ) = −0.807, Kurt(F ) = 3.128. For the Gaussian this evaluates
to EGaussian(F ) = 1, V arGaussian(F ) = 0.01 = 0.12, SkewGaussian(F ) = 0,
KurtGaussian(F ) = 3. This means that the PDF is tilted to the left hand side,
shifted towards zero and has larger tail contributions and spread than the
original Gaussian.

of a sample (that is the expectation value) is not equal to the expectation value of the

distribution of the adhesion force. A brief look at equation (2.55) shows that this is easily

comprehensible, since the original Gaussian is only measured for one specific value of

λ, namely λ = 0. All other possible values of λ ∈ [0, λmax] lead to reduced measurement

values for Flat compared to Fpush due to sinφ ∈ [0, 1] for φ ∈ [0, π/2]. Additionally, the

maximum is way smaller than for the Gaussian, which means that especially for small

sample sizes there is a reduced likelihood to get a good estimate for the distribution.

As can be seen by eye, supported by the skewness of the PDF Skew(F ) = −0.807 and

mismatch between expectation value and peak position, the curve is tilted to the left and

asymmetric. This is caused by the superposition of the sine of the uniform distribution

with the Gaussian. The moment of 4th order, kurtosis, indicates how strong the tails

of the distribution contribute to the total probability. A plain Gaussian has a kurtosis of

KurtGaussian(F ) = 3. A value smaller than three means that a distribution has lower tail

contributions whereas a value larger than three means the opposite. The kurtosis of

Kurt(F ) = 3.128 shows that the tail contributions of this example are larger than for the
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Gaussian which is mostly due to the tail on the left hand side.

The CDF of the example shown in figure (2.8) allows to read probabilities to obtain mea-

surement values in a given interval directly from the diagram. It can be deduced that a

single measurement value has a chance of almost 50% to underestimate the Gaussian’s

expectation value µ = 1 more than 15%. It can be also seen that it is four times more

likely to measure a value Flat smaller than µ than to measure a larger one which is in a

vast contrast to the symmetric Gaussian distribution. Still, the most important finding is

that the pushing force would be underestimated by more than 20% by a simple calcula-

tion of the mean of a sample which is its expected value.

Since we have seen that the measurement of the combined distribution has significant

impact on the measured values, the second part of the discussion of our model will

answer the question how the parameters σ and λmax affect the measurements. Firstly,

we will have a look on the changes of the PDF as a function of σ with fixed λmax = r.

Figure (2.9) shows the PDF as a function of σ ∈ [0.05µ, 0.4µ] as a density plot and

3D-plot.

Figure 2.9.: Density and 3D-plot of the PDF of Flat as function of σ for µ = 1 and
λmax = r [Gei+17a]. For increasing spread, which corresponds to more
heterogeneous samples, the peak position is slightly shifted to the left. As
expected, larger σ increases also the total spread of the combined distribu-
tion. Additionally, asymmetry gets less pronounced. For values σ > 0.4µ
the Gaussian approximation of Fpush fails due to a significant contribution of
non physical forces F < 0 to the whole distribution.

For more heterogeneous samples the distribution becomes more and more symmetric.

However, this increased symmetry is accompanied by a further left shift of the peak

position as can be best seen by looking at the isolines in the density plot. As expected,
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larger values of σ result in a larger spread of the force distribution. Overall the influence

of σ on the shape of the PDF is relatively small over a quite big range, except for the

total spread. For values of σ > 0.4µ the Gaussian approximation does not hold anymore,

since the unphysical contribution of negative forces is no longer negligible. This is due

to the property of a Gaussian to converge asymptotically towards zero.

Figure (2.10) shows the dependency of the PDF on λmax ∈ [r/2, r) as density and 3D-

plot.

Figure 2.10.: Density and 3D-plot of the PDF of Flat as function of λmax ∈ [0.5r, r] for
µ = 1 and σ = 0.05µ [Gei+17a]. The lower limit of λmax = 0.5r corre-
sponds already to a very poor detection limit. The schematic in the bottom
row shows the two cases for the point of impact λmax = r/2 and λmax = r.
According to Equation (2.55) no forces smaller than Flat = 0.87E(Fpush)
could be observed with such a small λmax. Therefore, the deviation from
a Gaussian is small and barely visible. Only a slight shift of the peak to
the left can be observed while the shape is almost symmetric. For increas-
ing λmax a shoulder on the left hand side raises. This causes a strong
asymmetry that clearly grows nonlinear.

The lower boundary of λmax corresponds to only half the bead radius as visualized in

the bottom row of figure (2.10). However, due to the sine in equation (2.55), this leads to

a minimum measurable force way above half the expected value of the pushing force µ.

Indeed, plugging the lower boundary into equation (2.55) yields that this hit parameter
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means that only forces above 0.87µ can be measured. This is already a very poor de-

tection limit. It can be deduced from the graphs in figure (2.10) that the changes due to

the sine contribution of the hit parameter distribution become more and more important

the closer λmax gets to r. In other words, the smaller the detectable forces are, the more

important becomes a detailed analysis according to our model. It is remarkable that

the peak position remains constant as a function of λmax. Hence, the shift of the peak

position is mainly caused by σ which is clearly not intuitive since it causes symmetric

broadening of the Gaussian. However, the expectation value of the distribution will be

strongly dependent on the hit parameter, because of the raising shoulder on the left

hand side and the absence of a compensating feature on the right hand side.

A look on the CDF, equivalent to the discussed PDF dependencies, completes the qual-

itative description of our model. Figure (2.11) shows the CDF of our model as a function

of σ and λmax with the same parameter ranges used for the PDF in figures (2.9) and

(2.10). Additionally, the bottom row shows a graph of the CDF of a Gaussian distribu-

tion PGaussian(Fpush ≤ F ) = 1
2

(
1 + Erf

[
− (F−µ)2√

2σ2

])
as a function of σ ∈ [0.05µ, 0.4µ] for

comparison.

The findings for the CDF are equivalent to them for the PDF. The asymmetry and non-

linear behavior is clearly shown by the isolines that have unequal spacing on the left

and right hand side as well as curvature. In contrast, the symmetric Gaussian just

shows straight lines with equal spacings on both sides. It can be seen that the CDF

has, in contrast to the PDF, no characteristic features like local extreme values. Indeed,

most CDF will have the characteristic S-shape and thus will look similar by eye, although

their PDF may be clearly different. The reason why the concept of the CDF will be so

important later on is the necessity of binning to form the PDF of measurement data. This

effectively leads to an information loss for every point, because its position will, due to the

finite bin width, become delocalized (i.e. blurred). Moreover, especially for small sample

sizes, the histogram’s shape may strongly depend on the chosen bin width so that data

analysis becomes somewhat arbitrary if no rules or specific methods to determine bin

widths are used.

A simple way to visualize the discrepancy between our model’s and the Gaussian’s

CDF is the calculation of their difference that is shown in figure (2.12). For sharper

distributions of the pushing force that correspond to homogeneous samples, the local

deviations are larger for a fixed λmax. Additionally, the larger λmax is, the larger is the

39



Chapter 2. Theory

Figure 2.11.: CDF of our model as a function of the parameters σ and λmax. The bottom
row shows the CDF of a pure Gaussian as function of σ ∈ [0.05µ, 0.4µ].
The asymmetry can be seen by the curvature of the isolines and their
unequal spacing on the left and right hand side.

difference between our model and the Gaussian. Therefore, the error in data analysis is

larger for homogeneous samples and measurements with a good detection threshold.

This means, the better the experimental setup and sample quality is, the larger is the

impact of a simplistic data analysis. A good criterion to test whether our model is de-

rived correctly is the extreme case of λmax → 0. In this case our model should converge

to the pure Gaussian, since according to equation (2.55) the sine of the hit parameter

has no impact anymore. This can be seen from equation (2.59) by calculating the limit

or graphically in figure (2.12). Following the isolines it can be seen that the difference

converges to zero and already for values of λmax → 0.2 the discrepancy to a Gaussian

is negligible.
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Figure 2.12.: Difference of the CDF of our model and the Gaussian (Pmodel − PGaussian).
The left hand side shows the difference as a function of σ ∈ [0.05µ, 0.4µ]
while the right hand side shows the graph dependent on λmax ∈ [0.1r, r).
The larger σ gets the smaller the local deviation from a Gaussian becomes.
For λmax smaller values lead to less differences. For λmax = 0.2r the distri-
butions are almost equal and up to λmax = 0.5r only small differences are
visible.

The following part shines light on the quantitative values that are usually calculated

in order to describe a distribution of measurement values. Figure (2.13) shows the

most important values that are normally given for any measurement, expected value

and variance. Both values are scalar for any distribution so that we can show them

simultaneously as a function of σ ∈ [0.05µ, 0.4µ] and λmax ∈ [0.5r, r) in a single density

plot.

Most remarkable is the scale of the density plot of the expected value that does not

even go up to 1. This means, for the whole shown parameter range the expected value

is underestimated. This means that the mean of a sample will underestimate the true

pushing force expected value systematically. The difference for λmax → r exceeds 20%

if no corrections according to our model are made. Another important property of the

expected value is the low dependency on σ that is only relevant for very heterogeneous

samples where the Gaussian approximation does not hold anymore as described above.

On the other side, the variance overestimates the spread of the pushing forces, due to

the additional contribution of the sine part in equation (2.55). Additionally, this measure

is mostly independent of λmax, except for very large values close to r. Summarizing

these findings, we can conclude that a plain calculation of the mean and standard devi-

ation of a sample leads to a systematic over- and underestimation of the expected value
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Figure 2.13.: Expected value (left) and variance (right) as a function of σ and λmax in
units of µ [Gei+17a]. The expected value is an underestimate of the push-
ing force for the whole parameter range so that E(λmax, σ) < µ holds for all
σ and λmax. E(λmax, σ) is mostly independent of the spread of the Gaus-
sian σ. For the variance V ar(λmax, σ) the opposite is true, it is mostly
dependent on σ and only influenced significantly for values of λmax close
to r.

and spread of the distribution of pushing forces respectively.

The moments of 3rd and 4th order, skewness and kurtosis, are seldom given with mea-

surement data, although they could provide some useful information about the shape

of the distribution of measurement values that cannot be inferred from the mean and

standard deviation. In principle they are measures for tilt or asymmetry and the tail con-

tributions. Hence, they can be used to determine whether a distribution has unequal

probabilities to measure values smaller or larger than the mean as well as to estimate

how likely extreme outliers will occur. Figure (2.14) shows the skewness and kurtosis of

our model as a function of σ ∈ [0.05µ, 0.4µ] and λmax ∈ [0.5r, r).

The skewness shows that the distribution can be tilted to the left and to the right, de-

pending on the parameter combination. This behavior is mostly dependent on σ but is

affected, similarly to the variance, by λmax. The diagonal ridge, visible in the density

plot of the kurtosis indicates that it depends on both parameters. There are parameter

combinations that increase tail contributions compared to a Gaussian (KurtGaussian = 3)

as well as parameter combinations that decrease them. In principle two regimes can be

distinguished:
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Figure 2.14.: Skewness (left) and kurtosis (right) of our model as a function of σ ∈
[0.05µ, 0.4µ] and λmax ∈ [0.5r, r). The skewness can be either positive
or negative, depending on the parameter combination. This means the
distribution can be tilted to the left and to the right. Similarly, the kurtosis
shows that tail contributions can be larger (Kurt(λmax, σ) > 3) or smaller
(Kurt(λmax, σ) < 3) compared to a Gaussian distribution [Gei+17a].

1. σ < µ(0.05 + 0.5(λmax/r − 0.5)): The PDF is dominated by the sine of the uni-

form distribution of λmax. This leads to the raised left tail that tilts the curve to

the left. The ambivalence of the kurtosis shows, that the raised left tail may be

overcompensated by quenching on the right hand side.

2. σ > µ(0.05 + 0.5(λmax/r − 0.5)): Heterogeneous samples are dominated by the

broad Gaussian. In this case the left tail is effectively cut by the superposition with

the sine so that the curve is overall tilted to the right. The kurtosis is mostly smaller

than three so that tail contributions for heterogeneous samples are reduced.

The application of our model to a sample of 50 nm silica beads on a silicon substrate is

done in section (4.3). Additionally, methods for model validation are used to check the

plausibility.
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2.6. Contact Angle and Wetting

The phenomenon of a liquid wetting a surface while forming drops on another has been

an open question for centuries. A famous example is water on a lotus leaf and a plain

metal surface. The former is superhydrophobic and the drop will have almost spherical

shape while it will spread mostly on the metal surface that has a high surface energy.

Young’s essay [You05] is nowadays often considered as the starting point of scientific

investigation of wetting phenomena. Young’s equation is nowadays usually given in the

form [Goo92]

γsv = γsl + γlv cosα , (2.62)

where γ is the surface tension, α is the contact angle between the tangent of the droplet

in the point of contact and the substrate. The subscripts denote the different interfaces

between solid, vapor and liquid as shown in figure 2.15.

Figure 2.15.: Schematic of forces acting at the three-phase line according to Young’s
equation. Young’s equation (2.62) represents the balance of force in the
surface plane. The component orthogonal to the surface caused by γlv (not
explicitly drawn) causes material strain in the substrate.

It can be seen that γlv causes a component orthogonal to the surface plane that must

be compensated by strain in the substrate so that Young’s equation is not valid for very

soft substrates that deform significantly at the borderline [Les66; Sha92]. However, in

this work only hard materials like silicon or sapphire are investigated so that Young’s

equation is sufficient. A simple explanation for the origin of surface tension is the differ-

ent attraction between molecules of its own kind and a different type. If the interaction

with molecules of the same kind is stronger, the system will try to maximize their contact

while minimizing the contact with the surrounding, because this is energetically favored.

In practice this means that such a material will try to minimize its surface that is best

done by taking spherical shape (smallest ratio of surface to volume).

Theoretical advances in wetting theory makes contact angle measurements more than

just a measure of wetting but also a viable tool to determine physical properties of sur-
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faces [Goo92; Dec+99]. This led to the development of a whole bunch of measurement

methods like the dynamic and static sessile drop and the Wilhelmy plate method. Even

though they are known for many years and well established in many labs and industry,

they are still subject to improvements and enhancements [Koc+09; DH17]. Additionally,

advanced methods using confocal microscopy, AFM or interferometric methods that of-

fer increased resolution under certain conditions have been developed [Ish+00; Tan+16;

FO00; Che+16; St99]. All of them have their individual strengths and weaknesses like

the limit to a certain contact angle range, drop size or volatility of the liquid. None of

them is able to monitor the local, microscopic contact angle over a large macroscopic

area simultaneously. However, due to the large sensitivity of the contact angle to sur-

face inhomogeneities [Sha92; Tag+92], both structural and chemical, this is desirable

for many applications in science and industry [O’B92; Gro+04; DM+14b].

For that reason, we developed a method to infer contact angles of droplets of a liquid

with known refractive index n from their focal length [Gei+17b]. A similar approach has

already been mentioned in the 1940’s [May45] to measure the drop size on a solid sub-

strate and was partly adapted to microlens fabrication and characterization [Che+13;

Yan+08]. In the following section, the used spherical cap model that relates the focal

length of a droplet to its contact angle is derived.

2.6.1. The Spherical Cap Model

A small volume of a liquid forms a droplet on a surface that has lensing properties due

to its curvature and refractive index. Such a drop can be modeled as a spherical cap as

shown in figure (2.16).

From the schematic, the geometric relation of the contact angle α, sphere radius R and

droplet diameter D can be deduced that is given by the definition of the sine:

sinα =
D

2R
(2.63)

Additionally, the triangle R, D/2, R− d/2 can be used to find a relation for the thickness

d as a function of lens diameter D and sphere radius R. Application of Phytagoras’

theorem and the quadratic formula to this right triangle yields:
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Figure 2.16.: Schematic of a droplet forming a spherical cap with diameter D, sphere
radius R, cap thickness d/2 and contact angle α on a substrate [Gei+17b].
By chosing the thickness d/2, the total lens thickness in case of a reflective
substrate is d, because the light passes the droplet twice.

d1,2 = 2R±
√

4R2 −D2 . (2.64)

The negative sign in equation (2.64) represents the case of contact angles α <90° that

is of interest for this work. For higher contact angles a distinction of cases is necessary.

For larger contact angles an additional refractive boundary arises between the droplet

and the substrate. This means that at least a part of the light passes more refractive

boundaries and is hence subject to stronger focusing. This results in the appearance of

multiple focuses or at least blurring of the focus (elongation of the beam waist). However,

the contact angles observed in this work are typically smaller than 70° so that this case

is not further discussed here.

The focal length f of a spherical lens in air with thickness d, refractive index n and radii

of curvature R1 and R2 is

f =

[
(n− 1)

(
1

R1
− 1

R2
+

(n− 1)d

nR1R2

)]−1
. (2.65)

For a transmissive substrate, the drop would form a plano convex lens so that R2 → ∞

and corresponding terms vanish. In our case, we have a mirror substrate so that the

droplet is passed twice and hence R1 = −R2 is valid and the total thickness of the

biconvex lens is d. In the following, the function f(α,D, n) will be discussed that is

obtained by plugging equation (2.63) and (2.64) into lensmaker’s formula (2.65).
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f(D,α, n) =
Dn

4(n− 1) sinα
(

1 + (n− 1)
√

1− sin2 α
) (2.66)

In principle a function α(f,D, n) would be desirable and a solution can be found in

appendix (A). However, the solutions are unhandy so that numerical solutions may

be a decent alternative to the exact solution that is defined piecewise. The solution

for contact angles smaller than 90° has a minimum within the interval α ∈ [0, π/2] at

αmin = arccos
[
(
√

9− 16n+ 8n2 − 1)/(4n− 4)
]
. This means that results may be am-

biguous. However, the macroscopic contact angle is in many cases well known or can

be determined in a different measurement. It can then be used to identify the correct

solution what mitigates the issue of the ambiguity.

Figure 2.17.: Solution of equation (2.66) for different refractive indices [Gei+17b]. The
focal length is given as a function of contact angle α in units of D. As
expected, the focal length is shifted to smaller contact angles for a higher
refractive index.

As expected for a convex lens, a higher refractive index shortens the focal length as

can be seen in figure (2.17) that shows a graph of equation (2.66) for different refractive

indices. From figure (2.18) can be deduced that a higher refractive index moves the

minimum position of the focal length αmin to lower contact angles. For n → 1 the focal

length’s minimum position αmin approaches π/2 whereas the upper limit is lim
n→∞

αmin =

π/4.

Figure (2.19) shows the solution for contact angles that are larger than 90° that is ob-

tained by usage of the plus sign in equation (2.64). This solution is valid for the part
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Figure 2.18.: Graph of the focal length minimum position αmin as a function of the re-
fractive index n as given in the text. For n → 1 the minimum position
approaches π/2.

of the light that crosses no additional refractive boundaries and holds for the light that

is reflected from the surface within the droplet. Hence, this corresponds to the largest

focal length that is measured if multiple focuses are present. It can be seen that for the

solution for α >90° results are unambiguous, i.e. the minimum of the graph is always

at the lower end of the interval in α ∈ (π/2, π]. In an experiment the drop diameter D

and focal length f are measured so that the contact angle α can be calculated. For the

detailed experimental procedure how these values are obtained see section (3.3.2).

Figure 2.19.: Solution of equation (2.66) that also contains the part for contact angles
>90° that corresponds to the plus sign in equation (2.64). The refractive
index used for the graph is n = 1.33. The solution is valid for the part of the
light that passes no additional refractive boundary and hence corresponds,
if multiple focuses appear, to the longest focal length.
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3. Materials and Methods

This section contains information and descriptions of methods and materials that were

used in this work. Firstly, the main measurement device used for most measurements,

the atomic force microscope, is introduced. This subsection contains not only a descrip-

tion of the basic components and interactions that generate the measurement signal in

an AFM, but also the detailed procedure for the measurement of the adhesion of nano

particles by using the lateral force channel in contact, constant force mode. Subse-

quently the used samples and their preparation as well as further treatments like aging

are explained. Thirdly, the measurement protocol for the contact angle measurement of

microscopic droplets is presented.

3.1. The Atomic Force Microscope

The basic principle of the AFM is as old as humanity itself. By touching something with

the fingertips, the human brain is able to reconstruct the outline or topography of the

body from the movement of the fingers. The brain forms a picture or imagination of the

object based on the set of coordinates of the fingertips that follow the surface contour.

An AFM is based on the same principle, a probe is scanned along a surface while the

change in position of the probe is measured in a three dimensional coordinate system.

However, the simplicity of the principle is of the same order of magnitude than the dif-

ficulty of the technical realization so that early approaches like the stylus profiler never

got close to atomic resolution [Sch29]. There are three main technical problems. Firstly,

the probe dimension has to be on the same order as the investigated structure. Sec-

ondly, damping of the vibrations, even on the nano scale, of the probe and sample is

necessary. Thirdly, precision of the position measurement and movement must be on

the order of atomic length scales.
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Binnig et al. solved these issues in the 1980’s with the invention of the scanning tunnel-

ing microscope (STM) and the atomic force microscope [BR83; Bin+86]. Both devices

proved to be able to resolve atomic structures soon after their invention [Mar+88]. Due

to the limitation of the STM to conductive samples, the AFM is more versatile as it de-

pends on the intrinsic interaction between bodies of any material.

The basic components of an AFM are:

• The probe: The probe of an AFM is basically just a spring that carries a sharp

tip which is used to scan the surface of a sample. A schematic of such a can-

tilever with rectangular cross section is shown in figure (3.2). The shape of the

beam can be varied in order to tune the resonance frequency and spring con-

stant. In case of a rectangular cross section of the beam, its spring constant is

given by cnor = 3Ebd3

l3
with the Young’s modulus E and dimensions as given in fig-

ure(3.2) [Col93]. The resonance frequency of such a cantilever, made of a material

with density ρ, is ωcantilever ∝ d
l2

√
E
ρ [Col93]. From the different dependencies on

the dimensions, the tunability of resonance frequency and spring constant can be

deduced. Nowadays, most cantilevers are made by lithographic methods, etched

in silicon or silicon nitride wafers.

• The detection system: If a force acts on the cantilever it will deform. This tiny

deformation has to be detected for the measurement. In early days, a sandwich of

an AFM probe and an STM was used for the detection of the deflection [Bin+86].

However, most modern AFMs use an optical lever system [Mar+90; MA90]. In

such a system, an optical lever is reflected by the backside of the cantilever and

directed onto a segmented photo diode. If the cantilever bends, the angle of inci-

dence of the optical lever changes and so does the angle of reflection. The result is

a change of position of the light spot on the segmented photo diode. These photo

diodes are usually used in reverse bias mode, because of the proportionality of

the incoming intensity and the reverse bias current. The currents are converted

to a voltage by a transimpedance amplifier and nowadays digitized by an analog

to digital converter prior further processing. By addition and subtraction of the dif-

ferent segments’ signals, the ratio of intensity between the different parts of the

photo diode can be computed. By that the relative position of a light spot can be

measured with very high precision. This allows the track of movements with very

high sensitivity. The change in signal therefore corresponds mostly to a change in
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3.1. The Atomic Force Microscope

angle rather than position of the probe so that device and probe specific calibra-

tions are necessary. This calibration parameter is usually called device sensitivity

and gives the relation between change in voltage and cantilever movement.

• The actuator: The measurement precision is directly related to the precision of

the relative movement of sample and probe. Movements with very high precision

on the nano scale are best done by piezo actuators. The reverse piezo effect

results in a very small change in relative length of a piezo electric material as a

function of applied voltage. For the application in an AFM, piezo stacks are used

to increase the movement range to the micrometer regime. The sensitivity of such

a stack is usually on the order of some nm/V and movement is continuous (no

steps) so that scanning on the atomic scale is feasible. A common geometry for

such a scanner is a piezo tube [BS86]. It consists of several piezo segments

that can be controlled separately. For instance, by unequal extension of opposing

sides, caused by a voltage difference between the two segments, the tube bends.

Hence, four segments are sufficient for three dimensional movement if they are

controlled properly.

• The feedback-loop: A key component of the AFM is the feedback system. The

probe and actuator are linked by the measurement signal of the detection sys-

tem through a proportional-integral-derivative-controller (PID). By that link, the de-

flection of the cantilever can be directly converted to movement of the actuator.

This allows, for instance, measurement modes that are based on a constant force

between the probe and the sample. A PID controller creates an output signal

o(t) = P · i(t) + I
∫ t
i(τ) dτ + D · di(t)/ dt by usage of an input signal i(t) that is

the error or mismatch between the setpoint and actual measurement value. The

constants P, I,D are device specific and have to be set properly by the experi-

menter. Most AFM’s omit the derivative part D = 0 and therefore contain only a

PI-controller. The output signal of the PI-Controller is then used as control signal

for the actuator so that the desired setpoint (e.g. a specific force exerted by the

probe to the sample) is maintained by the device while scanning, independent of

the changes in topography or softness of the sample.

Although it should be clear that the technical realization and detailed description of a

real AFM is far beyond the scope of this work, these basic components and descriptions
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of their functionality is the framework that is needed in order to understand the operation

and concept of an AFM.

3.1.1. Interactions between Probe and Sample

In the following a model for the interaction between the cantilever tip and the sample

surface as a function of separation is employed. Additionally, the different contributions

of the total interaction are discussed. By performing force spectroscopy as described

in section (3.1.2), the force acting on the probe as a function of distance is obtained

(see for example figure (4.14)). In principle this force is the negative gradient of the

total interaction potential F = −∇U . However, the measured force depends not only on

the interaction potential between tip and sample but also on the spring potential of the

cantilever. This leads to hysteresis when a complete cycle of cantilever approach and

retraction is performed.

The interaction potential between tip and sample is often modeled by the Lennard-Jones

potential between two atoms

ULJ(r) = ε

[(rm
r

)12
− 2

(rm
r

)6]
, (3.1)

where rm is the position of the minimum with depth ε. The potential of a cantilever with

spring constant cnor is given by a harmonic potential Ucantilever(r) = 1
2cnor(r − r0)2 with

elongation (r−r0) and cantilever position r0. Equilibrium is achieved if the force between

surface and tip as well as the force caused by the deflection of the cantilever are equal.

Graphically this corresponds to the intersection points of their force curves as shown

schematically in figure (3.1). The construction shows nicely the cause of hysteresis for a

force-distance spectroscopy cycle. Due to multiple intersection points of the curves, the

direction of the approach to the critical points B and D is important as this determines

the local minimum of the system. When the cantilever line is tangent to the interaction

force, the critical intersection point vanishes and the cantilever jumps into the remaining

one.

It is clear, that if the spring constant of the cantilever would be larger than the slope

of the interaction force no hysteresis would occur as always only a single intersection

point would be present. However, this is not desirable, because sensitivity of the mea-
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3.1. The Atomic Force Microscope

Figure 3.1.: Top: Schematic of the force between tip and surface and force curve of
the cantilever at positions r0,i. Bottom: Diagram of the force acting on the
cantilever as a function of its position r0 constructed with the characteristic
points A − D. At point A the cantilever is far from the surface and no at-
tractive force acts. The attractive force increases with decreasing r0 and at
point B (tangent) the cantilever jumps into contact. At the turning point C
the cantilever is already in the repulsive regime. At point D (tangent) the
cantilever jumps out of contact.

surement increases with decreasing spring constant. It has to be mentioned that the

attractive part in the used potential is for two atoms while we have seen above that for

macroscopic bodies this force is different (see section (2.1.2)). However, this does not

change the qualitative findings so that this will not be discussed further here.

The origin of the interaction between the cantilever tip and the surface that we have

modeled with the Lennard-Jones potential is due to a manifold of different components:

• Van-der-Waals force: Contributes the attractive part in our model potential and

acts between any materials. See section (2.1.2) for more details.
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• Electrostatic force: See section (2.1.1) for further explanation. Due to the con-

ductivity of the used substrate and the cantilever tip, any potential difference be-

tween them will be compensated by a current so that this component can be ne-

glected in this study.

• Chemical force: The origin of this component has been discussed in section (2.1.3).

Due to the, in comparison to the time constant of chemical bond formation, short

resting time of the cantilever tip on a surface spot during a scan, the chance of

chemical bond formation is very low. They are also very short ranged and limited

to specific material combinations. This force seldom plays a role in force spec-

troscopy measurements.

• Capillary force: In principle this force is caused by the surface tension. However,

the force is not acting directly between the materials in contact but is caused by a

liquid (e.g. water) meniscus around the tip [Sti+00]. This meniscus acts as a force

transmission system between the surface and the tip. This component depends

on the presence of a liquid, for example provided by condensation from a humid

atmosphere, during the measurement.

• Pauli exclusion force: The Pauli exclusion principle prohibits the occupation of

the same spot by two indistinguishable fermions. This has many consequences

like the occupation of volume of matter because the electron shell cannot be com-

pressed further. Hence, a certain distance between the nuclei is maintained.

Therefore, this force is repulsive and of very short range.

• Magnetic force: The origin of this component is a magnetic moment of the sample

and tip. More precisely, a force is only caused if the field is nonuniform (gradient

force). A uniform magnetic field only causes torque on a magnetic moment. Due

to vanishing magnetic moments of the tips and samples used for this study this

force is negligible in the experiments.

3.1.2. AFM Measurement Modes

A modern AFM can be operated in a manifold of different measurement modes. The

most important modes are summarized and briefly described here:
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• Contact constant height: The cantilever is scanned in a plane over the sample

surface while the cantilever deflection is measured. The deflection signal is there-

fore directly related to the surface structure. An obvious shortcoming of this mode

is the possible large variation in force, depending on the surface asperity. This

measurement mode is therefore limited to relatively flat samples, if the chance of

damage of the tip and surface structure should be small.

• Contact constant force: In this measurement mode, the cantilever is scanned

along the sample while the feedback system is used to keep the deflection con-

stant. Hence, the actuator will not only move in a plane but also alter in height so

that the deflection is kept at the preset setpoint.

• Intermittent mode: In this measurement mode, the tip is driven close to its res-

onance frequency. Due to the oscillation, the tip is only for a fraction of the mea-

surement time in contact with the surface. Although the maximum normal force

exerted by the tip to the surface can be very large (principle hammer on anvil), the

surface damage is substantially reduced because the shear (lateral) forces are

much lower. As feedback signal serves the amplitude (AM-AFM) that is kept at a

constant setpoint below the free air amplitude of the cantilever.

• Force spectroscopy: In force spectroscopy the deflection of the cantilever as a

function of its vertical position is recorded while it is moved through the potential

between tip and substrate from far away to the repulsive regime and back. The

result is similar to the schematic shown in figure (3.1).

There exist many more methods like non-contact, lateral force or magnetic force modes

that alter in measured properties and feedback signal as well as modes that combine

different modes like the pulsed-force-mode [RZ+97]. This makes AFM a versatile tool in

science that is not only capable of ultra high resolution imaging but also of quantitative

measurements of local material properties.

3.1.3. Device Calibration

In order to perform quantitative measurements the device specific sensitivity as well as

the spring constant of the cantilever has to be known. For that reason a calibration

of both has to be performed. The sensitivity is measured by a force-distance curve
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performed on a hard substrate. In hard contact, the change in voltage of the signal of

the segmented photo diode is proportional to the known movement of the previously

calibrated piezo actuator (linearity of the signals is assumed here). This leads to the

sensitivity snor in z-direction given by

∆z = snor∆U (3.2)

that is the constant of proportionality between a given z movement and the change in

quadrant diode signal U . In order to obtain a similar value for the lateral component,

i.e. a relation between change in voltage and torsion of the cantilever, either a similar

procedure has to be performed or a model that links normal and lateral calibration has

to be found. In most devices not only the optical lever is equivalent for the detection of

deflection in z-direction and torsion (torque in y-direction) but also their detection elec-

tronics are equal. Therefore, the assumption that a change in angle in normal direction

φnor and an equal change in angle in lateral direction φlat causes the same change in

voltage in both directions respectively is valid.

The optical lever detection is mostly sensitive to changes in angle of the cantilever back-

side so that in equation (3.2) implicitly a conversion from change in angle to change

in z-coordinate must be included. For a cantilever beam as shown in figure (3.2), the

deflection ∆z and the tilt angle of the cantilever’s end ∆φnor are related by [Col93]

∆φnor =
3

2l
∆z =

3

2l
snor∆U . (3.3)

Hence, if the ansatz ∆φlat = slat∆U is chosen for the lateral component and the equiv-

alency of the changes in angle are taken into account the relation of the sensitivities

is

slat =
3

2l
snor . (3.4)

The sensitivities snor and slat are necessary calibration constants that link the detected

changes in voltage on the segmented photo diode to actual deflection of the cantilever.

In order to map the deflections to forces acting on the cantilever tip, a second calibration

56



3.1. The Atomic Force Microscope

constant is needed that is the constant of proportionality between deflection and force.

According to Hooke’s law this is the spring constant c.

Figure 3.2.: Schematic of a cantilever with rectangular shape [Gei+17a]. Dimension la-
bels and the coordinate system are displayed as used in the text.

In normal direction most commercial AFMs offer an automatic calibration procedure to

determine the spring constant. This is usually done by the thermal noise method [HB93].

It treats the cantilever as a harmonic oscillator and uses the equipartition theorem that

every degree of freedom has the same thermal energy kBT/2. From this directly follows

that the spring constant is

cnor =
kBT

〈∆z2〉
. (3.5)

Hence, the spring constant is directly related to the mean squared displacement 〈∆z2〉

of the freely oscillating cantilever. The mean squared displacement can be calculated

from the integral of the power spectral density, due to Parseval’s theorem [Bro+06]. The

mean squared displacement is then given by the integral over the power spectral den-

sity of the peak of the fundamental resonance. A measurement of the power spectral

density of the free air thermal vibrations is a feature of most commercial AFMs.

While the procedure for the calibration of the normal spring constant cnor is straight

forward to carry out experimentally, procedures for the calibration of the lateral spring

constant clat are usually difficult and time consuming. Therefore, although methods

like the wedge calibration method [Cai+00; Ogl+96; Can+06; Var+03] or numerical fi-
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nite element calculations [Mül+06] offer excellent calibration accuracy, they are not very

practical.

An alternative way is to calculate the lateral spring constant from the known normal

spring constant. In principle, the cantilever can be deflected in three different ways.

Firstly, the already discussed bending in normal direction (torque in x-direction). Sec-

ondly, the cantilever can be twisted (torque in y-direction). Thirdly, the cantilever can

be bent in lateral direction (torque in z-direction). The origin of any deformation of the

cantilever will be a force acting on the tip apex. If this force acts in lateral direction, i.e.

along the x-axis, it will split into a torque that causes bending and torsion simultaneously

while the device will only be able to measure the latter. This means that the lateral spring

constant clat is effectively composed by two springs ctor and cbend connected in series.

Hence, the spring is actually softer for lateral deformations than for pure torsion. The

lateral spring constant is given by

1

clat
=

1

ctor
+

1

cbend
⇒ clat =

ctorcbend

ctor + cbend
. (3.6)

For a cantilever with rectangular cross section the bending and torsion spring constants

are related by [Col93]

cbend

ctor
= 2

(
a · b
d · l

)2

. (3.7)

Additionally, the relation between the normal and torsional spring constant is

cnor

ctor
= 2

(a
l

)2
. (3.8)

Plugging equations (3.7) and (3.8) into the right hand side of equation (3.6) yields the

lateral spring constant as a function of the normal spring constant and the cantilever’s

dimensional parameters

clat =
b2l2

2a2b2 + d2l2
cnor . (3.9)

By chosing an ansatz for the relation between voltage and force, similar than for the

normal force component, the lateral force becomes
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Flat = a clatslatUlat

(
1 +

cbend

ctor

)
=

3b2a

2ld2
cnorsnorUlat . (3.10)

The bracket in the first equality is a necessary correction that takes into account that

only the torsion component of the total deformation is measured. Finally, an equation is

obtained that relates the measured lateral voltage signal to a lateral force acting on the

cantilever. This relation only depends on the, experimentally relatively easy measurable,

calibration of the normal components and the dimensions of the cantilever. In practice,

this method will most likely not achieve the same accuracy as the methods mentioned

above, but has the crucial advantage that it depends only on experimentally relatively

easy accessible quantities.

3.1.4. Lateral Force Measurements

This section contains two parts. Firstly, the measurement protocol for the lateral force

measurements is given. Secondly, analysis of the obtained data is described that finally

leads to the sought lateral force that is necessary for the movement of the nano particles

on the substrate.

The measurement protocol is based on a sequence of three scans of the sample sur-

face:

1. Tapping mode: Imaging of the measurement area to get the particles’ positions

before the lateral (pushing) force measurement.

2. Contact, constant force mode: This is the actual lateral force measurement scan

that yields the sticking force of the particles.

3. Tapping mode: Imaging of the measurement area yields the particles’ positions

after the lateral force measurement.

The two imaging scans in tapping mode are necessary for tracking of the particles’

trajectories. These scans do not need special settings but just the usual optimization

(e.g. adjustment of P- and I-gain and setpoint) for AFM imaging in order to resolve

the topography of the particles on the surface properly. In contrast, the lateral force

measurement has to be carried out using special settings. A schematic of such a scan

is shown in figure (3.3).
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Figure 3.3.: Schematic of the geometry between bead and cantilever in the contact, con-
stant force mode scan for bead adhesion measurements in top (left) and
side view (right) [Gei+17a]. The bead is pushed sideways by the cantilever
tip. The force vector Fpush is in general not collinear to the cantilever’s fast
scan axis (φ = π/2). Flat is the lateral force recorded by the AFM while Fpush
is the total lateral pushing force exerted on the particle. The total force Ftot
acting on the particle splits into a lateral pushing Fpush and a normal force
Fnor dependent on the cantilever opening angle αtip. The drawings are not
true to scale.

From the first tapping mode image, the apparent bead radius has to be determined. The

bead radius in lateral dimension is broadened by the convolution with the finite cantilever

tip apex (see section (4.1.1)). This radius is then used as the scan line distance in slow

scan direction in the adhesion measurement. This has two consequences for a sample

with random particle distribution.

1. Every bead within the scan area is hit by the cantilever.

2. Hits between cantilever shank and bead will be restricted to a random position on

the lower half sphere as shown in figure (3.3) so that the hit parameter is restricted

to λ ∈ [0, r].

If the scan line distance is chosen larger than the apparent bead diameter, the distribu-

tion of measured forces would be the same but not every particle would be necessarily

hit. This means that setting the scan line distance to the bead radius maximizes scan

efficiency while still any hit parameter λ ∈ [0, r] is possible and equally likely so that

the distribution is uniform. The consequences of the distribution of the hit parameter

are discussed in chapter (2.5). Additionally, the scan has to be anisotropic so that the

resolution in fast scan direction is sufficient to track the forces acting on the cantilever
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while pushing against a particle. In practice, for a sample of 50 nm silica beads on a

silicon substrate with average separation of approximately 250 nm, the settings could be

for instance as follows:

• First tapping mode image: Scan area 5 x5 µm2, resolution 10 nm/px

• Contact, constant force mode adhesion measurement:

– Region of interest: Chose an area from the first tapping mode measurement

that contains single spread particles. For later reallocation of the scan areas,

the contact mode scan must not include all particles visible in the tapping

mode image.

– Scan area: 2 x2 µm2

– Resolution in fast scan direction 4 nm/px

– Resolution in slow scan direction 30 nm/px (apparent bead radius determined

by tapping mode image)

• Second tapping mode image: Position and settings as for the first tapping mode

image.

The result of such a measurement sequence is displayed in figure (3.4). The tapping

mode images, captured before (red outline) and after (yellow outline) the adhesion mea-

surement (blue outline), are aligned by matching unaltered beads. The position of the

adhesion measurement is aligned by the position of a lateral force signal (scan line and

position in the scan line) and is therefore only an estimate. The actual trajectories of the

moved beads are in general unknown so that the red arrows are the vectors between

the initial and end position of the beads.

The actual lateral force measurement signal is exemplary shown in figure (3.5) for the

upper moved bead from figure (3.4). The signal has been corrected by an offset that

corresponds to the dynamic friction between cantilever tip and substrate so that the

baseline of trace and retrace signal are both located at F = 0. It can be seen that in the

trace signal, at the bead’s position, a large peak arises. This peak corresponds to the

static friction or adhesion force of the bead that is of interest. The value is determined

by the maximum lateral force acting on the cantilever with respect to the baseline. After

the bead detaches, it is pushed by the cantilever so that the lateral force does not drop
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Figure 3.4.: Result of a measurement sequence: imaging, lateral force adhesion mea-
surement, imaging [Gei+17a]. The alignment of the tapping mode images
before (red outline) and after (yellow outline) the adhesion scan (blue out-
line) was done by matching unaltered beads.

back to the baseline but remains at an elevated level. This corresponds to the dynamic

friction force of the bead on the substrate that is not further analyzed here, because

linkage between intrinsic material properties and dynamic friction is in many cases not

possible. After a certain distance, the force falls back to the baseline before the end of

the scan line is reached. This means that the bead was pushed out of the scan line, for

example by a spinning motion. In this case, the bead was moved upwards as can be

seen from the trajectory shown in figure (3.4).

A confirmation of bead detachment is the absence of a peak in the retrace signal, be-

cause this means that no obstacle is present in the scan line anymore. Additionally,

more information about the movement of the particle could be extracted from the addi-

tional measurement signals height and cantilever deflection. We developed an analysis

procedure for this, which is given in [Lau15; Sch16] and is not further discussed here.

It is possible that a bead is hit multiple times in subsequent scan lines. This happened

in our example. The bead was moved diagonally upwards in the first instance into the
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Figure 3.5.: Lateral force signal recorded during the adhesion scan [Gei+17a]. The sig-
nal is taken from the first hit of the upper particle in figure (3.4). The large
peak that corresponds to the static friction or adhesion is the signal of inter-
est. The plateau after the large drop is the dynamic friction force.

next scan line where it was finally pushed out of the region of interest. If a bead is hit

in multiple scan lines (like the example bead here) only the first hit that led to a particle

motion is included in the data set for further analysis. This is because the resting time

of a bead is reset after any motion.
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3.2. Samples

This section contains information about the used materials like substrates and parti-

cles. Additionally, the sample preparation procedure as well as the aging treatment is

explained.

3.2.1. Substrates

A silicon wafer (Si-Mat, Kaufering, Germany) covered with its native oxide layer was

used as substrate for the experiments in this work. The used wafer is boron p-doped

and has an epitaxial grown surface layer in order to have a very defined and homoge-

neous surface structure. The wafer was cut into pieces of approximately 8 mm edge

length, but remained untreated otherwise.

The aluminum oxide (sapphire) surfaces were prepared by electron-beam physical va-

por deposition of sapphire crystal onto a silicon wafer. The layer growth was observed

by a quartz balance. A layer of 30 nm of sapphire was deposited with a growth rate of

0.2 nm/s. This led to a homogeneous, chemically pure (see section (4.1.2)), but grainy

surface.

A topographic AFM image of both surfaces is exemplary shown in figure (4.5) along with

a detailed discussion.

3.2.2. Nano Particle Solution

The used nano beads have a nominal diameter of 50 nm and are shipped by Kisker

Biotech GmbH & Co. KG (Steinfurt, Germany). They are suspended in pure water with

a concentration of 25 mg/ml. They have, according to the manufacturer, a density of

silica of 2.0 g/cm3.

Before preparation of the particle solution, extensive cleaning of all used materials like

pipettes and containers has to be done in order to minimize contamination of the particle

solution. In our system the solvents water and ethanol are present. Hence, cleaning has

to be done with both, pure water and ethanol.

Preparation of the final particle solution is then done by the following steps:
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1. Measurement of the mass of the empty container that is used for centrifugation.

2. Centrifugation of approximately 65 µl of the original particle solution at 13 000 rpm

for 15 min. By that a sediment of particles is formed.

3. Careful removal of the water to separate the particles from their original solvent.

4. Measurement of the mass of the particle sediment with the help of the empty

container weight measured in step 1.

5. Addition of ethanol to the particle sediment. The amount of ethanol has to be

calculated based on the mass of the sediment. The target concentration is 0.1 g/l

and 0.06 g/l for coating silicon and sapphire surfaces, respectively.

In principle, water can be used as solvent instead of ethanol, but we found that ethanol

has better spreading characteristics due to better wetting of the silicon wafer and lower

surface tension. Both solvents form a decent emulsion and prevent the beads from

clustering, which was confirmed by dynamic light scattering experiments [Sch16].

3.2.3. Particle Deposition

Deposition of the beads was done by spin-coating of the prepared solution of silica

beads in ethanol. Calculations revealed that only a small fraction of the beads in the

deposited volume adhered to the surface so that most of the particles were centrifuged

away [Sch16]. Hence, the particle concentration has to be adjusted if other techniques,

like dip or drop coating, are used. The drop is deposited on the already spinning sub-

strate, to prevent sedimentation. The used parameters for the different substrates are

given in table (3.1). The lower concentration and higher rotational velocity for the sap-

phire substrate is necessary due to inferior wetting properties of the solution on this

material. This coating procedure leads to a macroscopic area of several square millime-

ters with mostly single spread particles (see figure (3.6)).

Table 3.1.: Used parameters for particle deposition by spin-coating.

substrate concentration rotational velocity drop volume

g/l rpm µl

SiOx 0.1 500 5

Al2O3 0.06 800 5
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Figure 3.6.: Silicon substrate after coating with 50 nm silica particles as described in
the text [Gei+17a]. The beads are mostly single spread with a separation
distance suitable for adhesion measurements. The cross section of the
marked bead measures 49 nm in height.

3.2.4. Controlled Aging

For the investigation of aging effects of the particles on surfaces, a suitable storage so-

lution has to be used. We used conventional exsiccators (suitable for vacuum) as shown

in figure (3.7). Such an exsiccator can be purged by subsequent filling and evacuation

of the desired gas to achieve a filling of high purity. It is sealed to the environment and

also tolerates a slight overpressure inside. Additionally, it is chemically inert and can be

therefore filled with all gases of interest.

Figure 3.7.: Schematic of a vacuum exsiccator in top view, as used in this work. The
inlet and outlet valves are marked. The sample space is a special ceramic
plate.

In this work, a system of four exsiccators was deployed to investigate the influence of

four different atmospheres simultaneously. The system is shown in figure (3.8). The

vacuum pump is attached to the outlet valve of all exsiccators. The pump is used for

purging and vacuum storage. For the latter, it is continuously running. The glove serves

as simple manometer to control the pressure inside the exsiccators while filling with gas
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from a compressed gas cylinder through the inlet valve. The glove starts to expand as

soon as the atmospheric pressure is reached. By insertion of the gas washing bottle,

filled with pure water, between the compressed gas cylinder and the inlet valve of an

exsiccator, the gas is enriched with water. In an early setup, one of the exsiccators was

equipped with a heating system. The heating system consisted of an infrared lamp,

shining from below on the sample stage, equipped with a temperature controller.

Figure 3.8.: Picture of the exsiccator system used for annealing. Important parts are
labelled. The inlet valves of the exsiccators can be connected to any com-
pressed gas cylinder. The gas washing bottle is used to enrich the nitrogen
with water.
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3.3. Contact Angle Measurements

Two different methods to measure contact angles have been used in this work. Firstly,

a standard and commercially available goniometer method. Secondly, a custom made

proprietary development, based on conventional light microscopy and the spherical cap

model described in section (2.6). The used materials, experimental setups as well as

procedures are listed in the following subsections.

3.3.1. Goniometer Method for Contact Angle Measurements

The Goniometer method is simple and intuitive to understand, because of the direct

measurement of the contact angle in a shadow image. There is no further conversion

or model needed to obtain the contact angle. Figure 3.9 shows a schematic of a go-

niometer setup (similar to the used device OCA15 by DataPhysics) for contact angle

measurements. A syringe is used to deposit a droplet of a liquid (Milli-Q water, Merck

Millipore and Ethanol absolute for analysis >99.9 %, Merck) on the substrate. A light

source is used to generate a shadow image of the droplets’ profile that is recorded by

the camera. Image analysis is done to find the tangent of the droplet close to the sub-

strate interface as well as to identify the substrate’s surface. The lines are marked in

red in the shadow image. The contact angle is then given by the angle between the

two lines. As contact angles are subject to hysteresis and other environmental influ-

ences, care must be taken how they are measured [Goo92; Dec+99]. The advancing or

maximum contact angle and receding or minimum contact angle can be measured by

continuously adding or removing liquid from the droplet during image recording.

3.3.2. Contact Angle Measurement Method for Microscopic Droplets

The following paragraph describes the experimental procedure to measure contact an-

gles according to the model derived in section (2.6). The basic idea that led to the

development of this method was the ability to measure contact angles by any conven-

tional optical microscope that contains a high precision focus adjustment stage. If the

microscope is equipped with a Köhler illumination system, measurements of the focal

length are simplified. However, such an illumination is not essential. The necessary pa-

rameters that have to be measured for each droplet are the diameter on the substrate D
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Figure 3.9.: Sketch of goniometric sessile drop contact angle measurements. The
droplet is created from a syringe, that can be used to precisely control the
volume flow for dynamic measurements. The camera records a shadow
image of the droplet that is used to measure the contact angle directly.

and focal length f as given in figure (2.16). It will become clear that with fast computers

and digital image acquisition at hand, this method allows automation of the measure-

ment with high measurement speed and precision. A main advantage of our method is

the possibility to measure many droplets with a single shot. Hence it greatly benefits

from possible parallelization. Measurements were carried out using a reflected light mi-

croscope (Raman CRM200, WiTec GmbH) that has a built in Köhler illumination system.

The microscope is equipped with a high precision focus adjustment stage driven by a

stepper motor. A single step of the focus adjustment results in 50 nm movement. Mea-

surements are done with a low magnification objective (Zeiss Achromat 5x/0.12 ∞/-).

Images are captured by an attached camera.

Microscopic droplets cannot be easily formed with a syringe as done for the goniome-

ter method. This especially holds true for the aspired preparation of many droplets

for simultaneous measurements. Therefore, a condensation method has been used

to prepare micrscopic droplets on the substrate’s surface. A proprietary environmental

chamber has been designed to have precise control over the condensation process.

Figure (3.10) shows the schematic and working principle of this chamber as it has been

used in this work.

The chamber seals the sample off from the environment and allows local heating and

cooling via the copper bar by application of a current to the peltier element. The temper-

ature close to the sample can be measured by the integrated pt100 temperature sensor.

By application of different gases, like dry or wet nitrogen, to the vapor inlets the atmo-
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Figure 3.10.: ISO view, technical drawing in top view and cross section of the environ-
mental chamber used in this work. The black baseplate represents the
microscope stage. The cooling system consists of a peltier element and a
fan. The sample is placed on a copper bar that thermally connects it to the
cooling unit. A pt100 temperature sensor is mounted on the copper bar
and connected via the electric feedthrough. The vapor inlets and outlets
can be used to switch between different environmental conditions.

sphere inside the chamber can be controlled.

To get humid nitrogen, dry nitrogen (N50, MTI IndustrieGase AG) is passed through a

gas-washing bottle filled with water (Milli-Q, Merck Millipore). This saturated nitrogen is

injected to the chamber where droplets grow on the cooled sample because of the re-

duced dew point in its vicinity. It is important that the sample is cooled while the window

on top keeps mostly ambient temperature. Therefore, condensation on the glass win-

dow is prevented and a clear view on the sample is maintained during the experiments.

This is achieved by using a thin cover slip as window that offers only minor insulation.

The detailed procedure to produce droplets in the experiment is as follows:

1. Purging with pure, dry nitrogen removes residual liquids from cleaning or other

preparation processes. This step may be supported by heating of the sample.

2. Cooling of the sample reduces the dew point locally. This leads to condensation

taking place mostly at the sample surface while the chamber sidewalls and the
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window remain clear. We cooled the sample approximately 10 ◦C below surround-

ing temperature to get the desired result.

3. Application of a continuous flow of nitrogen saturated with water creates a humid

atmosphere.

4. The condensation of the water on the substrate’s surface is observed through the

microscope. As soon as the droplets have reached the target size, the nitrogen

flow is stopped and thus the chamber sealed. The growth of the droplets stops

with a very small delay until an equilibrium situation is reached in the chamber.

For very small target drop sizes this has to be taken into account.

As discussed above, the contact angle shows hysteresis that results in different contact

angles for growing and shrinking droplets. Hence, it is essential for the measurement

how the droplets have been prepared. Both cases can be realized with our setup. If the

procedure is carried out as described above, the drop will grow until step four. After the

sealing of the chamber, the situation can be assumed as frozen. Therefore this process

yields contact angles that are closest to the advancing contact angle. By injection of dry

nitrogen after step four or by gentle heating of the sample, evaporation of the droplets

starts and the contact angle approaches the regime of the receding contact angle.

Measurement of the droplets diameters and focal lengths is done with the optical micro-

scope. By scanning the sample along the microscope’s z-axis as shown in figure (3.11),

an image stack of the sample as a function of the focus position is obtained. It is im-

portant for later data analysis that the scan starts at a focal height below the substrate’s

surface and ends above the focal plane of the droplets. Due to the Köhler illumination,

the focal length is equal to the distance from the droplets principal plane to the level

where a sharp image of the aperture stop is observed. This is due to the property of

such an illumination system that has an infinite object distance of the aperture stop.

Hence, image distance of the aperture stop and focal length are equal.

The image stack recorded during the z-axis scan needs further processing and analysis

in order to get the desired focal lengths and droplet diameters. A subset of such an

image stack is shown in figure (3.12). The figure shows images from below the surface,

in the surface plane, in the focus level of the droplets and from above the focus level.

Additionally, the corresponding intensity cross sections, as labeled in the pictures, are
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Figure 3.11.: Schematic of the scan process. The relative z-position of objective and
sample is varied within the scan range that starts below the substrate’s
surface focus level and ends above the droplets’ focal plane [Gei+17b].
Exemplary images of such a scan are shown in figure (3.12).

plotted below. The bright spot in the center of each droplet is an image of the, almost

completely closed, aperture stop from the illumination system. By closing the aperture

stop almost completely, it can be assumed as a point-shaped light source, when imaged

through such a small magnification system. The magnification has to be chosen such

that the aperture stop is imaged on at least a few pixels on the camera so that later on

an intensity profile can be extracted.

It can be seen from the intensity profiles that the droplet edges are steepest when in

focus (image B), whereas this holds true for the aperture stop in image C. This char-

acteristic will be used for data analysis later on. Based on this, data examination is

carried out that yields the z-position of the substrate surface and of the sharp image of

the aperture stop as well as the diameter of the droplets. If the contact angle is below

90°, the drop’s edge can be used to determine the surface position. However, in general

the contact angle is unknown ab initio so that it could be >90° and the apparent edges

in the image may be located above the surface. In such cases a small surface feature

can be used instead of a droplet. We confirmed that for α <90° both methods yield the

same result within the error margin.

The surface position is determined, analogous to the auto focus implemented in many

cameras, by application of the following steps:
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Figure 3.12.: Subset of four images captured during a z-scan as described in the
text [Gei+17b]. A: Picture taken below the substrate’s surface level.
Droplets and image of the aperture stop are out of focus. B: Image cap-
tured close to the calculated surface position. The drops are in focus
whereas the aperture stop is out of focus. C: Image taken close to the
focus level of the droplets. The droplets are out of focus while the aperture
stop is sharp. D: Image captured above the focus level of the droplets.
Again, droplets and aperture stop are out of focus. The position of the
cross sections shown in the graph below are marked in the images. It can
be seen that the droplet’s edges are steepest in B while the same is true
for the aperture stop in C.

1. The intensity profile of a small particle on the surface (A), a droplet or another

surface feature (B) has to be extracted.
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2. A A small spherical particle on the surface will have a Bessel shaped intensity

profile. This profile can, independent of the image sharpness, be approxi-

mated by a Gaussian-like function: f(x) = a · exp
(
− (x−µ)2

2σ2

)
+ c. Hence,

in every image or z-position the particle can be fitted by such a Gaussian-

shaped function.

B For an edge of a droplet or surface feature, the intensity profile looks like an

error function which is the integral of a Gaussian. Hence, the first derivative

of the intensity can be used as described for the particle in A.

3. The amplitude a or spread σ of the stack of Gaussian-shaped functions needs to

be extracted as a function of z-position. The graph that is obtained by that can

again be approximated by a Gaussian-like function. It has been found empirically

that the amplitude yields a more pronounced peak than the spread, but both mea-

sures were found to deliver consistent results.

4. The function of amplitude a or spread σ versus z-position is fitted by another Gaus-

sian. The center of this Gaussian-like fit µ is the sought surface position zsurface.

This procedure can be also used to find the focus height zfocus of the droplet. To do

this, the cross section of the center part of the droplets, which contains the image of the

aperture stop, is used in step one. The point-like light source will show a Bessel shaped

intensity profile just like a small particle would. Hence, data processing is carried out

analogous. The distance between surface level and focus height f = zfocus − zsurface

yields the wanted focal length of the droplet.

The droplets’ diameters are found by edge-detection applied on the image where the

edges are steepest (compare figure (3.12) B). Analysis is performed by built-in functions

of Mathematica 10.0 (Wolfram Research Inc., Champaign, USA).

1. The built-in function EdgeDetect[] is used on the initial image shown in figure (3.13) A.

This leads to an image showing only borders (compare figure (3.13) B), including

the outline of the center part that corresponds to the image of the aperture stop.

2. By performing FillingTransform[] on the image (3.13) B, all closed outlines are

filled. Hence, all droplets that touch the image border remain unfilled (figure (3.13) C).
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3. The application of the SelectComponents[] function selects, by setting the proper

options, only components with a certain circularity that contain no other compo-

nents. This basically eliminates all border components (figure (3.13) D).

4. Finally, the DeleteSmallComponents[] function removes all particles up to a certain

area threshold. This is used to remove tiny droplets and erroneously selected

droplet cores (figure (3.13) E).

5. The final component image is then passed to the measurement function Compo-

nentMeasurements[] that gives the equivalent disk radius and centroid position.

Image (3.13) F shows the overlay of the component image and the disks as mea-

sured by this function. Finally, all components that are changing during the capture

process, for instance by fusing with other droplets, are omitted.

The result of this procedure is a list of the equivalent disk radius and centroid position of

each droplet that does not touch the image border or another droplet and is not changing

during the measurement.
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Figure 3.13.: The image series shows the results obtained by the procedure described
in the text. A: Shows the initial image as captured by the microscope’s
camera. B: Edge detection was applied. C: Filling of components with a
closed outline was done. D: Components that deviate too much from a
circle or that touch the image border were removed. E: Small components
were deleted. F: Result of the applied component measurement function
on the previous image. Components are drawn in blue at their centroid
position with their respective disk radius as measured.
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The following chapter contains measurement results along with a discussion of them.

The first part summarizes the experiments to characterize the measurement system

consisting of particles, solvents, cantilever and substrate surfaces. This part includes

the application of the developed contact angle measurement method. The second part

summarizes the long-term adhesion aging experiments of silica nano beads on different

substrates. Lastly, the probability theory based lateral force measurement, introduced in

section (2.5) and section (3.1.4), is applied to measurement data of a 50 nm silica beads

on silicon substrate sample.

4.1. Sample and Sensor Characterization

This section analyzes basic properties of the measurement setup. Methods like AFM

imaging, scanning electron microscopy (SEM), contact angle measurements and X-ray

photo emission spectroscopy (XPS) are used to measure, for instance, the chemical

composition and surface roughness of the substrates’ surfaces.

4.1.1. Cantilever Tip and Wear

A key component in the system is the cantilever tip. The cantilever is etched from a

silicon wafer, thus its bulk chemical composition can be assumed to be pure silicon, with

a small content of n-type dopant, as stated by the manufacturer. The cantilever’s spring

constant is measured prior to every lateral force measurement so that only the important

question of service time remains. Figure (4.1) shows two tapping mode images of the

same spot, captured before (left) and after (right) a lateral force adhesion measurement.

The first image was captured with a new cantilever that has a nominal tip radius of
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7 nm. The beads appear significantly wider after the adhesion measurement while the

overall measured height remains constant. Hence, this is caused by tip wear during the

contact mode scan that causes large shear forces acting on the tip apex. The result is

a broadening of the measured structures, because the measurement signal is actually

the convolution of the tip and sample.

Figure 4.1.: AFM tapping mode images captured before (left) and after (right) a lat-
eral force adhesion measurement. The beads have a nominal diameter
of 50 nm. It can be seen that the beads appear wider after the lateral force
adhesion measurement. The adhesion measurement was done in the third
quadrant where two beads were moved. Measurement carried out by I.
Schrezenmeier.

Figure (4.2) shows the extracted height profiles (top) of the beads marked in figure (4.1)

as well as the corresponding error signals (bottom). The error signal is the mismatch

between the setpoint and the actual cantilever amplitude in tapping mode. Hence, in a

perfect measurement this signal would be always zero.

The error signal shows that the scan speed was, in combination with the other settings

like P- and I-gain, too fast. The positive error signal on the rising edge as well as the

negative error signal on the falling edge shows that the piezo was not able to follow the

contour fast enough. This has basically two consequences. Firstly, the contour is tilted

in scan direction that effectively results in shadowing. Secondly, the overall height of the

structure is underestimated. This issue can be mitigated, but not completely corrected,

by adding the calibrated error signal to the height signal. This was done in figure (4.3).

The maximum of the corrected height signal is now closer to the nominal bead diameter

of 50 nm for both measurements. Additionally, the tilt is reduced and the overall bead

width is smaller for both curves.
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Figure 4.2.: The upper graph shows the extracted height profiles of the beads marked in
figure (4.1). The bottom row displays the corresponding error signal.

The full width at half maximum of the bead is (63± 2) nm before the adhesion measure-

ment and (96± 2) nm afterward. Using the cantilever tip’s opening angle of 18°, as given

by the manufacturer, the effective tip radius can be calculated to 5.5 nm and 24.0 nm,

respectively (see figure (3.3) for the geometry). With the settings used in this work,

we found that blunting to this diameter happens almost immediately after only a few

micrometers contact mode scan distance with a normal force setpoint of 50 nN. How-

ever, further blunting is then negligible within one measurement day (up to millimeters

scan distance in contact mode). Even with doubled normal force setpoint the tip was

stable, which is counterintuitive since wear should be related to the contact pressure.
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Figure 4.3.: The graph shows the height profiles corrected by their error signals shown
in figure (4.2). The nominal bead diameter of 50 nm is now almost reached
in height, the tilt to the left hand side is smaller and the overall width is
reduced.

However, this is an important finding for our measurements as it shows that blunting is

small enough so that the scan geometry can be assumed to be as shown in figure (3.3)

for all measurements. The cantilever state can be also easily monitored by analysis of

the apparent particle diameter in the tapping mode images so that it can be replaced in

time.

In addition to the observation of tip wear in the AFM images, SEM micrographs were

taken of cantilevers after use. Figure (4.4) shows SEM micrographs of cantilevers used

for measurements of different samples that needed different normal force setpoints for

the lateral force contact mode scans.

The first image A in figure (4.4) shows a new cantilever tip that was never used in a mea-

surement. Its apex is marked by the colored circle and measures (11.8± 2.0) nm in di-

ameter and is therefore well within the specifications listed in the data sheet (14± 2) nm.

The cantilever shown in image B was used to measure the adhesive forces of particles

on a surface stored in dry nitrogen (low adhesive forces) with a normal force setpoint

of 50 nm. It shows significant wear and the colored circle, marking its apex, measures

(49.7± 2.0) nm which is four times larger than for the unused tip. The tip in image C

was used to measure a sample with particles that adhered stronger due to storage in

wet nitrogen. Hence, a doubled force setpoint of 100 nN was necessary for the mea-
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Figure 4.4.: A: SEM micrographs of a new AFM cantilever tip (type: OMCL-AC240TS-
R3). B: A tip that has been used for measurements of samples stored in dry
nitrogen (force setpoint 50 nN). C: Cantilever tip used for measurements of
samples stored in wet nitrogen (force setpoint 100 nN). Destroyed tip that
was used for measurements of very high adhesion forces (force setpoint
250 nN). Measurement done by I. Schrezenmeier.

surement. The tip has a diameter of (50.3± 2.0) nm which is only slightly larger, and

well within the error margin, than the previous one that has been used with a much lower

applied load. However, there are spherical particles sticking to the cantilever shank that

have a diameter close to 50 nm. Hence, they are most likely beads that were collected

during scanning of the sample. This happens sometimes and can be also identified in

the AFM measurement signal [Lau15]. Sticking of beads to the cantilever was found not

specific for this sample type. Lastly, the cantilever shown in picture D was applied to a

sample that needed a very high force setpoint of 250 nN for the adhesion measurement.

It shows strong abrasion and is covered with debris. The apex is not spherical anymore,

but merely a truncated cone. This cantilever can be considered as destroyed since

proper imaging is impossible with it. Hence, it was replaced. Cantilever failure happens

sometimes with such high applied loads so that this cantilever type can be considered

at its limit when measuring with a normal force setpoint of 250 nN.
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4.1.2. Substrate Surface

This section contains measurements to characterize the substrates’ surfaces. Firstly,

the topography, i.e. the surface asperity, is analyzed by means of AFM. Secondly, the

wetting properties of water and ethanol on the different substrates is investigated. Lastly,

the chemical composition of the sapphire surface is measured using XPS.

Roughness

Many different measures for surface asperity, like the peak to peak distance, arithmeti-

cal mean or root mean square (RMS) roughness are available and are discussed else-

where [Ost13]. We will use the RMS with respect to the mean height of the topography

to characterize our samples since this is a common measure and well suited to charac-

terize relatively homogeneous topographies with a single value.

Figure (4.5) exemplary shows AFM tapping mode measurements of a bare silicon wafer

(right) and a silicon wafer covered with a 30 nm layer of sapphire (Al2O3). Most remark-

able is the large difference of the height scale between the two images. The scale of the

sapphire surface is more than 5 times larger. Besides that both samples show a grainy

but homogeneous structure. However, the structure of the bare silicon substrate is very

flat and grains are larger in comparison to the sapphire surface. Both images were cap-

tured with a new, sharp cantilever tip on the same device. This keeps low pass filtering

due to a blunt tip as small as possible and makes the results comparable, because the

noise contribution of the device is similar.

The RMS value of the silicon substrate is 67 pm. This value agrees well with the pre-

viously determined values of 67 pm [Ost13] and 75 pm [Gei13] for silicon wafers of

the same batch. This RMS roughness is close to the value of atomically flat mica of

55 pm [Gei13], measured with the same device and cantilever type. Therefore, the

roughness of the silicon wafer is close to the measurement noise level and can be

therefore considered very smooth. In contrast to this, the RMS asperity of the sapphire

layer on silicon measures 518 pm, which is more than seven times larger. This large

difference can be also seen in the topography cross sections marked in figure (4.5) and

shown in figure (4.6). The peak to peak distance of the sapphire layer is larger than

2.5 nm while the silicon profile has a peak to peak distance smaller than 0.3 nm, which
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Figure 4.5.: Topographies of sapphire (left) and silicon (right) substrates captured by
means of tapping mode AFM. A 30 nm thick layer of sapphire (Al2O3)
was deposited by physical vapor deposition. Measurement done by I.
Schrezenmeier.

is on the order of a single atomic diameter. In summary, both surfaces are homoge-

neous but show a large difference in total roughness. Due to their homogeneity they are

well suited as substrates for our aging experiments.

Figure 4.6.: Topography cross sections of silicon and Al2O3 substrates as marked in
figure (4.5). The strong difference in surface asperity can be clearly seen.

Wetting

Wetting of the substrate is an important parameter for the system characterization. Es-

pecially the wetting behavior of water and ethanol are of interest, because the former
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is believed to affect adhesion aging of the nano particles and the latter is used as sol-

vent for the silica nano particles. Thus, the wetting properties of ethanol on the different

substrates are important in order to get a proper distribution of the nano particles on

the surface, whereas for water wetting is of interest to estimate condensation behavior

during annealing.

Conventional goniometer measurements were carried out as described in section (3.3.1)

for both, water and ethanol, on bare silicon as well as silicon coated with sapphire and

bulk sapphire substrates (Plano GmbH, Wetzlar, Germany). For ethanol on our silicon

oxide and silicon oxide covered with sapphire (Si-Al2O3) substrates, the contact angle

is so small that it is not measurable. Hence, it is close to 0° and definitely <4° so that

it will be given in the following as (2± 2)°. Shadow images for the advancing contact

angle for the other combinations are shown in figure (4.7). All values are summarized in

table (4.1)

Figure 4.7.: Shadow images of the goniometer contact angle measurement. The im-
ages show droplets of water on bare silicon A, silicon coated with sapphire
(Al2O3) B and on bulk sapphire C. Picture D shows a droplet of ethanol on
bulk sapphire. Images of ethanol on both, silicon and silicon with Al2O3, are
not shown because of the vanishing contact angle. Measurement carried
out by T. Neckernuss.

All substrates are in the hydrophilic regime with a contact angle <90°. Since ethanol

contains a hydrophilic as well as a lipophilic part and has in general a much smaller sur-

face tension than water (ethanol: 22.31 mN/m, water: 72.75 mN/m, both at 20 ◦C [Vaz+95]),

the better wetting properties can be explained easily. This is important for the spin coat-
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ing process of the particle solution, because this means that the spreading of the droplet

will not be driven solely by the centrifugal force. Additionally, during solvent evaporation,

ethanol will not tend to form small droplets like water that would lead to agglomeration

of the particles that could be drawn together by such a process during drying.

At first glance, the different contact angles for bulk and coated sapphire are remark-

able, as they should have chemically identical surfaces. Indeed, the coated substrate

was found by XPS to be pure sapphire (see section (4.1.2). However, contact angle’s

are known to depend on more than just the surface chemistry. A good example are

the totally different wetting properties of porous [CB44] and rough surfaces [Wen36;

Her00] that are also investigated in the context of superhydrophobic materials [LQ03;

Nec+14]. These studies showed that the surface structure has a large impact and may

increase the contact angle by more than 60° for a rough, compared to a chemically

identical flat surface. Similarly, for hydrophilic or attractive surfaces, it was found that in-

creased surface asperity decreases the apparent contact angle because of the favored

contact between liquid and solid [Bic+02] which is the case for the materials used in

this work. Hence, the different surface roughness of the bulk sapphire may already be

sufficient to explain the difference to the coated sapphire on silicon support (compare

section (4.1.2)). Additionally, the crystal structure is different for a thin layer that was

grown by physical vapor deposition on top of another crystalline material than for a bulk

sapphire crystal. This might alter the wetting properties as well.

Additionally, it was found that the bulk sapphire’s surface is contaminated. Most likely

these are organic residues from manufacturing like grease or oil. This would, of course,

also lead to a vast increase of the contact angle because they act as a hydrophobic

coating known to protect blank metal from water.

Table 4.1.: Summary of measured advancing contact angles by the goniometer method
of water and ethanol on silicon, silicon coated with sapphire and bulk
sapphire.

substrate contact angle water contact angle ethanol

silicon (61.8± 0.9)° (2± 2)°

silicon + sapphire (26.5± 3.5)° (2± 2)°

bulk sapphire (80.0± 3.0)° (8± 2)°

85



Chapter 4. Results

Local Wetting Properties

Since the contact angle is known to react very sensitive on surface contamination and

roughness, it is a promising technique for surface quality measurement. However, a

macroscopic contact angle will of course only be a measure of the mean surface quality

along its outline which means that the spatial resolution is very poor. On the other

hand, microscopic droplets would show the local surface properties with good spatial

resolution but limited to a very small area. Hence, a method that allows the simultaneous

measurement of microscopic droplets covering a macroscopic area is desirable. We

developed such a method that is described in sections (2.6) and (3.3.2), and applied it

to our silicon substrate. This serves as a proof of principle for the technique itself and

also gives a hint of the homogeneity of the substrates.

Microscopic droplets are generated by condensation from humid atmosphere on the

silicon substrate. Their focal length and diameter is then measured using the microscope

as described above. In principle two different data examination types are possible:

1. Linear regression of the measured focal length versus the drop diameter according

to equation (2.66).

2. Individual solution of equation (2.66) for the contact angle α for each pair of droplet

diameter D and focal length f .

Both types will be discussed here. They were applied to the measurement data shown

in figure (4.8).

Figure (4.9) shows the solution according to the process described in point no. 1. Ob-

viously, the linear relationship between drop diameter and focal length holds true. Thus

the contact angle can be calculated from the slope of the regression f(D) = 0.997D and

evaluates, using equation (2.66), to αlin.reg =(60.4± 0.9)°. This method yields an aver-

age contact angle that compares best to the goniometer method, since the average of

many small droplets should converge to the macroscopic measurement value. Indeed,

the values match well with αlin.reg =(60.4± 0.9)° and αgonio =(61.8± 0.9)° and overlap

within their margin of error. However, this method provides additional information com-

pared to the goniometer measurement, since the spread of the values gives a hint on the

local deviations and thus microscopic homogeneity of the surface. The very low spread,

resulting in a very small standard error of the slope and thus a small error margin of
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Figure 4.8.: Overlay of the measurement data represented by the image taken closest
to the surface plane and the drops identified by the procedure described in
section (3.3.2) [Gei+17b]. The dashed rectangle shows the detail used in
figure (3.12).

the contact angle, confirms that the substrate is very homogeneous, even at the length

scale below 100 µm. This result agrees well with the findings of AFM measurements

that neither show irregularities in asperity nor in phase signal.

Figure 4.9.: Linear regression of the focal length f as a function of drop diameter D
according to equation (2.66) [Gei+17b]. It can be seen that the linear re-
lationship is clearly fulfilled. The dashed lines delimit the range of three
standard errors of the slope. The contact angle can be calculated from the
slope using the refractive index of water n = 1.33.

Even better spatial resolution of the local contact angle can be achieved by performing

data analysis according to the procedure described in point no. 2 above. The individual
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solution for each droplet will give a direct value of the contact angle for each droplet and

thus contains information about the area covered by each droplet. However, the draw-

back is the missing averaging so that measurement uncertainties may cover most of this

information. In order to get this individual contact angle for each droplet, equation (2.66)

has to be solved for every pair of variates (D, f ) so that the data shown in figure (4.8)

should result in 29 individual contact angles, equal to the number of droplets. However,

as can be seen in figure 2.17 the solution is sensitive to small ratios f/D and may not

have a solution ∈ R. This behavior is best explained with the exemplary graphical solu-

tion shown in figure (4.10) for drop no. 12 in figure (4.8) that was arbitrarily chosen. The

horizontal line, marking the actual focal length, would not intersect the theoretical graph

if the ratio f/D is too small. This would result in a complex solution for equation (2.66),

which is unphysical. Drop no. 3 and no. 5 in figure (4.8) have only a complex solution

and are therefore omitted for further analysis so that only 27 individual contact angles

are determined.

Figure 4.10.: Graphical solution of equation (2.66) for drop no 12. in figure (4.8). The
intersection between the measured focal length (red) and the graph of the
theory (blue) yields the sought contact angle αdrop12 = 61.1°. The dashed
lines show the error interval of the calculated focal length.

The mean value and standard deviation of the remaining 27 droplets is αmicro =(60.0± 3.2)°.

The total range of contact angles is αmicro ∈ [54.5, 66.9]. This is of particular interest for

this examination method, because it contains information about local deviations. How-

ever, it remains unclear whether this large range is truly due to local deviations that could

be for instance caused by organic contamination and surface asperity, or whether this is

just an artifact of measurement noise or other uncertainties. A strong hint that the latter
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may be the case is given by the appearance of complex solutions. Since the validity of

the underlying spherical cap model can be assumed for all droplets, all of them should

result in a physical solution as long as the measurement precision is sufficient.

The mean contact angle is within the range of the macroscopic contact angle. Again this

is expected for the mean of a microscopic property. It can be concluded that all methods

yield the same result within their margins of error as can be depicted from table (4.2).

This is overall a good result that serves as a proof of principle of the proposed method

to measure local surface properties, even though the origin of the deviation of the local

contact angles remains unknown. However, the large sensitivity of contact angles on

local surface energy variations makes this method, even with bad signal to noise ratio,

a viable tool to observe surface quality in an easy, reliable and quick manner with high

spatial resolution.

Table 4.2.: Summary of measured mean advancing contact angles of water on silicon
substrates.

method contact angle

goniometer (61.8± 0.9)°

f/D linear regression (60.4± 0.9)°

single drop analysis (60.0± 3.2)°

XPS Analysis of the Sapphire Coating

An essential point in the scope of this work is the chemical composition of the substrate

surface. Due to the very high quality standard of the silicon epiwafers, their surface

properties can be assumed to be as stated by the manufacturer. However, the sapphire

coating is custom made. Therefore, we used XPS to investigate the created surface

layer chemistry of the silicon wafer that was coated with 30 nm sapphire.

XPS is based on the photoelectric effect and the specific binding energies of electrons

from different orbitals and atoms. If a photon with sufficient energy is absorbed, an

electron can leave the atomic orbital and the solid body. By measuring the energy of the

incoming electrons a spectrum is obtained that is specific for the materials present in the

sample volume. In this study it was of particular interest, whether the deposited Al2O3 is

pure on the silicon wafer or if, for instance, pure Al is also present. The result of an XPS

measurement of a Si-Al2O3 substrate (see section (3.2)) is shown in figure (4.11). The
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peaks are labeled according to the database of the national institute of standardization

and technology (NIST) [Nis].

Figure 4.11.: Full XPS spectrum of a silicon substrate covered by an Al2O3 layer (see
section (3.2)). The peaks are labeled according to the NIST database.

The full spectrum of binding energies shows peaks of aluminum, oxygen and carbon.

The latter is due to unavoidable contamination of the device and of samples used and

stored in ambient conditions. On the high energy side, auger emission lines of oxygen

and carbon are visible. The Al2s peak is not suitable to distinguish between pure and ox-

idized aluminum because the peaks are given with 117.9 eV to 118.2 eV and 116.1 eV to

120.6 eV, for pure and oxidized aluminum respectively. Hence they overlap completely.

In contrast, the binding energy of the Al2p peak is in the range 72.5 eV to 72.9 eV and

72.9 eV to 75.9 eV for the pure and oxidized material. Figure (4.12) shows the Al2p and

O1s emission lines in detail.

From this graph, it can be clearly deduced that the Al2p peak is in the regime of alu-

minum oxide (>72.9 eV). Additionally, the strong O1s peak position matches with the

database entry for Al2O3 that is 528.3 eV to 533.1 eV. Summarizing these findings, it is

very likely that rather oxidized aluminum than pure aluminum is present on the surface.

In figure (4.13) the C1s and Si2p signal of the sample are shown. The shape of the C1s

peaks is based on three contributions, the binding energies of C-C (≈284.8 eV), C-O

(≈286.0 eV) and C=O (≈289 eV) as they appear in many common hydrocarbons. The
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Figure 4.12.: Detailed peaks of the Al2p and O1s emission lines of the Si-Al2O3

substrate.

C-O peak is not directly visible, but causes a small shoulder on the right side of the C-C

peak. In the range of the Si2p binding energy for pure and oxidized silicon as well as

silicon oxide and aluminum oxide mixtures (98.4 eV to 104.1 eV), no peak is visible. This

means that no silicon, either pure or oxidized is present at the surface.

Figure 4.13.: Detailed peaks of the C1s and Si2p emission lines of the Si-Al2O3

substrate.

Hence, the silicon substrate is completely covered and the surface layer consists most

likely of pure Al2O3.

4.1.3. Substrate-Tip Interaction

Force spectroscopy (see section (3.1)) was performed (measurement by H. Lauer ) to

investigate the influence of the prevailing environmental conditions during a measure-

ment. Particularly, humidity and temperature dependence of the cantilever tip’s interac-

tion with the substrate was studied. Figure (4.14) shows an exemplary force distance

curve of a bare silicon substrate and a silicon tip (see section (3.2) and appendix (B) for
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details). The curve clearly shows the hysteresis behavior, as explained in chapter (3.1),

between approach and retraction. For the investigation of adhesive behavior, two mea-

sures are applicable. Firstly, the maximum adhesion force, which is simply the minimum

force value recorded during tip retraction. Secondly, the area below the baseline during

retraction can be computed (see [Lau15] for further details about the analysis). This has

the form of an energy and has several advantages for data analysis. Due to integration,

noise is reduced and the range of the adhesive forces are taken into account. Hence,

for further analysis, the adhesion energy is used.

Figure 4.14.: Exemplary force distance curve between a silicon tip on a bare silicon
substrate. The hysteresis between the approach and retraction can be
clearly seen.

Figure (4.15) shows the adhesion energy of an area of 100 µm2 as a density plot. Ev-

ery point in the density plot corresponds to a single force distance curve as shown in

figure (4.14). In total the map contains 10000 data points. The energy scale has a

relatively large range, which is clearly not expected, considering the noise level and

precision of the force distance curves and the previous results that all showed that the

surface is homogeneous.

In order to analyze this further, it is convenient to have a look on the distribution of ad-

hesion energies. Figure (4.16) shows the CDF and PDF of the energy map shown in

figure (4.15). Both diagrams show a Gaussian fit to the data, which approximates the
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Figure 4.15.: Map of measured adhesion energies, calculated as the area below the
baseline during tip retraction, over a large area of 100 µm2. Every point
corresponds to a single force distance curve as shown in figure (4.14).

data well. This means that either the variation of the adhesion energy is only due to

a single detachment process or the processes overlap in such a way that they are not

resolvable by this measurement method. Hence, the origin of the large variance cannot

be identified by a simple analysis of the force distance curves. For other measurements,

small deviations for low energy values are visible (data not shown). However, the over-

all contribution of these deviations to the measurement values of the adhesion energy

is negligible and different regimes cannot be clearly distinguished. Additionally, there

is no simple systematic relation between any observed environmental parameter and

these deviations from the pure Gaussian. Hence, the discussion of the appearance of

a different detachment process and an explanation of a possible origin would be pure

speculation and cannot be inferred from the available data. The investigation of this

behavior may be an interesting field for future investigations.
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Figure 4.16.: CDF (left) and PDF (right) of the adhesion energy map shown in fig-
ure (4.15). The distribution of the data can be well approximated by a
Gaussian.

Relative Humidity Dependency

Of special interest for this work is the dependency of the adhesion on environmental

conditions. Therefore, two basic parameters to classify the environmental conditions,

namely temperature and humidity, were investigated. The substrates were measured

on different dates (chronological order M1-M5) with different ambient conditions. Fig-

ure (4.17) shows the measured adhesion energy for each measurement as a function

of the humidity. The total range of the relative humidity is [(31.7± 0.2) %, (44.7± 0.2) %].

Theoretical considerations about the meniscus formation that is related to the capillary

forces acting on the cantilever (see section (3.1)) suggest that the adhesion force and

energy should increase if the relative humidity is raised [Sti+00]. However, no such trend

is visible in figure (4.17). It seems that the adhesion energy between the cantilever tip

and substrate is independent, or has at least no simple systematic dependency, of the

relative humidity within the investigated range for this measurement type.

Temperature Dependency

Figure (4.18) shows the adhesion energies of the force spectroscopy measurements as

a function of the temperature. In contrast to the relative humidity, the adhesion energy

shows a clear dependency on the temperature. Lower temperature results in a larger

adhesion energy of the cantilever tip. Over a temperature range of only 4.4 K, which

is approximately 1.5 % of the absolute temperature, the mean adhesion energy ranges
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Figure 4.17.: Relative humidity dependency of the adhesion energy measured by force
spectroscopy between a silicon cantilever and a silicon substrate. No sim-
ple relation between the relative humidity and the measured adhesion en-
ergies can be seen.

from 60.9 aJ to 357.4 aJ that is almost six times larger. Hence, the detachment of the

cantilever tip seems to be somehow thermally activated.

Figure 4.18.: Temperature dependency of the adhesion energy measured by force spec-
troscopy between a silicon tip and silicon substrate. The adhesion energy
seems to decrease exponentially with increasing temperature.
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It is convenient to show such thermal dependencies as an Arrhenius graph that is

displayed in figure (4.19). The Arrhenius graph shows a linear relationship that is

for example expected for a Boltzmann distributed process. Linear regression yields

f(x) = 35390x− 113. Due to the unknown sample volume that is involved in the detach-

ment process, the absolute numbers cannot be interpreted properly so that they are not

discussed further.

Figure 4.19.: Arrhenius plot of the adhesion energy measured by force spectroscopy.
The linear fit has the form f(x) = 35390x− 113 with x = 1000/T .

A possible explanation for the strong exponential behavior could be the formation of

a water bridge out of the surrounding meniscus that behaves like a spring. For lower

temperatures, the water has a higher viscosity, which means the total interaction be-

tween the molecules is stronger so that the spring is harder and rupture is less likely.

Additionally, higher thermal energy of the molecules at the waist increases the pos-

sibility of spontaneous detachment. If the bridge formed between tip and substrate is

assumed to be mostly independent of the total available water amount, as long as a criti-

cal volume is present, the apparent independence of the relative humidity in the range of

[(31.7± 0.2) %, (44.7± 0.2) %] can be explained. This assumption is justified, because

the force due to the meniscus is mostly dependent on the surface tension and contact

angle between the materials [Sti+00]. These parameters finally define the shape of the

water bridge and therefore the interaction between the tip and substrate. This finding
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is important for the lateral force measurements, because water only exerts negligible

forces parallel to the surface on bodies at rest (due to symmetry reasons). Hence, influ-

ence of the ambient conditions on such quasi static lateral force measurements can be

considered negligible.

Table (4.3) summarizes the measurement values of the force spectroscopy experiments.

Table 4.3.: Summary of the measurement values of the force spectroscopy experiments.
Measurements are labeled in chronological order.

measurement temperature rel. humidity adhesion energy
◦C % aJ

M1 25.8± 0.2 42.2± 0.2 140.6± 10.4

M2 23.6± 0.2 37.4± 0.2 357.4± 25.2

M3 28.0± 0.2 40.1± 0.2 60.9± 3.6

M4 25.4± 0.2 31.7± 0.2 157.7± 23.9

M5 24.8± 0.2 44.7± 0.2 200.0± 19.6
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4.2. Temporal Evolution of the Adhesion Force of Silica Nano

Particles

This chapter contains the results of experiments that were designed to answer the ques-

tion, how the adhesion of silica nano particles evolves in time under different environ-

mental conditions. These experiments are based on annealing processes of the sam-

ples, as described in section (3.2.4), and were measured by atomic force microscopy

as described in section (3.1.4). The experiments and data analysis was designed such

that the underlying physical or chemical processes that alter the adhesion of the nano

particles can be identified by a chain of evidence. The results are put into context with

the presented theoretical models (see chapter 2). The last part comprises an equivalent

investigation of the adhesion of silica particles on sapphire substrates.

4.2.1. Ambient Air and Elevated Temperature

For the first measurement series, three samples with 50 nm silica beads on bare silicon

were prepared (see chapter 3). The storage conditions for the samples (A, B, C) were

as following:

A: Environmental chamber that is heated to (70± 1) ◦C and has a content of water

vapor of (12± 2) g/m3

B: Nitrogen storage at (22.5± 2.5) ◦C and zero water content

C: Storage in ambient conditions at (22.5± 2.5) ◦C and content of water vapor of

(6± 2) g/m3

All samples were measured after preparation prior application of the respective storage

conditions. This initial measurement marks day zero in figure (4.20). A summary of the

measurement values plotted in figure (4.20) is given in table (4.4). The samples were

measured again after six and twelve days of storage under the conditions given above.

Sample C was measured on day 27 due to a breakdown of the heating system, while

the others were measured on day 42. After day 42, all samples were stored in ambient

conditions like sample C and were measured again 152 days later.

On day zero, all samples show a similar adhesion force and distribution so that they

were summarized in a single box. The mean value and standard deviation on day zero
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is (57.8± 15.8) nN. Sample A, which was stored in the heated chamber, shows a vast

increase of the mean adhesion strength of the nano beads up to (220.6± 35.0) nN on

day 27.

Figure 4.20.: The graph shows the temporal evolution of the adhesion strength of 50 nm
silica beads on a silicon oxide substrate. Every data point consists of 5 to
9 beads. The measurement was carried out by H. Lauer.

Sample C, which was stored under ambient conditions, also shows an increase of the

adhesion strength of the silica beads. However, the difference between day zero and day

42 is lower than for sample A and reaches only an adhesion force of (112.7± 21.8) nN

on day 42. The sample stored in dry nitrogen, sample B, shows a slight decrease of the

adhesion strength to only (27.6± 8.9) nN on day 42. Subsequent storage of all samples

under ambient conditions for 152 days shows that sample B and C almost equalize with

values of (142.2± 63.2) nN and (131.4± 44.7) nN, respectively. Hence, this seems to

be an equilibrium or limiting value for this type of storage. Additionally, the nitrogen stor-

age inhibited the increase of the adhesion of the nano particles until the sample was put

in ambient air. This finally led to the same behavior that was observed for sample C.

The adhesion strength of sample A did not increase further by a significant amount while

stored under ambient conditions. This is somehow expected if a value below the already

reached adhesion strength is considered the equilibrium value for this storage type. Fur-

thermore, this gives hint that the aged adhesive contact is stable under environmental

conditions.
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Although the absolute water content in the environmental chamber is higher than in am-

bient air, the relative humidity is lower, because of the higher temperature. Hence, the

equilibrium water content, formed by condensation, on the substrate is lowered in the

environmental chamber so that the stronger increase in adhesion strength compared to

storage under ambient conditions is most likely caused by the higher temperature.

In Summary, this measurement yields at least the following information:

• Storage under ambient conditions increases the adhesion strength of silica nano

particles on a silicon oxide support.

• Dry nitrogen, the main part of ambient air, inhibits growth of the adhesion strength

of the nano particles.

• Elevated temperature enhances the growth rate of the adhesion force of the nano

particles.

• The adhesive force is stable under ambient conditions if the value is close or above

the equilibrium value.

Table 4.4.: Summary of the measurement of nano particle adhesion of a sample stored
in an environmental chamber at elevated temperature A, in dry nitrogen B
and under ambient conditions C. The mean and standard deviation of each
measurement is given. The number of measured beads ranges from 5 to 9
for each sample and day.

A B C

day 0 (57.8± 15.8) nN (57.8± 15.8) nN (57.8± 15.8) nN

day 6 (123.1± 31.2) nN (52.6± 16.1) nN (72.0± 27.5) nN

day 12 (132.6± 42.2) nN (43.4± 9.9) nN (70.2± 29.0) nN

day 27 (220.6± 35.0) nN - -

day 42 - (27.6± 8.9) nN (112.7± 21.8) nN

day 194 (231.3± 86.1) nN (142.2± 63.2) nN (131.4± 44.7) nN

4.2.2. Dry and Wet Nitrogen

This experiment (measurement done by I. Schrezenmeier ) was designed with a nar-

rower parameter space. Only two samples were prepared for this measurement and
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stored under dry and wet nitrogen conditions. The wet nitrogen was close to satura-

tion, which was indicated by condensation on the exsiccator walls. Both samples were

stored at room temperature in this experiment. Hence, only the parameter humidity is

varied. Figure (4.21) shows the temporal evolution of the adhesion strength of the silica

nano particles. A summary of all measurement values of this experiment is given in

table (4.5).

Figure 4.21.: The graph shows the temporal evolution of the adhesion strength of 50 nm
silica beads on a silicon oxide substrate. Every data point consists of 9 to
14 measured beads.

Sample A, which was stored in dry nitrogen, shows no significant difference in the ad-

hesion properties of the nano particles over the observed time frame. The difference

of the mean adhesion between the measurement on day 0 and day 42 is only 23.3 nN

and well within the total range of uncertainties of both measurements. The continuity

of the adhesion value is also supported by the computation of p-values that are, for the

measurement values of sample A on day 7,14, and 42 with respect to day 0, given by {

0.35, 0.66, 0.09}. Hence, no significant difference at the 0.05 level between the different

measurement days can be deduced for the sample stored in dry nitrogen.

In contrast, for storage in humid nitrogen, the adhesion force of the silica nano particles

increases tremendously within several days. On day 0, the mean adhesion strength is

(52.4± 12.4) nN. On day 7 and 14, the adhesion force increased to (287.1± 56.9) nN
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and (476.0± 132.2) nN, respectively. This corresponds to an increase of almost 450 %

and more than 800 %. This vast increase dwarfs the findings for the storage in the envi-

ronmental chamber that were discussed in the previous section.

Thus, humidity is sufficient to enable adhesion aging effects of silica nano particles on a

silicon oxide substrate. The question remains whether this is a temporary effect, based

on condensation and formation of a water meniscus (see also [Sti+00]) that enhances

the adhesion strength of the silica nano beads or if the increase of the adhesion strength

is a permanent effect. In order to answer this question, the samples were put into vac-

uum after 14 (sample B, humid nitrogen storage) and 42 days (sample A, dry nitrogen

storage). The whole temporal evolution of the adhesion force, including the vacuum

storage time, is shown in figure (4.22).

Figure 4.22.: The graph shows the temporal evolution of the adhesion strength of 50 nm
silica beads on a silicon oxide substrate after storage under dry and humid
nitrogen conditions and subsequent application of vacuum. Every data
point consists of 9 to 15 measured beads, except vacuum storage day 28
that consists of 161 beads (see section (4.3) for further information).

It can be seen that the adhesion strength of the nano particles is constant over time

or at most slightly increasing. For sample A, the p-value between the last point under
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nitrogen conditions and 84 days under vacuum conditions is 0.21. For vacuum storage

of 28 days, this value is 0.74. Hence, it can be concluded that vacuum conditions (the

pressure is on the order of fine vacuum <1 hPa) inhibits adhesion aging similarly to dry

nitrogen storage. For sample B that was already subject of a vast increase of the adhe-

sion force of the silica nano particles, vacuum also keeps the adhesion force constant at

its current level. Indeed, the p-values between the last measurement under wet nitrogen

conditions and vacuum storage up to 63 days range from 0.28 to 0.85. Only for a very

long vacuum storage of 112 days, the p-value drops to 0.01. Although, this could be due

to the temporary exposure to ambient air during the AFM measurement, the data points

are well within their margins of error and an increase would be in contradiction to other

findings. Therefore, if adhesion aging is happening, it is only a minor effect and most

likely only due to the measurement in ambient air and hence temporary exposure to

humidity. An important result is that the continuously running vacuum pump is not able

to reduce the adhesion strength of the silica nano beads. Due to the transparency of

the exsiccators for light with a photon energy of more than 3 eV, there is a considerable

energy input that would support the evaporation of volatile substances in a surrounding

that is kept at a very low partial pressure. Therefore, the aging effect of the adhesive

contact between the silica beads and the silicon oxide surface is most likely not due to a

volatile substance like water, but is merely a permanent intrinsic property of the interface

between the particles and the substrate.

Similarly than for the experiment shown in section (4.2.1), we can summarize the find-

ings of this measurement. The minimum information that can be deduced from this

measurement is:

• Humidity is a key factor for the increase of the adhesion strength of the silica nano

particles.

• At room temperature, the addition of solely water to the system is sufficient to

initiate adhesive bond formation.

• The amount of available water on the substrate surface is, at least within certain

limits, decissive for the growth rate of the adhesion strength.

• Continuous removal of water by application of vacuum conditions, does not signif-

icantly affect the adhesion force of the nano particles.
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• Vacuum conditions are also suitable to inhibit an increase of the adhesion strength.

Hence, the observed increase of the adhesion strength is necessarily bound to the

presence of an additional reactant like, for instance, water.

Table 4.5.: Summary of the measurement of nano particle adhesion of a sample stored
in dry nitrogen A and in humid nitrogen B. The mean and standard deviation
of each measurement is given. The number of measured beads ranges from
9 to 15 for each sample and day. V-day 28 contains the data of 161 beads.
This measurement is further analyzed in section (4.3).

dry nitrogen A wet nitrogen B

day 0 (52.4± 12.4) nN (52.4± 12.4) nN

day 7 (44.7± 21.2) nN (287.1± 56.9) nN

day 14 (48.3± 30.2) nN (476.0± 132.2) nN

day 42 (75.7± 41.0) nN -

V-day 7 - (484.5± 88.7) nN

V-day 14 (78.8± 44.7) nN -

V-day 21 (104.9± 42.4) nN (425.7± 92.4) nN

V-day 28 (71.6± 29.1) nN -

V-day 37 - (520.7± 78.5) nN

V-day 63 - (511.0± 146.4) nN

V-day 84 (96.5± 38.8) nN -

V-day 112 - (621.7± 131.7) nN

4.2.3. Influence of Hydrogen Plasma Treatment on the Adhesion Force

This experiment was designed to investigate the influence of hydrogen plasma on the

adhesion strength of the silica nano particles. The sample that was stored in wet nitro-

gen was used for this experiment after 185 days in vacuum. Thus, the adhesion force

of the nano particles is already enhanced. The sample was then measured directly

before the treatment with a 100-E Plasma System (Technics Plasma GmbH). The H2

pressure was set to 0.8 mbar and the generator power was set to 160 W. Using these

parameters, the sample was treated by the plasma for five minutes. Subseqeuently,

the nano particle adhesion force was measured again. The results of the measure-

ments are shown in figure (4.23). Before the plasma treatment, the mean adhesion was

(805.0± 355.5) nN. Directly afterward, the mean adhesion force of the nano particles

shrunk to (504.4± 320.2) nN. With a p-value of 0.01 this can be considered statisti-
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cally significant at the 0.05 level. There are several possibilities how this reduction of

the adhesion force is caused by the plasma treatment [Lee+07]. Firstly, a sputter-off

mechanism can happen, in which the ions have sufficient energy to break for instance

bonds of the type Si-C, Si-H and Si-O. Secondly, an evaporation mechanism is possible

that is based on the formation of volatile, commonly gaseous, compounds like OH and

CO2 or something similar. Thirdly, a lift-off process can happen that effectively results

from a direct reaction of the hydrogen plasma with the oxide layer of the wafer [Gup+13].

In our case, the hydrogen plasma most likely triggers the processes described in sec-

tion (2.1.4), which are closely related to the sputter off mechanism. It shifts, due to the

presence of hydrogen, the equilibrium towards silanol end groups. This is supported and

accelerated by the supply of energy from the plasma that allows cracking of the oxygen

bridges that are subsequently blocked by hydrogen. Thus, the application of hydrogen

plasma reduces the total adhesion strength of a previously aged sample and the effect

could be explained by the previously introduced reaction scheme of silica surfaces in the

presence of hydrogen and oxygen.

Figure 4.23.: Influence of H2 plasma treatment on the adhesion strength of silica nano
beads on a silicon oxide substrate. The boxes contain 19 measured beads
before and 17 measured beads after the plasma treatment. Experiment
performed by I. Schrezenmeier.
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4.2.4. Plateau Formation at the Particle-Substrate Interface

C. Wanjura found, in the scope of her bachelor thesis, by careful examination of the

measurement data, in particular of the tapping mode image captured after the contact

mode scan for adhesion measurement that there are residues at the initial bead posi-

tion [Wan16]. Such a residue, that has the form of a plateau, is shown in figure (4.24).

The exemplary data was taken from a measurement of sample B in section (4.2.2) after

7 days storage in humid nitrogen. The dimension of the elevated circular area is larger

than the bead diameter, even if the tip convolution artifact is taken into account. In the

perimeter of larger particle clusters these plateaus usually tend to form a connected

area. The height of the structure, as can be best deduced from the cross section, is ap-

proximately 1 nm. The plateaus proofed to be resistant versus mechanical stress, which

was tested by continuous scanning in contact mode with high loads that left the plateaus

unaltered (data not shown). This means that the plateau must be at least of equivalent

hardness than the cantilever tip.

Figure 4.24.: Plateau shaped residue after removal of a 50 nm silica bead after 7 days
storage in wet nitrogen. The cross section in fast scan direction is taken
from the marked position (x).

Precise determination of the plateau height is done by computation of the mean of the

ten highest values within the region of interest. This procedure was found to yield good

results, even for very low plateaus (tested by manual examination). Although for very low

plateaus a regression with a two dimensional paraboloid gives better results [Wan16],

this method is not suitable for larger plateaus so that plain averaging has to be used

in this study. Before the extraction of the height values, common post processing like
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correction of tilt and bow is performed. Additionally, the substrate level is determined so

that the total elevation of the plateaus can be calculated.

Application of this data analysis procedure to sample B of section (4.2.2) that was stored

in humid nitrogen, yields the graph that is shown in figure (4.25). This graph shows the

temporal evolution of the plateau height during storage in humid nitrogen and under

vacuum conditions. The initial value of (0.41± 0.11) nm is most likely caused by the

delay between the sample preparation and the first measurement. The first measure-

ment, labeled with day 0, actually takes place three days after preparation. Meanwhile,

the sample is stored in vacuum to remove residues from the sample preparation pro-

cess. Although vacuum inhibits adhesion aging, these residues may lead to an initial

reaction of the interface. Additionally, very small values are intrinsically overestimated

by the analysis procedure, because of picking only the highest values for the calculation

of the mean. Of course, this effect is related to the noise level of the measurement and

therefore systematic, but the relative effect is lower for higher plateaus if the noise level

is constant.

Figure 4.25.: Temporal evolution of the plateau shaped residue height (see fig-
ure (4.24)). The plateau height was analyzed from the same data set that
was used in section (4.2.2). The graph shows the evolution of the plateau
height of the sample that was stored in wet nitrogen.

Overall, the curve follows the same trend than the adhesion force. The plateau height

grows while the sample is stored in humid nitrogen and stagnates when the sample is put
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in vacuum. However, while the adhesion force increased by a factor of 9 within 14 days,

the height only grows from (0.41± 0.11) nm to (1.33± 0.17) nm within the same time,

which is only a factor of 3.24. Comparison of the values for the measurement on day

7 yields a similar picture. Hence, the increase in adhesion force could be still directly

proportional to the larger contact area between the bead and the substrate, which is

given by A = 2πrh for a spherical cap with height h and radius r, caused by the growth

of an "‘egg cup"’. There is a tendency for a slightly faster increase in adhesion force

compared to the growth of the plateau, indicated by a larger ratio between adhesion

force and height. However, this is within the measurement uncertainty and statistically

not significant.

Table 4.6.: Summary of the measurement of nano particle adhesion and plateau height
after bead removal of a sample stored in humid nitrogen and subsequently
under vacuum conditions. The mean and standard deviation of each mea-
surement is given. The number of measured beads ranges from 9 to 15 for
each sample and day.

plateau height adhesion force

[nm] [nN]

day 0 0.41± 0.11 52.4± 12.4

day 7 0.93± 0.11 287.1± 56.9

day 14 1.33± 0.17 476.0± 132.2

V-day 7 1.58± 0.23 484.5± 88.7

V-day 21 1.12± 0.17 425.7± 92.4

V-day 37 1.46± 0.31 520.7± 78.5

V-day 63 1.14± 0.21 511.0± 146.4

V-day 112 1.23± 0.25 621.7± 131.7

Again, we can summarize the least information that can be deduced from this section:

• The topography at the bead to substrate interface changes. After removal of a

bead a residue is left that has the form of a plateau.

• The qualitative temporal evolution of the plateau height is similar to the evolution

of the adhesion force of the silica nano particles.

• The lateral dimension of the plateaus exceeds the bead’s diameter.

• The plateaus are resistant versus mechanical stress (cannot be scratched easily

by the silicon oxide cantilever tip).
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4.2.5. Comparison of Plateau Growth with Deal-Grove Model

If an oxidation process, a chemical reaction, is assumed to be responsible for the in-

crease of the adhesion strength of silica nano particles on a silicon oxide substrate, the

Deal-Grove model (see section (2.2)) should be applicable to the data. By fitting equa-

tion (2.29) to the temporal evolution of the height of the plateaus of the sample that was

stored in wet nitrogen shown in figure (4.25), a value for the rate constant B is obtained.

Regression yields B =(4.6× 10−9 ± 3.7× 10−10) µm2/h and τ =(35.9± 10.5) h for the

two parameters, respectively. Since this is a kind of reaction constant, it is reasonable

to assume a Boltzman distribution for the temperature dependency of it. Hence, the

logarithm of reaction constants B for different temperatures versus the inverse temper-

ature should show a linear dependency. Figure (4.26) shows the logarithm of different

B versus the inverse temperature 1/T . The graph shows the values of B that are listed

in the original publication of Deal and Grove [DG65] as well as the value determined in

this study including a value deduced from the data of C. Wanjura [Wan16].

Figure 4.26.: The graph shows different values of B according to the Deal-Grove model.
Different studies, as labeled in the legend, were combined in this plot.
The straight line was was fitted to the data points taken from the original
publication of Deal and Grove [DG65]. The colored area marks the 95 %
confidence level for the linear fit.

Using the data points of Deal and Grove, a linear regression for the temperature de-

pendency of log(B) for wet oxidation can be performed. Both values that were obtained
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within the scope of this project fit well into the 95 % prediction bands of the linear fit to

the original data of Deal and Groves. The large deviation of the value based on the

data of this study is most likely due to the fact that only three data points were used to

obtain B. Additionally, it was observed that the water content in the storage container

is essential for the growth rate of the plateaus. Hence, it can be concluded that all data

agrees well within the Deal-Grove model. Furthermore, this model is nowadays widely

accepted to describe dry and wet oxidation processes of silicon wafers.

4.2.6. Discussion of the Aging Behavior of the Adhesion Strength of

Silica Nano Particles on Silicon Oxide Substrates

Based on the results of sections (4.2)-(4.2.5), the observed aging behavior of the adhe-

sion of the silica nano particles is most likely an oxidation process. Our explanation for

the aging of the adhesive contact is as following:

1. The nano particles act as condensation nuclei on the smooth substrate. Water

accumulates preferentially at the circumference of the beads due to the slightly

hydrophilic character and geometry (see section (4.1.2)). This explains the local-

ization of the effect below the beads and the fact that the presence of water plays

an essential role for the whole process (see section (4.2.2) and (4.2.4)).

2. An interplay between the possible chemical processes for silica at room tem-

perature in the presence of water that are described in section (2.1.4) leads to

the formation of siloxane bridges between the bead and the substrate (see sec-

tion (4.2.3)). This enhances the adhesion force (see sections (4.2.1)-(4.2.2)). Fur-

thermore, this leads to a temperature dependent reaction rate that was observed

in section (4.2.1).

3. Similarly, the water cracks the oxide layer of the silicon substrate so that oxida-

tion of deeper layers is accelerated tremendously. This explains the enhance-

ment of the process by the presence of water in the system (see sections (4.2.1)

and (4.2.2)).

4. A dendritic or porous structure of silicon oxide develops below the particles (see

section (2.1.4) and (4.2.5)).
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5. The consumption and installation of oxygen into the silicon wafer leads to swelling

that finally creates the elevated plateaus, which remain when beads are removed

(see section (4.2.4)).

This interpretation is also supported by a recent investigation of the resting time depen-

dent friction force between a cantilever tip and a silicon oxide substrate [Tia+17b]. The

friction force in their experiments showed aging effects, which were clearly attributed to

the formation of chemical bonds between the silica surfaces. Moreover, this study sup-

ports the validity of our measurement method, because they observed the same behav-

ior in a completely different experiment. Additionally, theoretical studies showed that the

formation of siloxane bridges is happening under similar experimental conditions [LS12].

Another argument for our model is the fact that we developed the same explanation of

the aging effect by chemical reactions independently. Hence, the chemical changes on

the surface are most likely the cause of the formation of adhesive bonds that lead to an

enhanced adhesion strength. This is in agreement with the finding that hydrogen plasma

treatment reduces the adhesion strength (see section (4.2.3)). The presence of a pure

hydrogen atmosphere, supported by a considerable energy input, shifts the equilibrium

between silanol and siloxane (see section (2.1.4)) towards the silanol termination. This

leads to cracking of the siloxane bridges between the bead and substrate.

Furthermore, a measurement that also included storage in oxygen and argon, supports

this interpretation [Sch17]. In this measurement, we found that oxygen increases the

adhesion force slightly with a ratio of reaction rates between wet and dry oxidation that

is in agreement with the data published by Deal and Grove [DG65]. Argon, a mostly

inert noble gas, was found to inhibit adhesion aging like dry nitrogen and vacuum.

4.2.7. Adhesion Aging of Silica Particles on a Sapphire Surface

An experiment, equivalent to the one presented in section (4.2.2), with substrates that

have a sapphire surface was carried out (see also sections (3.2) and (4.1.2)). Two

samples were prepared and stored in dry and humid nitrogen. Starting from the initial

measurement that is used as reference day 0, the temporal evolution of the adhesion

strength was measured over a time span of 126 days, including a period of vacuum stor-

age as for the silicon samples. Figure (4.27) shows the graph of the temporal evolution
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of the adhesion force of silica particles on an Al2O3 surface (a summary of the data is

given in table (4.7)).

Figure 4.27.: The graph shows the temporal evolution of the adhesion strength of 50 nm
silica beads on an Al2O3 surface after storage under dry and humid ni-
trogen conditions and subsequent application of vacuum. Every data
point consists of 5 to 19 measured beads. Measurement carried out by
I. Schrezenmeier

The result is similar to the measurements on silicon oxide surfaces, although the initial

value on day 0 is, with (85.4± 17.2) nN, slightly larger for this substrate. Whether this

is mostly due to the different surface chemistry or due to the higher surface roughness

of the substrate is unclear. Dry nitrogen storage inhibits adhesion aging equivalent to

the bare silicon substrate experiments presented above. The same holds for vacuum

storage of sample A, except for the measurement after 84 days of vacuum storage. This

value is significantly larger than the previous ones and would indicate adhesion aging

under vacuum conditions. Thus, this data point is in contradiction to all other experi-

ments that were carried out. Furthermore, the value measured for the sample stored in

wet nitrogen on the same day is in contradiction to all other findings and shows a sig-

nificant decrease of the adhesion strength of the silica nano particles. Such a behavior
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was not reproducible. Thus, it is reasonable to omit the data recorded on this day for

further interpretation as this values are most likely a measurement artifact of unknown

source or just caused by statistical variation.

The increase of the adhesion force of the nano particles on a sapphire surface in wet

nitrogen is smaller than for the silicon oxide surface and reaches only (557.0± 86.7) nN

on day 14. During vacuum storage, the adhesion force of the nano particles increases

even further, at least within the first 7 days. There are two possible explanations for this

behavior. Firstly, the two values for wet storage are underestimated. This is possible,

since this sample type proved to be very difficult to measure in comparison to the pure

silicon samples. Secondly, aging was not inhibited immediately after the vacuum was

applied, but with a delay due to stored water. The water storage is possible due to the

higher surface asperity and enhanced hydrophilicity (see sections (4.1.2) and (4.1.2)).

Table 4.7.: Summary of the measurement of nano particle adhesion of a sample with
Al2O3 surface stored in dry nitrogen A and in humid nitrogen B. The mean
and standard deviation of each measurement is given. The number of mea-
sured beads ranges from 9 to 15 for each sample and day.

dry nitrogen A wet nitrogen B

day 0 (85.4± 17.2) nN (85.4± 17.2) nN

day 7 (76.6± 22.2) nN (668.8± 41.8) nN

day 14 (63.3± 8.6) nN (557.0± 86.7) nN

day 42 (37.8± 9.0) nN -

V-day 7 - (1010.8± 334.2) nN

V-day 14 (87.8± 25.0) nN -

V-day 21 (76.1± 32.6) nN (1231.5± 360.4) nN

V-day 37 - (1339.5± 273.0) nN

V-day 63 - (1197.50± 359.50) nN

V-day 84 (290.4± 56.7) nN -

V-day 112 - (463.2± 252.4) nN

Although containing some uncertainties, the data clearly shows that the adhesion force

of silica nano particles behaves similar on silicon oxide and aluminum oxide surfaces un-

der certain storage conditions. A look at the HSAB principle presented in section (2.1.3)

answers the question how this could fit into the previously developed interpretation of

the aging effect based on a chemical process. Both, aluminum and silicon are of the
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same type, namely hard acids while hydrogen and oxygen are hard bases. Hence, they

prefer the same bond type so that the formation of aluminum silicate bridges is possi-

ble. Indeed, Nylund and Olefjord found experimentally, that aluminum shows the same

behavior and reaction options like silicon (see section (2.1.4)) [NO94]. Therefore, the

data for the sapphire surface may be also explained by an interplay of hydrogenation

and oxidation that leads to the formation of chemical bonds. A growth of plateaus, as

observed for the bare silicon substrates, could not be measured. However, the sur-

face asperity of the sapphire surface is very large, on the order of the expected plateau

height, compared to the silicon wafer (see section (4.1.2)). Hence, a measurement of

plateau growth is almost impossible on this type of substrates by AFM imaging.
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4.3. Statistical Analysis and Comparison to Model

Distributions

The model and method for the probability theory based analysis, described in sec-

tions (2.5) and (3.1.4), need to be tested for plausibility. For that reason, a sample

decorated with 50 nm silica beads on a silicon substrate was prepared as described in

the methods section (3.2). The actual data in the following is measured on sample A

in section (4.2.2). In contrast to the measurements shown above, which mostly contain

only a few measured beads per day and sample, a larger sample of N = 161 beads was

measured with the technique described in section (3.1.4). The intention of this is the

further analysis of the distribution of measurement values. We applied three different

distributions on the measurement data.

1. Our model as given by equation (2.61).

2. A Gaussian according to equation (2.58).

3. A Weibull distribution given by f(F ) = β · k · (β · F )k−1 exp[−(β · F )k].

The Weibull distribution was chosen, because it resembles the shape of the histogram of

our measurement data. This distribution especially fits the tilt of the measurement data

reasonably well. The Gaussian was used, since it is the assumed base distribution of

our pushing forces. Figure (4.28) shows the PDF and CDF of the measurement together

with fits of all models. It has to be noted that the fits of the PDF and CDF are computed

separately to show the influence of the information loss that is caused by binning of

the data. The calculated mean, and hence expectation value, of the sample is 71.6 nN

and the standard deviation is 29.1 nN. The graph of the PDF in figure (4.28) is tilted

to the right and has only minor tail contributions on the left hand side. The skewness

of the fit of our model to the data is positive Skew(data) = 0.178 > 0 and the kurtosis

Kurt(data) = 2.64 < 3 is smaller than for a Gaussian. Therefore, the sample is located

in the regime σ > µ(0.05 + 0.5(λmax/r− 0.5)) where the distribution is mostly dominated

by the large spread of the pushing forces as discussed in section (2.5). As can be seen

in the graphs, the models only differ significantly for small forces F <50 nN.

The best fit parameters for the models for both distribution functions, CDF and PDF are

listed in table (4.8). An important finding is that the margin of error of the parameters
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Figure 4.28.: CDF (left) of the measurement data, plotted together with fits of our model,
a Gaussian and Weibull distribution. The PDF (right) results from binning
of the measurement data. The fits for the PDF are computed separately
due to information loss caused by binning that leads to slightly different
best fit parameters as can be seen in table (4.8). Deviations of the different
models are mostly visible for small forces F <50 nN [Gei+17a].

are larger for the PDF fits than for the CDF fits. This is a direct consequence of the

information loss caused by the finite bin width. When data is binned, the position of the

data point becomes delocalized within the bin width. Furthermore, many data points are

necessary to form a single bin, which is then a single data point so that the overall sam-

ple size is effectively reduced. Hence, whenever possible the CDF should be used for

analysis. This will become even clearer in the following when advanced statistical tools,

based on information theory, are applied to compare the models (see section (2.4.4)).

As already mentioned above, differences between the models are barely visible by

eye. A common way to quantify the fit quality is the calculation of the residual sum
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Table 4.8.: Best fit parameters of all three used models for the CDF and PDF of the
measurement data displayed in figure 4.28.

CDF model µ = 85.6± 0.4 nN σ = 25.5± 0.5 nN λmax = 0.94± 0.01

CDF Weibull β = 0.0127± 0.0001 nN−1 k = 2.87± 0.02

CDF Gaussian µ = 69.6± 0.1 nN σ = 27.2± 0.2 nN

PDF model µ = 83.9± 1.4 nN σ = 23.5± 1.5 nN λmax = 0.97± 0.02

PDF Weibull β = 0.0131± 0.0001 nN−1 k = 2.8± 0.1

PDF Gaussian µ = 66.3± 1.3 nN σ = 27.2± 1.1 nN

of squares (RSS). However, this simple measure is only valid for equal numbers of

fit parameters, which is not the case for the models we used, since our model has

an additional free parameter. Due to the additional degree of freedom our model is

expected to have a smaller RSS than the others with one free fit parameter less. In-

deed, as can be seen in table (4.9), this is true for our model that has the smallest

RSSmodel,CDF = 0.021 compared to the Gaussian RSSGaussian,CDF = 0.033 and Weibull

distribution RSSWeibull,CDF = 0.024. However, as already mentioned this criterion shows

that the fit quality is best for our model but it is not conclusive to decide which model

should be used to describe our data. Hence, an additional measure to compare the mod-

els has to be used. Therefore, we apply information theory, more specifically Akaike’s

information criterion (AIC) [Aka73], to test which model describes the data with the

least information loss as described in section (2.4.4).

Table 4.9.: Summary of the calculated RSS, AICC and W values for the fit of the CDF
and PDF with the three different models of the measurement data.

Distribution RSSCDF RSSPDF AICC,CDF AICC,PDF WCDF (%) WPDF (%)

Model 0.021 0.000017 -1426 -268 99.92 17.77

Weibull 0.024 0.000018 -1412 -270 0.08 57.63

Gaussian 0.033 0.000020 -1360 -269 0.00 24.60

Table (4.9) summarizes all computed statistical quantities. For the PDF, the Akaike

weights of the different models differ only by a factor of 3.35, at most. However, in order

to be conclusive for model selection, they should differ at least by a factor of four. Hence,

although the Weibull distribution has the highest Akaike weight of 57.63 %, it cannot be

considered to describe the data best without a doubt. Moreover, it has to be taken into

account that the choice of the binning algorithm for the data might lead to a completely

different picture, since all models are very close regarding their Akaike weights. This
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is a good example for the penalties of the AICC for fits with more free parameters and

a relatively low number of data points, as the better RSS of our model is overcompen-

sated.

In contrast to this, the results for the CDF are unambiguous. The AICC and corre-

sponding Akaike weights clearly show that our model fits the data best with a probability

of 99.92 %. According to the criterion discussed above, this is definitely statistically sig-

nificant.

While the Akaike information criterion is a tool for model selection from a statistical point

of view, the plausibility should also be discussed from a physical point of view. This can,

for instance, be done by examination of the different parameters and checking whether

the fit converges into a reasonable parameter range. Firstly, a lower limit for the hit pa-

rameter λmax can be estimated. Therefore, the detection threshold of the measurement

device, the mean and variance of the measurement data have to be plugged into equa-

tion (2.55). This yields a minimum value of λmax = 0.88. Hence, the plausible range is

λmax ∈ [0.88, 1). Additionally, the range of meaningful values for σ/µ can be determined.

Therefore, the linearity of expectation value and variance has to be used. The quotient

of the mean and standard deviation of the measurement data yields a normalized value

that can be directly compared to the quotient of the expectation value and variance that

are shown in figure (2.13). If measurement uncertainties are included this leads to a

band of reasonable ratios for σ/µ. Figure (4.29) shows the quotient of the expectation

value and variance as a function of the parameters σ and λmax. Additionally, the plausi-

ble parameter ranges and the position of the actual fit parameters of the PDF and CDF

are marked. The fits to the measurement data of our model PDF and CDF converge

both to a point in the allowed region.

Altogether, our model was derived in a comprehensible way from the measurement

geometry, proved to be the best choice according to the Akaike weight criterion and

was found to result in a reasonable parameter range when applied to measurement

data. These arguments strongly indicate that our model should be preferentially used

to analyze the data. This has some direct consequences for the calculation of the

pushing force that is necessary to move nano particles. The fit of the CDF yields

µ =(85.7± 0.4) nN for the expectation value of the pushing force which is almost 20 %

more than the plain mean value of the measurement data given above. Furthermore,
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Figure 4.29.: Quotient of the expectation value and variance of our model [Gei+17a].
The estimated plausible ranges for the fit parameters are marked by a gray
overlay. The actual position of the parameters obtained from fitting the PDF
and CDF are shown by the red triangle and black diamond, respectively.

the spread of the pushing force distribution is lower than the standard deviation of the

data.

In principle this correction should be applied to all data obtained by the procedure de-

scribed in section (3.1.4). However, large numbers of measured beads are necessary

to get meaningful values by fitting the CDF. Yet, this is a systematic shift as discussed

in section (2.5) and is therefore not important for the qualitative interpretation of the

measurements presented in section (4.2). However one should keep in mind that the

absolute values might be underestimated and that the large variance for some data

points might very well result from the distribution of the hit parameter.

In principle this method allows easy automation of the adhesion measurement process,

since no special alignment and calibration is necessary that needs a skilled experi-

menter. Additionally, the theory is given in a very general form that allows adaption to

other distributions or even more complex situations that include torque and multiple con-

tact points. Hence, this method may be a viable tool for future investigations of adhesion

forces of nano particles by means of AFM lateral force measurements.
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5. Summary

We developed a method to measure the contact angle of microscopic droplets on a

substrate with high precision by only a conventional light microscope. It can be used

to investigate the local contact angle over a large area simultaneously. Additionally, the

algorithms are suitable for complete automation. This could be useful for the application

in a production line or similar industrial application to monitor the surface quality of large

samples with relatively high spatial resolution. We applied the method to measure the

contact angle of water droplets on our silicon substrate and examined the results in two

different ways. Both were found in good agreement with conventional sessile drop mea-

surements.

Furthermore, we developed an easy to use method, based on lateral force measure-

ments using an AFM in contact, constant force mode to measure the adhesion strength

of nano particles on flat substrates. We showed that the measurement procedure leads

to geometry based measurement artifacts and proposed a model that uses statistical

analysis of the distribution of measurement values to reconstruct the original distribution

of adhesion forces.

The first part of the results chapter gives a detailed analysis of the measurement sys-

tem, consisting of the substrate, particles and AFM probe. The behavior of the cantilever

and image distortions are discussed with regard to the adhesion measurements. Addi-

tionally, the roughness of the used substrates is analyzed. Wetting properties of ethanol

and water on the silicon and sapphire surfaces are investigated and our method for the

measurement of the contact angle of microscopic droplets was successfully applied. A

dependency of the tip-substrate interaction on the relative humidity, as predicted by the-

ory, was not observed in the investigated range. However, an exponential temperature

dependency of the tip-substrate interaction was found by force distance curve measure-

ments.

In the main part of this study a chain of evidence was established that gives very strong
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indication that the adhesive contact of silica nano particles on silicon oxide surfaces is

subject of aging due to chemical bond formation. Water was found to be the key com-

ponent for the observed aging phenomenon, while temperature was found to enhance

the effect. Pure nitrogen environment as well as vacuum was figured out to prevent

the particle substrate interface from aging. Residues on the substrate that remain after

particle removal were found to grow in height over time, resembling the progression of

the adhesion strength of the particles. The Deal-Grove model for oxidation of silicon is

applied to the growth of these plateau like structures. Using this model, our data was

found to be in good agreement with literature values for wet oxidation of silicon.

We proposed a process, based on literature about the chemical properties of silicon and

our measurement results that is able to describe the observed aging effect of the inter-

face between the particles and the substrate. The theory was also found in agreement

with recent literature.

An equivalent aging process of silica particles on a sapphire surface was observed.

An explanation, similar to the one for the silicon oxide surface, for this behavior was

developed by basic considerations using the HSAB principle. This was also found in

agreement with investigations of the chemical properties of sapphire surfaces in litera-

ture.

The final part demonstrated the application of our theoretical model of the distribution of

measurement values to real measurement data of the adhesion of 50 nm silica beads on

silicon substrates. Advanced statistical methods, based on information theory, showed

that our model fits the data best according to the Akaike information criterion. We also

showed that the CDF should be preferentially used for data analysis. The plausibility of

the model was further tested by estimating the allowed parameter range. In summary,

we found that it is very likely that the model describes the data best and should be used

for analysis of measurement data obtained by the method we presented.
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6. Outlook

There are several interesting possibilities to continue this work. Firstly, the dependency

of the force distance curve measurements, presented in section (4.1.3), on the relative

humidity and temperature could be investigated further to gain better insight into the

adhesion properties on a very short time scale.

For the aging phenomena, transmission electron microscopy measurements of the in-

terfacial layer, or better speaking of the residues from bead removal, could reveal the

chemical nature. The opportunity to get a kind of proof for our interpretation of the aging

effect should be taken, although sample preparation and measurement of the structures

may be extremely difficult, due to the small sample volume and vanishing material con-

trast.

Another approach could be the investigation of the influence of the particle size and

hence contact area on the adhesion and related aging effects. Furthermore, it should

be checked whether the reduction of the adhesion strength by the hydrogen plasma is a

reversible process that can be negated by subsequent aging.

First measurements with different components of ambient air, like argon and oxygen,

indicate that the former inhibits adhesion aging like nitrogen and the latter is in agree-

ment with literature values for dry oxidation that are magnitudes lower than under humid

conditions [DG65; Sch17]. Also no plateau formation was observed, which is expected,

as oxidation of the silicon wafer should be homogeneous in a homogeneous oxygen at-

mosphere. This is in contrast to wet aging that is localized at the particle position since

they act as condensation nuclei. However, statistics are low and the findings need to be

confirmed.

The next logical step could be the investigation of the influence of surface asperity. Two

aspects might be of interest for this study. Firstly, how does roughness affect the time

dependency of the aging process and secondly, how is the dependency of the total ad-

hesion force on roughness. The latter would also give hint how the elastic properties
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influence the adhesion force and hence how the presented contact models could be

used to extract geometry independent material properties.

Another interesting aspect could be the dependency of the adhesion aging process on

the thickness of the substrate material. This could be for instance tested by growing

layers of the desired material and thickness on top of a chemically inert support, which

are then used as substrates. For very thin layers, the plateau growth should be limited,

which means that the time until a saturation of the aging effect is observed should be

shortened.

Furthermore, some further checks for our theory about adhesion aging of silica nano

particles on silicon oxide and sapphire surfaces would be desirable. This could, for in-

stance, be a measurement of the oxide layer that develops below a macroscopic droplet.

Lastly, further automation of the measurement protocol could improve statistics so that

the statistical analysis and corresponding corrections could be applied to all data. This

would increase the accuracy and precision of the measurements.
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A. Analytical Solutions for the Contact

Angle in the Spherical Cap Model
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B. Bill of Materials

This section contains a list of used devices, materials and software.

• AFM JPK NanoWizard® 3 (JPK Instruments AG, Berlin, Germany)

• AFM MultiMode SPM (Bruker MMAFM-2, 1997) (Bruker Corporation, USA)

• Raman Microscope CRM200 (WiTec GmbH, Ulm, Germany)

• Goniometer OCA15 (DataPhysics Instruments GmbH, Filderstadt, Germany)

• Cantilever: Silicon cantilever OMCL-AC240TS-R3 (Olympus Corporation, Japan)

• Silicon: Wafer with epitaxial grown surface layer, p-doped (Si-Mat, Kaufering, Ger-

many)

• Nano beads: Silica nano beads with 50 nm nominal diameter (Kisker Biotech

GmbH & Co. KG, Steinfurt, Germany)

• Nano beads: Silica nano beads with 100 nm nominal diameter (Kisker Biotech

GmbH & Co. KG, Steinfurt, Germany)

• Ethanol absolute for analysis > 99.9% (Merck Chemicals GmbH, Darmstadt, Ger-

many)

• Milli-Q water, (Merck Millipore, USA)

• Wolfram Mathematica version 10.0 and version 11.0 (Wolfram Research Inc., USA)

• Autodesk Inventor Professional 2015 (Autodesk Inc., USA)

129





List of Figures

2.1. Schematic of the contact between two bodies. . . . . . . . . . . . . . . . . 7

2.2. Schematic of the chemical composition of a silicon surface. . . . . . . . . 15

2.3. Schematic of the oxidation of bulk material. . . . . . . . . . . . . . . . . . 16

2.4. Schematic of the oxidation of bulk silicon according to the Deal-Grove

model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5. Schematic of the deformation of an elastic sphere according the Hertz

model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.6. Schematic of the lateral force measurement of a spherical particle. . . . . 31

2.7. Schematic of the forces acting in the cantilever’s and bead’s coordinate

system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.8. PDF and CDF according to equation (2.60) and (2.61) with generic values. 36

2.9. Density and 3D-plot of the PDF of Flat as function of σ. . . . . . . . . . . . 37

2.10.Density and 3D-plot of the PDF of Flat as function of λmax. . . . . . . . . . 38

2.11.CDF of our model and a Gaussian as a function of the parameters σ and

λmax. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.12.Difference of the CDF of our model and the Gaussian (Pmodel − PGaussian). 41

2.13.Expected value and variance of our model as a function of σ and λmax. . . 42

2.14.Skewness and Kurtosis of our model as a function of σ and λmax. . . . . . 43

2.15.Schematic of forces acting at the three-phase line according to Young’s

equation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.16.Schematic of a droplet forming a spherical cap. . . . . . . . . . . . . . . . 46

2.17.Plot of equation (2.66) for different refractive indices. . . . . . . . . . . . . 47

2.18.Graph of the minimum position of the focal length αmin as a function of the

refractive index n. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.19.Plot of equation (2.66) that contains the part for contact angles >90°. . . 48

131



List of Figures

3.1. Schematic of the force between tip and surface and force curve of the

cantilever and diagram of the force acting on the cantilever as a function

of its position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2. Schematic of a cantilever with rectangular shape. . . . . . . . . . . . . . . 57

3.3. Schematic of the geometry between bead and cantilever in the contact,

constant force mode scan for bead adhesion measurements. . . . . . . . 60

3.4. Result of a measurement sequence: imaging, lateral force adhesion mea-

surement, imaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.5. Lateral force signal of a particle detachment. . . . . . . . . . . . . . . . . 63

3.6. Silicon substrate coated with 50 nm silica beads [Gei+17a] . . . . . . . . . 66

3.7. Schematic of a vacuum exsiccator in top view. . . . . . . . . . . . . . . . . 66

3.8. Picture of the exsiccator system used for annealing. . . . . . . . . . . . . 67

3.9. Sketch of goniometric sessile drop contact angle measurements. . . . . . 69

3.10.Technical drawing of the environmental chamber used for contact angle

measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.11.Schematic of the experimental scan procedure. . . . . . . . . . . . . . . . 72

3.12.Subset of four images summarizing the scan process. . . . . . . . . . . . 73

3.13.Overview of the droplet identification algorithm. . . . . . . . . . . . . . . . 76

4.1. Comparison of nano particle AFM images before and after an adhesion

measurement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2. Extracted particle height profile and error signal before and after an ad-

hesion measurement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.3. Corrected height profile of nano beads. . . . . . . . . . . . . . . . . . . . 80

4.4. SEM micrograps of AFM cantilever tips after use for lateral force mea-

surements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.5. Topography of silicon and sapphire surface measured by tapping mode

AFM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.6. Topography cross sections of silicon and Al2O3 substrates. . . . . . . . . 83

4.7. Goniometer method contact angle measurement images. . . . . . . . . . 84

4.8. Overview of droplets identified for further analysis of contact angles. . . . 87

4.9. Contact angle examination by done linear regression. . . . . . . . . . . . 87

4.10.Graphical solution for the contact angle according to the spherical cap

model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

132



List of Figures

4.11.Full XPS spectrum of a silicon substrate covered by an Al2O3 layer. . . . . 90

4.12.Detailed peaks of the Al2p and O1s emission lines of the Si-Al2O3 substrate. 91

4.13.Detailed peaks of the C1s and Si2p emission lines of the Si-Al2O3 substrate. 91

4.14.Exemplary force distance curve between silicon substrate and tip. . . . . 92

4.15.Map of adhesion energy shown as density plot. . . . . . . . . . . . . . . . 93

4.16.CDF and PDF of the adhesion energies measured by force spectroscopy. 94

4.17.Dependency of the adhesion energy on the relative humidity measured

by force spectroscopy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.18.Temperature dependence of the adhesion energy measured by force spec-

troscopy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.19.Arrhenius plot of the adhesion energy measured by force spectroscopy. . 96

4.20.Temporal evolution of the adhesion strength of silica nano beads under

different storage conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.21.Temporal evolution of the adhesion strength of silica nano beads under

dry and humid nitrogen storage conditions. . . . . . . . . . . . . . . . . . 101

4.22.Temporal evolution of the adhesion strength of silica nano beads under

vacuum conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.23.Influence of hydrogen plasma treatment on the adhesion strength . . . . . 105

4.24.Plateau shaped residue after particle removal. . . . . . . . . . . . . . . . 106

4.25.Temporal evolution of the plateau height after bead removal for a sample

stored in humid nitrogen. . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.26.Comparison of the rate constant B for different temperatures. . . . . . . . 109

4.27.Temporal evolution of the adhesion strength of silica nano beads on sap-

phire surfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.28.CDF and PDF and fits of different models to measurement data. . . . . . 116

4.29.Comparison of the estimated plausible fit parameter range and actual val-

ues from the fits of the PDF and CDF. . . . . . . . . . . . . . . . . . . . . 119

133



List of Tables

3.1. Used parameters for particle deposition by spin-coating. . . . . . . . . . . 65

4.1. Summary of measured advancing contact angles by the goniometer method

of water and ethanol on silicon, silicon coated with sapphire and bulk sap-

phire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2. Summary of measured mean advancing contact angles of water on silicon

substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.3. Summary of the measurement values of the force spectroscopy experi-

ments. Measurements are labeled in chronological order. . . . . . . . . . 97

4.4. Summary of the measurement of nano particle adhesion of a sample

stored in an environmental chamber at elevated temperature, in dry ni-

trogen and under ambient conditions. . . . . . . . . . . . . . . . . . . . . 100

4.5. Summary of the measurement of nano particle adhesion of a sample

stored in dry nitrogen and in humid nitrogen. . . . . . . . . . . . . . . . . 104

4.6. Summary of the measurement of nano particle adhesion and plateau

height after bead removal of a sample stored in humid nitrogen. . . . . . . 108

4.7. Summary of the measurement of nano particle adhesion of an Al2O3 sam-

ple stored in dry nitrogen and in humid nitrogen. . . . . . . . . . . . . . . 113

4.8. Best fit parameters of all three used models for the CDF and PDF of the

measurement data displayed in figure 4.28. . . . . . . . . . . . . . . . . . 117

4.9. Summary of the calculated RSS, AICC and W values for the fit of the

CDF and PDF with the three different models of the measurement data. . 117

134



Bibliography

[Aad+12] G. Aad et al., “Combined search for the Standard Model Higgs boson using

up to 4.9 fb−1 of pp collision data at
√
s = 7 TeV with the ATLAS detector at

the LHC”, Physics Letters B 710 (1) (2012), pp. 49 –66.

[Aka73] H. Akaike, “Information Theory and an Extension of the Maximum Likelihood

Principle”, Proceeding of the Second International Symposium on Informa-

tion Theory, (Budapest), ed. by B. N. Petrov and F. Caski, Akademiai Kiado,

1973, pp. 267–281.

[BA02] K. P. Burnham and D. R. Anderson, Model Selection and Multimodel Infer-

ence, 2nd ed., New York: Springer, 2002.

[Baz+17] M. Bazrafshan et al., “Numerical method for the adhesive normal contact

analysis based on a Dugdale approximation”, Tribology International 112

(2017), pp. 117 –128.

[BB15] P. S. Brown and B. Bhushan, “Mechanically durable, superoleophobic coat-

ings prepared by layer-by-layer technique for anti-smudge and oil-water sep-

aration”, Scientific reports 5 (2015), p. 8701.

[Ben05] R. Bennewitz, “Friction force microscopy”, Materials Today 8 (5) (2005),

pp. 42–48.

[Bic+02] J. Bico, U. Thiele, and D. Quéré, “Wetting of textured surfaces”, Colloids

and Surfaces A: Physicochemical and Engineering Aspects 206 (1) (2002),

pp. 41 –46.

[Bin+86] G. Binnig, C. F. Quate, and C. Gerber, “Atomic Force Microscope”, Phys.

Rev. Lett. 56 (9 1986), pp. 930–933.

[BN97] W. Barthlott and C. Neinhuis, “Purity of the sacred lotus, or escape from

contamination in biological surfaces”, Planta 202 (1) (1997), pp. 1–8.

135



Bibliography

[BR83] G. Binnig and H. Rohrer, “Scanning tunneling microscopy”, Surface Science

126 (1) (1983), pp. 236–244.

[Bro+06] I. N. Bronstein et al., Taschenbuch der Mathematik, 6th ed., Verlag Harri

Deutsch, 2006.

[BS86] G. Binnig and D. P. E. Smith, “Single-tube three-dimensional scanner for

scanning tunneling microscopy”, Review of Scientific Instruments 57 (8)

(1986), pp. 1688–1689.

[BT94] E. J. Bedrick and C.-L. Tsai, “Model Selection for Multivariate Regression in

Small Samples”, Biometrics 50 (1) (1994), pp. 226–231.

[Cai+00] R. G. Cain, S. Biggs, and N. W. Page, “Force Calibration in Lateral Force Mi-

croscopy”, Journal of Colloid and Interface Science 227 (1) (2000), pp. 55–

65.

[Can+06] R. J. Cannara, M. Eglin, and R. W. Carpick, “Lateral force calibration in

atomic force microscopy: A new lateral force calibration method and general

guidelines for optimization”, Review of Scientific Instruments 77 (5) (2006),

p. 053701.

[Car+99] R. W. Carpick, D. Ogletree, and M. Salmeron, “A General Equation for Fit-

ting Contact Area and Friction vs Load Measurements”, Journal of Colloid

and Interface Science 211 (2) (1999), pp. 395 –400.

[Cav97] J. E. Cavanaugh, “Unifying the derivations for the Akaike and corrected

Akaike information criteria”, Statistics & Probability Letters 33 (2) (1997),

pp. 201 –208.

[CB44] A. B. D. Cassie and S. Baxter, “Wettability of porous surfaces”, Trans. Fara-

day Soc. 40 (1944), pp. 546–551.

[Che+13] W.-C. Chen et al., “Fabrication of inkjet-printed SU-8 photoresist microlenses

using hydrophilic confinement”, Journal of Micromechanics and Microengi-

neering 23 (6) (2013), p. 065008.

[Che+16] J. W. Chesna et al., “Aerial wetting contact angle measurement using con-

focal microscopy”, Measurement Science and Technology 27 (12) (2016),

p. 125202.

136



Bibliography

[Col93] J. Colchero, “Reibungskraftmikroskopie”, PhD thesis, Universität Konstanz,

1993.

[CP48] H. Casimir and D. Polder, “The influence of retardation on the London-van

der Waals forces”, Physical Review 73 (4) (1948), p. 360.

[Deb20] P. J. W. Debye, “Van der Waals cohesion forces”, Physikalische Zeitschrift

21 (1920), pp. 178–187.

[Dec+99] E. L. Decker et al., “Physics of contact angle measurement”, Colloids and

Surfaces A: Physicochemical and Engineering Aspects 156 (1-3) (1999),

pp. 177–189.

[Der+75] B. Derjaguin, V. Muller, and Y. Toporov, “Effect of contact deformations on

the adhesion of particles”, Journal of Colloid and Interface Science 53 (2)

(1975), pp. 314 –326.

[DG65] B. E. Deal and A. S. Grove, “General Relationship for the Thermal Oxidation

of Silicon”, Journal of Applied Physics 36 (12) (1965), pp. 3770–3778.

[DH17] M. A. Duchesne and R. W. Hughes, “Slag density and surface tension

measurements by the constrained sessile drop method”, Fuel 188 (2017),

pp. 173–181.

[Die+07] D. Dietzel et al., “Interfacial friction obtained by lateral manipulation of nanopar-

ticles using atomic force microscopy techniques”, Journal of Applied Physics

102 (8) (2007), p. 084306.

[DM+14a] R. Di Mundo, R. d’Agostino, and F. Palumbo, “Long-Lasting Antifog Plasma

Modification of Transparent Plastics”, ACS Applied Materials & Interfaces

6 (19) (2014), pp. 17059–17066.

[DM+14b] R. Di Mundo, R. d’Agostino, and F. Palumbo, “Long-Lasting Antifog Plasma

Modification of Transparent Plastics”, ACS Applied Materials & Interfaces

6 (19) (2014), pp. 17059–17066.

[DW65] R. S. Drago and B. B. Wayland, “A Double-Scale Equation for Correlating

Enthalpies of Lewis Acid-Base Interactions”, Journal of the American Chem-

ical Society 87 (16) (1965), pp. 3571–3577.

[Dzy+61] I. E. Dzyaloshinskii, E. Lifshitz, and L. P. Pitaevskii, “General Theory of van

der Waals’ Forces”, Physics-Uspekhi 4 (2) (1961), pp. 153–176.

137



Bibliography

[EL30] R. "Eisenschitz and F. London, “Über das Verhältnis der van der Waalss-

chen Kräfte zu den homöopolaren Bindungskräften”, Zeitschrift für Physik

60 (7) (1930), pp. 491–527.

[Fal+99] M. Falvo et al., “Nanometre-scale rolling and sliding of carbon nanotubes”,

Nature 397 (6716) (1999), pp. 236–238.

[Fer+17] P. G. Ferreira, C. T. Hill, and G. G. Ross, “No fifth force in a scale invariant

universe”, Phys. Rev. D 95 (6 2017), p. 064038.

[FO00] D. G. Fischer and B. Ovryn, “Interfacial shape and contact-angle measure-

ment of transparent samples with confocal interference microscopy”, Opt.

Lett. 25 (7) (2000), pp. 478–480.

[Fuk+52] K. Fukui, T. Yonezawa, and H. Shingu, “A Molecular Orbital Theory of Re-

activity in Aromatic Hydrocarbons”, The Journal of Chemical Physics 20 (4)

(1952), pp. 722–725.

[GC91] R. J. Good and M. K. Chaudhury, “Theory of Adhesive Forces Across In-

terfaces 1. The Lifshitz-van der Waals Component of Interaction and Ad-

hesion”, Fundamentals of Adhesion, ed. by L.-H. Lee, Plenum Press, New

York, 1991.

[Gei+17a] D Geiger et al., “Measurement of nano particle adhesion by atomic force

microscopy using probability theory based analysis”, Journal of Physics D:

Applied Physics 50 (20) (2017), p. 205301.

[Gei+17b] D. Geiger et al., “Measurement of contact angles of microscopic droplets

by focal length method”, Review of Scientific Instruments 88 (8) (2017),

p. 083701.

[Gei13] D. Geiger, “Investigation of Polymer Adsorption on Silicon and Mica: Probing

Irreversibility and Annealing Influence”, Master’s Thesis, Germany: Univer-

sität Ulm, 2013.

[Goo+91] R. J. Good, M. K. Chaudhury, and C. J. van Oss, “Theory of Adhesive Forces

Across Interfaces 2. Interfacial Hydrogen Bonds as Acid-Base Phenomena

and as Factors Enhancing Adhesion”, Fundamentals of Adhesion, ed. by

L.-H. Lee, Plenum Press, New York, 1991.

138



Bibliography

[Goo92] R. J. Good, “Contact angle, wetting, and adhesion: a critical review”, Journal

of Adhesion Science and Technology 6 (12) (1992), pp. 1269–1302.

[Gro+04] G. Grosu et al., “Relation between the size of fog droplets and their contact

angles with CR39 surfaces”, Journal of Physics D: Applied Physics 37 (23)

(2004), p. 3350.

[Gu+16] Z. Gu et al., “Understanding Surface Adhesion in Nature: A Peeling Model”,

Advanced Science 3 (7) (2016), p. 1500327.

[Gup+13] V. Gupta et al., “Hydrogen Plasma Treatment of Silicon Dioxide for Improved

Silane Deposition”, Langmuir 29 (11) (2013), pp. 3604–3609.

[Gut91] W. Gutowski, “Thermodynamics of Adhesion”, Fundamentals of Adhesion,

ed. by L.-H. Lee, Plenum Press, New York, 1991.

[Ham37] H. Hamaker, “The London—van der Waals attraction between spherical par-

ticles”, Physica 4 (10) (1937), pp. 1058 –1072.

[HB93] J. L. Hutter and J. Bechhoefer, “Calibration of atomic-force microscope tips”,

Review of Scientific Instruments 64 (7) (1993), pp. 1868–1873.

[Hei+99] L.-O. Heim et al., “Adhesion and friction forces between spherical micrometer-

sized particles”, Physical Review Letters 83 (16) (1999), p. 3328.

[Her00] S. Herminghaus, “Roughness-induced non-wetting”, EPL (Europhysics Let-

ters) 52 (2) (2000), p. 165.

[Her81] H. Hertz, “Über die Berührung fester elastischer Körper”, Journal für die

reine und angewandte Mathematik 92 (1881), pp. 156–171.

[Hig64] P. W. Higgs, “Broken Symmetries and the Masses of Gauge Bosons”, Phys.

Rev. Lett. 13 (16 1964), pp. 508–509.

[HW04] H. Haken and H. C. Wolf, Atom- und Quantenphysik, 8th ed., Springer-

Verlag Berlin Heidelberg, 2004.

[Ish+00] N. Ishida et al., “Nano Bubbles on a Hydrophobic Surface in Water Ob-

served by Tapping-Mode Atomic Force Microscopy”, Langmuir 16 (16) (2000),

pp. 6377–6380.

[Isr11] J. N. Israelachvili, Intermolecular and surface forces, 3rd ed., Academic

Press, 2011.

139



Bibliography

[Jen78] W. B. Jensen, “The Lewis acid-base definitions: a status report”, Chemical

Reviews 78 (1) (1978), pp. 1–22.

[Jen91] W. B. Jensen, “Overview Lecture The Lewis acid-base concepts: recent re-

sults and prospects for the future”, Journal of Adhesion Science and Tech-

nology 5 (1) (1991), pp. 1–21.

[Joh+71] K. L. Johnson, K. Kendall, and A. D. Roberts, “Surface energy and the con-

tact of elastic solids”, Proceedings of the Royal Society of London A: Math-

ematical, Physical and Engineering Sciences 324 (1558) (1971), pp. 301–

313.

[Joh87] K. L. Johnson, Contact mechanics, Cambridge University Press, 1987.

[Joh97] K. L. Johnson, “Adhesion and friction between a smooth elastic spherical

asperity and a plane surface”, Proceedings of the Royal Society of London

A: Mathematical, Physical and Engineering Sciences 453 (1956) (1997),

pp. 163–179.

[Jon+02] R. Jones et al., “Adhesion Forces between Glass and Silicon Surfaces in

Air Studied by AFM: Effects of Relative Humidity, Particle Size, Roughness,

and Surface Treatment”, Langmuir 18 (21) (2002), pp. 8045–8055.

[Jun+95] T. Junno et al., “Controlled manipulation of nanoparticles with an atomic

force microscope”, Applied Physics Letters 66 (26) (1995), pp. 3627–3629.

[KB02] M. Kappl and H.-J. Butt, “The colloidal probe technique and its application

to adhesion force measurements”, Particle & Particle Systems Characteri-

zation 19 (3) (2002), pp. 129–143.

[Kee21] W. Keesom, “Van der Waals attractive force”, Physikalische Zeitschrift 22

(1921), pp. 129–141.

[Ken94] K. Kendall, “Adhesion: Molecules and Mechanics”, Science 263 (5154) (1994),

pp. 1720–1725.

[Kin80] A. J. Kinloch, “The science of adhesion”, Journal of Materials Science 15 (9)

(1980), pp. 2141–2166.

[KL51] S. Kullback and R. A. Leibler, “On Information and Sufficiency”, Ann. Math.

Statist. 22 (1) (1951), pp. 79–86.

140



Bibliography

[Klo64a] G. Klopman, “A Semiempirical Treatment of Molecular Structures. I. Elec-

tronegativity and Atomic Terms”, Journal of the American Chemical Society

86 (8) (1964), pp. 1463–1469.

[Klo64b] G. Klopman, “A Semiempirical Treatment of molecular Structures. II. Molec-

ular Terms and Application to diatomic Molecules”, Journal of the American

Chemical Society 86 (21) (1964), pp. 4550–4557.

[Klo68] G. Klopman, “Chemical reactivity and the concept of charge- and frontier-

controlled reactions”, Journal of the American Chemical Society 90 (2) (1968),

pp. 223–234.

[Koc+09] D. Kocaefe et al., “Determination of wetting at elevated temperatures using

image analysis”, Archives of Computational Materials Science and Surface

Engineering 1 (4) (2009), pp. 213–224.

[Kok+09] B. Kokuoz, K. G. Kornev, and I. Luzinov, “Gluing Nanoparticles with a Poly-

mer Bonding Layer: The Strength of an Adhesive Bond”, ACS Applied Ma-

terials & Interfaces 1 (3) (2009), pp. 575–583.

[Lau15] H. Lauer, “Lateralkraft-AFM-Messung: Bestimmung der Adhäsion von SiOx

- Nanopartikeln auf Siliziumoberflächen”, Master’s Thesis, Germany: Uni-

versität Ulm, 2015.

[Lee+07] C. Lee, H. W. Kim, and S. Kim, “Organic contaminants removal by oxygen

ECR plasma”, Applied Surface Science 253 (7) (2007), pp. 3658 –3663.

[Lee91] L.-H. Lee, “The Chemistry and Physics of Solid Adhesion”, Fundamentals

of Adhesion, ed. by L.-H. Lee, Plenum Press, New York, 1991.

[Les66] G. R. Lester, “Contact Angles of Liquids on Organic Solids”, Nature 209 (5028)

(1966), pp. 1126–1127.

[Lew23] G. N. Lewis, Valence and the Structure of Atoms and Molecules, Chemical

Catalog Com.; New York, 1923.

[Lew38] G. N. Lewis, “Acids and bases”, Journal of the Franklin Institute 226 (3)

(1938), pp. 293 –313.

[Liu+08] M. Liu et al., “Bioinspired Design of a Superoleophobic and Low Adhesive

Water/Solid Interface”, Advanced Materials 21 (6) (2008), pp. 665–669.

141



Bibliography

[Lon37] F. London, “The general theory of molecular forces”, Transactions of the

Faraday Society 33 (1937), pp. 8–26.

[LQ03] A. Lafuma and D. Quéré, “Superhydrophobic states”, Nature materials 2 (7)

(2003), p. 457.

[LS12] Y. Liu and I. Szlufarska, “Chemical Origins of Frictional Aging”, Phys. Rev.

Lett. 109 (18 2012), p. 186102.

[MA90] G. Meyer and N. M. Amer, “Simultaneous measurement of lateral and nor-

mal forces with an optical-beam-deflection atomic force microscope”, Ap-

plied Physics Letters 57 (20) (1990), pp. 2089–2091.

[Mar+88] O. Marti et al., “Atomic resolution atomic force microscopy of graphite and

the “native oxide” on silicon”, Journal of Vacuum Science & Technology A:

Vacuum, Surfaces, and Films 6 (2) (1988), pp. 287–290.

[Mar+90] O. Marti, J. Colchero, and J. Mlynek, “Combined scanning force and friction

microscopy of mica”, Nanotechnology 1 (2) (1990), p. 141.

[Mau92] D. Maugis, “Adhesion of spheres: The JKR-DMT transition using a dugdale

model”, Journal of Colloid and Interface Science 150 (1) (1992), pp. 243

–269.

[May+11] H. Mayr, M. Breugst, and A. R. Ofial, “Farewell to the HSAB Treatment

of Ambident Reactivity”, Angewandte Chemie International Edition 50 (29)

(2011), pp. 6470–6505.

[May45] K. R. May, “The cascade impactor: an instrument for sampling coarse aerosols”,

Journal of Scientific instruments 22 (10) (1945), p. 187.

[Mul55] R. S. Mulliken, “Electronic Population Analysis on LCAO–MO Molecular

Wave Functions. I”, The Journal of Chemical Physics 23 (10) (1955), pp. 1833–

1840.

[Mun10] M. Munz, “Force calibration in lateral force microscopy: a review of the ex-

perimental methods”, Journal of Physics D: Applied Physics 43 (6) (2010),

p. 063001.

[Mül+06] M. Müller et al., “Finite element analysis of V-shaped cantilevers for atomic

force microscopy under normal and lateral force loads”, Surface and Inter-

face Analysis 38 (6) (2006), pp. 1090–1095.

142



Bibliography

[Nec+14] T. Neckernuss et al., “Moving Water Droplets Over Nanoscaled (Super)

hydrophobic Wettability Contrasts: Experimental Test of a Simple Model

Describing Driving Forces”, Advanced Materials Interfaces 1 (3) (2014),

p. 1300033.

[Nis] NIST X-ray Photoelectron Spectroscopy Database, Version 4.1 (National

Institute of Standards and Technology, Gaithersburg, 2012), 2018.

[NO94] A. Nylund and I. Olefjord, “Surface analysis of oxidized aluminium. 1. Hy-

dration of Al2O3 and decomposition of Al(OH)3 in a vacuum as studied by

ESCA”, Surface and Interface Analysis 21 (5) (1994), pp. 283–289.

[O’B92] S. B.G. M. O’Brien, “Some surface tension and contact angle problems

in industry”, Journal of Adhesion Science and Technology 6 (9) (1992),

pp. 1037–1051.

[Ogl+96] D. F. Ogletree, R. W. Carpick, and M. Salmeron, “Calibration of frictional

forces in atomic force microscopy”, Review of Scientific Instruments 67 (9)

(1996), pp. 3298–3306.

[Ost13] F. Ostermaier, “Chrarakterisierung und Optimierung verschiedener Substrate

zur topographischen Messung von Polymerstrukturen”, Bachelor’s Thesis,

Germany: Universität Ulm, 2013.

[Pea63] R. G. Pearson, “Hard and Soft Acids and Bases”, Journal of the American

Chemical Society 85 (22) (1963), pp. 3533–3539.

[Pea68a] R. G. Pearson, “Hard and soft acids and bases, HSAB, part 1: Fundamental

principles”, Journal of Chemical Education 45 (9) (1968), p. 581.

[Pea68b] R. G. Pearson, “Hard and soft acids and bases, HSAB, part II: Underlying

theories”, Journal of Chemical Education 45 (10) (1968), p. 643.

[Pea88] R. G. Pearson, “Absolute electronegativity and hardness: application to in-

organic chemistry”, Inorganic Chemistry 27 (4) (1988), pp. 734–740.

[PM97] R. D. Piner and C. A. Mirkin, “Effect of Water on Lateral Force Microscopy

in Air”, Langmuir 13 (26) (1997), pp. 6864–6868.

[PP83] R. G. Parr and R. G. Pearson, “Absolute hardness: companion parameter

to absolute electronegativity”, Journal of the American Chemical Society

105 (26) (1983), pp. 7512–7516.

143



Bibliography

[Qui13] C. Quigg, Gauge theories of the strong, weak, and electromagnetic interac-

tions, 2nd ed., Princeton University Press, 2013.

[RZ+97] A. Rosa-Zeiser et al., “The simultaneous measurement of elastic, electro-

static and adhesive properties by scanning force microscopy: pulsed-force

mode operation”, Measurement Science and Technology 8 (11) (1997),

p. 1333.

[Sch16] I. T. Schrezenmeier, “Adhesion Ageing of SiOx Nano Particles on Differ-

ent Substrate Materials Measured by Means of Lateral Atomic Force Mi-

croscopy”, Master’s Thesis, Germany: Universität Ulm, 2016.

[Sch17] M. Schmid, “Particle Adhesion on EUV Mirror Substrates”, Master’s Thesis,

Germany: Universität Ulm, 2017.

[Sch29] G. Schmalz, “Über Glätte und Ebenheit als physikalisches und physiologis-

ches Problem”, Verein Deutscher Ingenieure (1929), pp. 1461–1467.

[Sei00] C. Seife, “CERN’s Gamble Shows Perils, Rewards of Playing the Odds”,

Science 289 (5488) (2000), pp. 2260–2262.

[Sha92] M. Shanahan, “Effects of surface flaws on the wettability of solids”, Journal

of Adhesion Science and Technology 6 (4) (1992), pp. 489–501.

[St99] K. Stöckelhuber, B. Radoev, and H. Schulze, “Some new observations on

line tension of microscopic droplets”, Colloids and Surfaces A: Physico-

chemical and Engineering Aspects 156 (1-3) (1999), pp. 323–333.

[Sta+12] M. M. Stanton et al., “Super-hydrophobic, highly adhesive, polydimethyl-

siloxane (PDMS) surfaces”, Journal of Colloid and Interface Science 367 (1)

(2012), pp. 502 –508.

[Sti+00] T. Stifter, O. Marti, and B. Bhushan, “Theoretical investigation of the dis-

tance dependence of capillary and van der Waals forces in scanning force

microscopy”, Phys. Rev. B 62 (20 2000), pp. 13667–13673.

[Tab77] D Tabor, “Surface forces and surface interactions”, Journal of Colloid and

Interface Science 58 (1) (1977), pp. 2 –13.

[Tag+92] M. Tagawa et al., “Local deviation in contact angles on heterogeneous fi-

brous solids”, Journal of Adhesion Science and Technology 6 (6) (1992),

pp. 763–776.

144



Bibliography

[Tan+16] H. Tan et al., “3D spherical-cap fitting procedure for (truncated) sessile

nano- and micro-droplets & -bubbles”, The European Physical Journal E

39 (11) (2016), p. 106.

[Tia+17a] K. Tian et al., “Load and Time Dependence of Interfacial Chemical Bond-

Induced Friction at the Nanoscale”, Phys. Rev. Lett. 118 (7 2017), p. 076103.

[Tia+17b] K. Tian et al., “Load and Time Dependence of Interfacial Chemical Bond-

Induced Friction at the Nanoscale”, Phys. Rev. Lett. 118 (7 2017), p. 076103.

[Tou17] U. von Toussaint, “Data Analysis: a (not so) silent revolution”, Europhysics

News 48 (1) (2017), pp. 15–17.

[TW69] D. Tabor and R. H. S. Winterton, “The Direct Measurement of Normal and

Retarded van der Waals Forces”, Proceedings of the Royal Society of Lon-

don A: Mathematical, Physical and Engineering Sciences 312 (1511) (1969),

pp. 435–450.

[Var+03] M. Varenberg, I. Etsion, and G. Halperin, “An improved wedge calibration

method for lateral force in atomic force microscopy”, Review of Scientific

Instruments 74 (7) (2003), pp. 3362–3367.

[Vaz+95] G. Vazquez, E. Alvarez, and J. M. Navaza, “Surface tension of alcohol wa-

ter+ water from 20 to 50° C”, Journal of chemical and engineering data

40 (3) (1995), pp. 611–614.

[Vig+94] G. Vigil et al., “Interactions of silica surfaces”, Journal of Colloid and inter-

face science 165 (2) (1994), pp. 367–385.

[Wan16] C. Wanjura, “Siliziumoxid-Nanopartikel auf Silizium: Untersuchung von Lat-

eralkraft und Oberflächenveränderungen mit dem Rasterkraftmikroskop”,

Bachelor’s Thesis, Germany: Universität Ulm, 2016.

[Wen36] R. N. Wenzel, “Resistance of Solid Surfaces to Wetting by Water”, Industrial

& Engineering Chemistry 28 (8) (1936), pp. 988–994.

[WL16] R. L. Wasserstein and N. A. Lazar, “The ASA’s Statement on p-Values:

Context, Process, and Purpose”, The American Statistician 70 (2) (2016),

pp. 129–133.

145



Bibliography

[Yan+08] H. Yang, C.-Y. Yang, and M.-S. Yeh, “Miniaturized variable-focus lens fabri-

cation using liquid filling technique”, Microsystem Technologies 14 (7) (2008),

pp. 1067–1072.

[Yos+93] H. Yoshizawa, Y. L. Chen, and J. Israelachvili, “Fundamental mechanisms of

interfacial friction. 1. Relation between adhesion and friction”, The Journal

of Physical Chemistry 97 (16) (1993), pp. 4128–4140.

[You05] T. Young, “An Essay on the Cohesion of Fluids”, Philosophical Transactions

of the Royal Society of London 95 (1805), pp. 65–87.

146



Acknowledgment

This section is best described by a quote of Johann Wolfgang von Goethe who already

stated more than 200 years ago that community, other people, are most important for

our life:

Die Welt ist so leer, wenn man nur Berge, Flüsse und Städte darin denkt,

aber hie und da jemand zu wissen, der mit uns übereinstimmt, mit dem

wir auch stillschweigend fortleben, das macht uns dieses Erdenrund erst

zu einem bewohnten Garten.

- Johann Wolfgang von Goethe

Wilhelm Meisters Lehrjahre, 1796

This work would never have been realized without the people who have supported me in

recent years - they have made the earth an inhabited garden for me. I thank all people

who supported me directly or indirectly during my time at the institute of experimental

physics. Special mention is given, due to their outstanding contribution, to the following

persons:

• First of all I want to express my gratitude to Prof. Dr. Othmar Marti for his trust

in me and providing the opportunity for this work. I highly value his helpful advice

and support during the whole time as well as the freedom to follow my own ideas.

• I thank apl. Prof. Dr. Berndt Koslowski for being second assessor of this thesis.

• I give my warmest thanks to Dr. Matthias Roos who initiated the whole project. He

provided in many fruitful discussions scientific advice and motivation to continue

this work.

• Many thanks goes to Hannah Lauer, Irina Schrezenmeier, Clara Wanjura and

Michaela Schmid (in chronological order). They worked in this project in the

course of their Master’s or Bachelor’s theses, did measurements and contributed

147



Bibliography

their own ideas to the project. Working with them was a great experience for which

I am very grateful.

• I thank Tobias Neckernuss for numerous scientific discussions and his friendship.

I enjoyed working with him in every project and his knowledge, resilience and

versatility proved to be invaluable.

• I am grateful for the help with mechanics and electronics by Martin Müller and

thank Dr. Masoud Amirkhani for sharing his profound knowledge in physics with

me.

• I thank Tamara Stadter, Ulla Nolte, Ivana Sfarcic, Susanne Rappl and Maria

Hammer who greatly supported me with their organizational and lab skills as well

as their knowledge in many situations.

• I thank my parents, Renate and Erwin Geiger as well as my brother Florian

Geiger for their support during my studies and beyond.

• Finally, my warmest thanks go to my dear wife Dr. Kirsten Geiger who always

believed in me, supported and motivated me. She also provided scientific advice

in many discussions and took great care of me during the whole time.

148



Publications

Patent Applications

Daniel Geiger, Tobias Neckernuss and Othmar Marti.

Method and device for the investigation of cells.

filed by Ulm University, 2017.

Daniel Geiger, Othmar Marti, Matthias Roos und Hannah Lauer.

Light source, detection unit and method for the improvement of a scanning probe micro-

scope.

filed by Carl Zeiss SMT GmbH, 2017.

Scientific Articles

Daniel Geiger, Irina Schrezenmeier, Matthias Roos, To-

bias Neckernuss, Michael Lehn and Othmar Marti. Mea-

surement of Nano Particle Adhesion by Atomic Force Mi-

croscopy Using Probability Theory Based Analysis. In J.

Phys. D: Appl. Phys., 50 (20) (2017), p. 205301.

Daniel Geiger, Kirsten Geiger, Tobias Neckernuss, Oth-

mar Marti and Masoud Amirkhani. Measurement of

Contact Angles of Microscopic Droplets by Focal Length

Method. In Review of Scientific Instruments, 88 (8)

(2017), p. 083701.

149



Bibliography

Presentations

Daniel Geiger, Tobias Neckernuss, Jonas Pfeil, Ralf

Schuster and Othmar Marti. Applications of New Optical

High Speed Cell Characterization Device CellMOUSE.

DPG Berlin, 2018, BP17.8.

Tobias Neckernuss, Daniel Geiger, Jonas Pfeil, Markus

Sporer, Stefan Reich and Othmar Marti. CellMOUSE:

A Novel High Throughput Real-Time Measurement

Method for Suspended Cells and Particles. DPG Berlin,

2018, BP11.7.

Daniel Geiger, Tobias Neckernuss, Jonas Pfeil and Oth-

mar Marti. Fast Measurement of Suspended Particles

for Scientific and Commercial Purposes. Seminar MPI

Stuttgart, December, 2017.

Daniel Geiger, Irina Schrezenmeier, Matthias Roos, To-

bias Neckernuss, Michael Lehn and Othmar Marti. Mea-

surement of Nano Particle Adhesion by Atomic Force Mi-

croscopy. DPG Dresden, 2017, O17.2.

Conference Contributions: Posters

Daniel Geiger, Tobias Neckernuss, Jonas Pfeil, Markus

Sporer, Stefan Reich and Othmar Marti. High Through-

put Optical Measurement Device for Suspended Cells

and Particles. DPG Berlin, 2018, 15.36.

Jonas Pfeil, Tobias Neckernuss, Daniel Geiger, Ralf

Schuster and Othmar Marti. Measurements and Simu-

lations with the CellMOUSE Device. DPG Berlin, 2018,

BP10.28.

150



Bibliography

Ralf Schuster, Tobias Neckernuss, Daniel Geiger, Ul-

rich Simon, Kay-Eberhard Gottschalk and Othmar Marti.

Flow of a Cell Inside a Microfluidic Channel Using FEM

Simulation. DPG Berlin, 2018, BP10.18.

Jonas Pfeil, Irina Schrezenmeier, Tobias Neckernuss,

Daniel Geiger, Frederike Erb, Fabian Port and Othmar

Marti. Design and Construction of a Magnetic Trap

for Microrheological Measurements. DPG Berlin, 2018,

BP10.16.

Tobias Neckernuss, Daniel Geiger, Jonas Pfeil, Irina

Schrezenmeier and Othmar Marti. Stretching Adherent

Cells with Light. DPG Berlin, 2018, BP10.5.

Clara Wanjura, Daniel Geiger, Michaela Schmid, Irina

Schrezenmeier, Matthias Roos and Othmar Marti.

Nanoparticle Adhesion on Flat Surfaces - an AFM Lat-

eral Force Study. DPG Dresden, 2017, O52.8.

Michaela Schmid, Daniel Geiger, Clara Wanjura, Irina

Schrezenmeier, Matthias Roos and Othmar Marti.

Nanoparticle Adhesion and Optical Particle Motion Con-

trol. DPG Dresden, 2017, O52.7.

Daniel Geiger, Tobias Neckernuss, Daniela Beck and

Othmar Marti. Rotational Dark-Field Microscope for Fast

Image Acquisition. DPG Regensburg, 2016, BP48.12.

151



Bibliography

I. Schrezenmeier, Daniel Geiger, Clara Wanjura,

Matthias Roos, Eugen Foca and Othmar Marti. Study of

Nano Particle Interaction Force of Various Material Sys-

tems Using Atomic Force Microscopy. DPG Regens-

burg, 2016, O20.3.

Daniela Beck, Daniel Geiger, Tobias Neckernuss, Ulla

Nolte and Othmar Marti. Application of Rotational Dark-

Field Microscopy in Biology. DPG Regensburg, 2016,

BP48.8.

Daniel Geiger, Ulla Nolte, Susanne Rappl, Michael Beil

and Othmar Marti. Investigation of Cell Adhesion and

Motility on Microstructured Substrates. DPG Berlin,

2015, BP16.9.

Hannah Lauer, Daniel Geiger, Susanne Rappl and

Othmar Marti. Study of Nano Particle Friction Force

on Silicon Using Atomic Force Microscopy. DPG

Berlin, 2015, O37.9.

Daniel Geiger, Kirsten Dammertz, Masoud Amirkhani

and Othmar Marti. Influence of substrate-solvent inter-

actions on strongly adsorbed interfacial polymer layers.

DPG Dresden, 2014, CPP 37.35.

Daniel Geiger, Kirsten Dammertz, Masoud Amirkhani

and Othmar Marti. Annealing effects of thin polymer

films and single chains of poly(methyl methacrylate) on

various substrates. KFN Bad Herrenalb, 2013.

152



Bibliography

Daniel Geiger, Kirsten Dammertz, Masoud Amirkhani

and Othmar Marti. Annealing effects of thin polymer

films and single chains of poly(methyl methacrylate) on

various substrates. DPG Regensburg, 2013, CPP 18.4.

Seminar Talks

December, 2017 Particles on Surfaces: Development and Application
of Atomic Force Microscopy Methods to Study Time
Dependent Adhesion of Nano Particles

February, 2017 Progress: Adhesion Measurement of Nano Particles
by Atomic Force Microscopy and Probability Theory
Based Analysis.

July, 2016 Adhesion Measurement of Nano Particles by Atomic
Force Microscopy and Probability Theory Based
Analysis.

June, 2015 Concept: Total Internal Reflection Rotational Dark-
Field Microscopy.

December, 2014 Progress: Investigation of Cell Properties on Nanos-
tructured Substrates.

June, 2014 Investigation of Cell Properties on Nanostructured
Substrates.

December, 2013 Polymer Adsorption on Solid Substrates.

January, 2013 Annealing Effects on Thin Polymer Films and Single
Polymer Chains.

153


	Introduction
	Theory
	Adhesion
	Electrostatic Interactions
	Van-der-Waals Forces
	Chemical Forces: Acid-Base Theory
	The Surface Chemistry of Silicon

	Deal-Grove Model of Oxidation
	Contact Models
	Hertz Contact Model
	Johnson-Kendall-Roberts (JKR) Contact Model
	Derjaguin-Muller-Toporov (DMT) Contact Model
	Discussion of the Contact Models

	Probability, Distribution and Statistic Tools
	Elementary Event and Random Variable
	The Cumulative Distribution Function
	The Standardized Moments
	Statistical Model Selection

	Probability Theory Approach for Lateral Force Measurement Analysis
	Contact Angle and Wetting
	The Spherical Cap Model


	Materials and Methods
	The Atomic Force Microscope
	Interactions between Probe and Sample
	AFM Measurement Modes
	Device Calibration
	Lateral Force Measurements

	Samples
	Substrates
	Nano Particle Solution
	Particle Deposition
	Controlled Aging

	Contact Angle Measurements
	Goniometer Method for Contact Angle Measurements
	Contact Angle Measurement Method for Microscopic Droplets


	Results
	Sample and Sensor Characterization
	Cantilever Tip and Wear
	Substrate Surface
	Roughness
	Wetting
	Local Wetting Properties
	XPS Analysis of the Sapphire Coating

	Substrate-Tip Interaction
	Relative Humidity Dependency
	Temperature Dependency


	Temporal Evolution of the Adhesion Force of Silica Nano Particles
	Ambient Air and Elevated Temperature
	Dry and Wet Nitrogen
	Influence of Hydrogen Plasma Treatment on the Adhesion Force
	Plateau Formation at the Particle-Substrate Interface
	Comparison of Plateau Growth with Deal-Grove Model
	Discussion of the Aging Behavior of the Adhesion Strength of Silica Nano Particles on Silicon Oxide Substrates
	Adhesion Aging of Silica Particles on a Sapphire Surface

	Statistical Analysis and Comparison to Model Distributions

	Summary
	Outlook
	Analytical Solutions for the Contact Angle in the Spherical Cap Model
	Bill of Materials
	List of Figures
	List of Tables
	Bibliography

